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Real-Time Observation of
Molecular Motion on a Surface

Ellen H. G. Backus,1 Andreas Eichler,2

Aart W. Kleyn,1,3 Mischa Bonn1,4

The laser-induced movement of CO molecules over a platinum surface was
followed in real time by means of ultrafast vibrational spectroscopy. Because
the CO molecules bound on different surface sites exhibit different C–O
stretch vibrational frequencies, the site-to-site hopping, triggered by ex-
citation with a laser pulse, can be determined from subpicosecond changes
in the vibrational spectra. The unexpectedly fast motion—characterized by a
500-femtosecond time constant—reveals that a rotational motion of the CO
molecules, rather than pure translation, is required for this diffusion process.
This conclusion is corroborated by density functional theory calculations.

The motion of molecules from one adsorp-

tion site to another is the most elementary

process of bond-breaking and-making on a

surface and is a key step in processes such as

catalysis and crystal growth. A fundamental

understanding of surface molecular motion

requires insights on both the molecular length

and time scales, necessitating subnanometer

spatial resolution and subpicosecond temporal

resolution.

Real-space observations of site-to-site sur-

face molecular motion are readily obtained by

scanning tunneling microscopy (STM) (1).

Recent STM experiments have even demon-

strated control over molecular motion on a

surface, induced by electrons from the STM

tip (2–5) or by a femtosecond laser (6). These

studies have provided detailed insights into the

energetics, local directionality, and site depen-

dence of molecular surface motion.

In contrast, the direct real-time observation

of surface molecular motion has not been re-

ported to date, although such data would

provide important insights into the dynamics

and molecular mechanism behind surface

molecular motion. Indeed, a recent time-

resolved study by St2p"n et al. (7) and com-

bined laser-STM experiments by Bartels et al.

(6) have revealed detailed quantitative infor-

mation on surface motion induced by an ul-

trashort laser pulse, as also shown previously

for other surface reactions (8–12). However, in

these studies the time coordinate was probed

indirectly, by monitoring the equilibrated sys-

tem after the induction of molecular motion

with a laser pulse.

The direct time-resolved study of surface

processes would allow the observation of en-

ergy flow between the substrate and the vibra-

tional and rotational modes of the adsorbed

molecule, and elucidate how these modes are

coupled to the reaction coordinate (such as

diffusion). Such information would unambig-

uously reveal the detailed molecular mecha-

nism and intrinsic rates of surface reactions.

Here we report the direct real-time obser-

vation of surface molecular motion by means

of time-resolved vibrational spectroscopy to

provide real-time Bsnapshots[ of the process.

We observed subpicosecond hopping of CO

molecules from step sites to terrace sites. Both

the experiments and density functional theory

(DFT) calculations reveal that, in contrast to the

common belief that lateral motion is preceded

by excitation of only the translational mode,

excitation of the rotational mode of the mole-

cules is a crucial step in the hopping process.

Our approach relies on CO molecules hav-

ing a different internal C–O stretch vibrational

frequency when adsorbed on the different sites

of a stepped Pt(533) surface (Fig. 1A) (13),

which provides indirect subnanometer spatial

resolution along the coordinate perpendicular to

the steps, as shown previously (14, 15). The Pt

surface consisted of 7 )–wide flat terraces

separated by monatomic steps. The C–O stretch

vibrations of CO on steps and terraces mon-

itored with femtosecond sum-frequency gen-

eration (SFG) (16) differed by È20 cm–1 (Fig.

1B), so that CO molecules on the two sites

were readily distinguished.

To obtain a surface with preferential oc-

cupation of the step sites, we made use of the

stronger binding of CO molecules on steps

(È2 eV) as compared to terrace sites (È1.5

eV) for isolated molecules (13, 17). Brief heat-

ing of a fully CO-saturated surface to 420 K

preferentially removed CO molecules from the

terrace sites; CO molecules at the steps de-

sorbed at a higher temperature. The heating

was terminated when the SFG spectrum (Fig.

1B, black line) revealed only CO on step sites

at 2080 cm–1 (13). The spectrum for a CO-

saturated surface, where the majority of CO is

adsorbed on terrace sites, shows a resonance at

2100 cm–1 (13), which is the vibrational fre-

quency of CO on terraces. The CO molecules

bound to the step sites are invisible because of

the effects of dipole-dipole coupling: The vi-

brational intensity from the oscillating CO

dipoles on the step sites is transferred to the

1Leiden Institute of Chemistry, Leiden University, Post
Office Box 9502, 2300 RA Leiden, Netherlands. 2Institut
für Materialphysik and Center for Computational
Materials Science, Universität Wien, Sensengasse 8/12,
A-1090 Wien, Austria. 3Stichting voor Fundamenteel
Onderzoek der Materie (FOM) Institute for Plasma
Physics Rijnhuizen, Post Office Box 1207, 3430 BE
Nieuwegein, Netherlands. 4FOM Institute for Atomic
and Molecular Physics, Kruislaan 407, 1098 SJ Amster-
dam, Netherlands.

Fig. 1. (A) A schematic drawing of CO bound on top of step and terrace sites of the Pt(533) surface,
consisting of four-atom-wide (111) terraces and monatomic (100) steps. (B) Sum-frequency spectra for
CO bound on the step and terrace sites, exhibiting resonances at 2080 and 2100 cm–1, respectively. a.u.,
arbitrary units. (C) SFG spectra without pump (gray dotted line) and before (–10 ps, gray solid line) and
after (170 ps, black solid line) excitation of a Pt(533) surface partially covered with CO at 100 K with a
130-fs laser pulse at a fluence of 60 J m–2. After 170 ps, the terrace peak has increased in intensity,
whereas the step peak is reduced by a factor of 2: Molecules have moved from step to terrace sites. (D)
The normalized experimental (exp) SFG spectrum at 170 ps (gray) of (C), together with the normalized
calculated spectra (black). The black solid and dashed lines show calculated spectra with and without
motion of 10% of the CO molecules of the step sites, respectively. (E) Experimental (gray) and calculated
(black) pump-probe spectra at short delay times for a surface partially covered with CO (75% of steps
and 20% of terrace sites occupied) for excitation with a laser pulse with a fluence of 60 J m–2.
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more quickly oscillating COs (at higher fre-

quency) on the terrace sites (18).

In our experiment, we induced the ener-

getically uphill motion of CO molecules from

step to terrace sites by exciting the substrate

with an ultrashort laser pulse (fluence, 60 J m–2).

To achieve maximum sensitivity for the CO

hopping process, we started with occupancies

of È100% of the steps and È10% of the

terrace sites, the spectrum for which is shown

as the dotted line in Fig. 1C. Estimates of the

occupation of the step and terrace sites were

obtained from an uptake curve and the dipole-

dipole coupling model (18). Because de-

sorption Ebinding energy (E
bind

) 0 1.5 to

2 eV^ by laser-induced heating is readily

achieved (19), and the activation energy for

diffusion is typically a fraction of E
bind

, we

expect diffusion to be triggered at lower flu-

ences. Indeed, pump excitation of the Pt sur-

face with CO preferentially at the step sites

resulted in a steady-state situation, with CO

more evenly distributed on step and terrace

sites, as is apparent from comparing the gray

curves (pump on/pump off) in Fig. 1C. After

excitation, the terrace peak is even larger than

the step peak, because the terrace CO (È15%

occupation of the terrace sites) efficiently

borrows vibrational intensity from the step

CO (È90% occupation of the step sites) (18).

Thus, the system is extremely sensitive to the

motion of CO from steps to terraces.

The CO molecules can clearly undergo

laser-induced movement from step to terrace

sites. We also find that blocking the pump

laser allows the molecules to diffuse back to

the step sites in È10 s, in agreement with (20).

If the motion is induced at an initial surface

temperature of 400 K rather than 100 K, re-

population of the step sites occurs on È100-ps

time scales because of thermal diffusion; that

is, È1011 times faster than at 100 K, which is

consistent with the diffusion coefficients re-

ported in (21).

The fraction of molecules that moves from

step to terrace sites in a single laser shot can

be determined by comparing pump-probe

spectra directly before and after the excitation

pulse. Figure 1C depicts spectra 10 ps before

the pump pulse (negative delay, under steady-

state conditions with È90% occupation of the

step sites and È15% occupation of the terrace

sites) and 170 ps after excitation. At 170 ps,

the terrace peak has gained intensity and the

step peak is reduced by a factor of 2. Taking

into account that, at 170 ps, the system is still

at slightly elevated temperature, we can re-

produce the spectrum using the dipole-dipole

coupling model (18), with 10
–5
þ10% of the CO

molecules on the steps hopping to terrace

sites. The calculated curve (18) is shown as

the solid curve in Fig. 1D. Hopping of 10% of

the step CO molecules to the terrace sites re-

sults in a disproportionately large intensity

decrease of 20% of the step peak (compare

dotted and solid lines in Fig. 1D) because of

dipole-dipole coupling effects. The observed

intensity change cannot be explained by de-

sorption, because at the fluence used, less than

0.1% of the molecules desorbs in a single shot.

Also, the time scale of signal recovery is not

consistent with readsorption of CO from the

background or the relaxation of laser-induced

changes in the orientation of molecules. Dif-

fusion to or from bridge sites can be excluded

as well, because no change is observed in the

bridge peaks for step and terrace around

1900 cm–1 (13).

The dynamics of the motion of the CO

molecules from step to terrace sites is obtained

from pump-probe spectra near zero delay,

shown in Fig. 1E for steady-state occupation

of 75 and 20% of the step and terrace sites,

respectively. It is evident that the ratio of step

and terrace peaks changes on ultrafast time

scales: The step peak disappears almost com-

pletely within a picosecond, indicating that the

motion from step to terrace sites occurs on this

time scale. The observation that the effect of

the pump pulse appears in the spectra already

at negative delay can be explained by the per-

turbation of the free-induction decay (22, 23).

The details of the mechanism and rate of

the laser-induced diffusion process are con-

tained in the time-dependent fraction of the

step molecules. This information was ex-

tracted from the data by a full spectral sim-

ulation. The spectral changes are caused by

two effects: (i) the change of the occupation of

the different sites due to motion of CO mol-

ecules from step to terrace sites and (ii) the

effects of the laser-induced heating of the

system on the internal C–O stretch vibration.

The latter was determined in independent mea-

surements at a lower fluence at which no laser-

induced motion occurs. Laser excitation results

in a transient redshift, line broadening, and

decrease in intensity of the C–O stretch vi-

bration for CO on both step and terrace sites,

even when no motion occurs (Fig. 2). This

laser excitation of the Pt substrate still creates a

hot electron gas, from which energy transfer to

the CO molecules can occur, resulting in the

excitation of the three CO low-frequency

modes: (i) the frustrated translation, (ii) the

frustrated rotation, and (iii) the Pt–CO stretch.

The degree of electron-induced excitation of

each mode can be characterized by a time-

dependent temperature (T
ads

). The internal C–O

stretch is not itself excited, because its frequen-

cy is too high, but it is affected (Fig. 2) by

excitation of the low-frequency En 0 35 cm–1

(19)^ frustrated translation mode through an-

harmonic coupling (22, 23). The relation be-

tween this excitation (expressed in T
ads

) and the

internal C–O stretch frequency can be obtained

from temperature-dependent measurements at

thermal equilibrium (24).

This sequence of events—excitation of the

substrate electrons, energy transfer to mode (i)

of the CO molecules, and the associated

changes in the C–O stretch vibration—can be

described with a friction model (25), the result

of which is shown as black lines in Fig. 2. The

key parameter of this model is the time scale

on which energy flows between the electrons

of the Pt and the frustrated translational mode

(i), t
el

. To reproduce the data in Fig. 2,

coupling times of t
el
0 2.5 T 0.5 ps and 4 T

0.5 ps for terrace and step, respectively, are

required. The shortcoming of the model in

reproducing the intensity for small negative

delay originates from an increase of the

Raman tensor due to changes in the electronic

structure of the Pt substrate immediately after

laser excitation, as verified in an independent

measurement without CO. However, width

and central frequency are well reproduced.

These coupling times can now, in combi-

nation with the dipole-dipole coupling model,

be used to calculate the SFG spectra of Fig. 1E,

with inclusion of the hopping process. To

reproduce the dynamic behavior of the terrace

peak, the magnitude of its peak shift and line

width change have to be divided by 2, pre-

sumably because of the appearance of addi-

tional terrace CO molecules during the hopping

process. The time scale of the peak shift and

line width is unchanged, however. In the

Fig. 2. (A) Experimental
(gray) and calculated
(black) time-resolved
sum-frequency spectra
for CO on Pt(533), with
occupation of the step
sites at 100 K. At time
zero, a 130-fs pump pulse
with a fluence of 11 J m–2

excites the Pt substrate. (B
and C) Central frequency
obtained by fitting a Lo-
rentzian line shape to the
experimental (gray dots)
and calculated (black lines)
SFG spectra (A) for CO on
the step (B) and terrace
(C) sites, the latter with a
fluence of 16 J m–2.
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modeling, the time-dependent hopping proba-

bility from the step site to the terrace site is

approximated by a function that is formed by a

Gaussian rising edge, followed by an exponen-

tial decay (26). The integral of this function

gives the time-dependent step site occupation.

The calculations confirm quantitatively

that, in order to reproduce the data at short

delays (Fig. 1E), a subpicosecond change of

the site occupation is required, as is already

evident from the raw data. The resulting step

site occupation is plotted in Fig. 3A. The

shape of the curve of Fig. 3A is very sensitive

to the spectra at small positive delay. The time-

dependent calculated SFG spectra are plotted in

Fig. 1E and are in good agreement with the

experimental data. As is the case in Fig. 2A,

the calculated intensity is slightly too low at

small negative delays. The exponential time

obtained from the calculation is 500 T 150 fs.

It has been generally assumed that molecular

diffusion of diatomic adsorbates is controlled

by excitation of the frustrated translation (inset

in Fig. 3) (4, 5, 7). Although this model is

intuitively appealing, the actual reaction coordi-

nate may involve a more complex combination

of modes. We calculated the time-dependent

hopping probability expected for motion con-

trolled by the frustrated translational mode.

Using the t
el
0 4 ps coupling time derived from

Fig. 2 for CO on steps, we can directly calculate

the time-dependent temperature associated with

the frustrated translational mode (T
ads

) (Fig. 3B)

and calculate the hopping probability according

to an Arrhenius-type expression P
hop

(t) 0
q(t)k

0
expA–E

a
/Ek

B
T

ads
(t)^Z, given the activation

energy (E
a
) of 0.4 eV (21) and the prefactor (k

0
)

of 1012 s–1 (20).

Remarkably, the agreement between the

calculated result and the experimentally ob-

served hopping probability (Fig. 3C, obtained

by differentiating the hop fraction of Fig. 3A) is

very poor, despite the independent calibration

of the temperature of the frustrated translational

mode with SFG (Fig. 2). However, quantitative

agreement between model and data is obtained

for a hopping process controlled by excitation

of the frustrated rotational mode Emode (ii), n 0
411 cm–1 (24), inset in Fig. 3^. This mode (see

Fig. 3B for its time-dependent temperature) is

coupled to the hot electrons in the Pt, with t
el
0

0.1 ps as established in (19) and also in

agreement with the coupling time previously

reported for this mode on Pt(111) (23). Because

of this very efficient coupling, hopping can

occur on the observed fast time scale. Not only

was the temporal evolution reproduced, but

also the calculated total hop fraction of È10%

is in good agreement with our experimentally

observed 10
–5
þ10%. No additional coupling to

the frustrated translation is required to account

for our experimental data (27). Thus, a ro-

tational motion rather than a translational

motion is essential for the hopping process of

CO molecules from step to terrace sites.

These experimental observations are corrob-

orated by DFT calculations (17), which reveal

that the barrier for motion onto the terrace next to

the step (È0.4 eV) is substantially lower than

that for motion onto the terrace down the step

(È0.6 eV); the majority of the hopping CO

molecules will migrate onto the upper terrace.

The calculated value of the diffusion barrier is

in good agreement with the 0.4 eV observed

experimentally for CO on a stepped Pt surface

(21). The reaction pathway for the motion of CO

onto the upper terrace is depicted in Fig. 4. From

the initial (is) and intermediate (im) states, one

can see that the CO molecules moving onto the

upper terrace first perform a frustrated transla-

tional motion: The C and O atoms move in the

same direction. This is a joint motion around

the center of the underlying Pt atom (28), not

parallel to the surface. At the first transition

state (ts1), however, a rotational motion of the

molecule, with the C and O atoms moving in

opposite directions, compensates for this tilting,

so that the reaction intermediate (ri), with CO

bound in a bridge configuration, can be reached.

To reach the final state (fs), a similar motion

has to be performed. The entire process thus

requires excitation of both the frustrated trans-

lation and frustrated rotation, but the former

(frequency, 35 cm–1) is thermally excited at

100 K, effectively resulting in a precursor state.

Hence, excitation of the frustrated rotation is

pivotal for CO hopping, in agreement with our

experimental observations. For diffusion on a flat

surface as well, most likely the frustrated rotation

is crucial. Because of the atomic corrugation of

the surface, the frustrated translational mode

always involves rotation of the molecular axis

with respect to the surface normal. This rotation

has to be compensated for in order for the

molecule to settle on the neighboring site, which

can only be achieved by excitation of the

frustrated rotational mode. Our findings illustrate

the intricacies of mode coupling at surfaces:

Contrary to common belief, the frustrated

rotational mode is strongly coupled to the

Fig. 3. (A) Occupation of the step sites as a
function of time after the pump pulse with a
fluence of 60 J m–2, obtained by fitting the spec-
tra of Fig. 1E, assuming exponential hopping
dynamics and a Gaussian response function.
(See text for details about the fitting procedure.)
(B) Time-dependent electron temperature after
excitation at time 0 0, with a pump pulse with an
adsorbed fluence of 60 J m–2, together with the
temperatures of the frustrated translational (elec-
tronic coupling time, 4 ps) and the frustrated ro-
tational (electronic coupling time, 0.1 ps) modes.
(C) Experimental and calculated hopping proba-
bility as a function of time. The experimental
curve was obtained by differentiating the step
occupation of (A). Calculations were performed
for hopping due to excitation of the frustrated
translation and rotation modes, using the time-
dependent adsorbate temperature of (B). Clearly,
coupling along the frustrated rotation is in
agreement with the experimental results: The
shape and intensity are very well reproduced
(note that the calculation is not scaled to fit). The
inset depicts the molecular motion associated
with the two modes.

Fig. 4. Reaction pathways for the diffusion of CO
from the step sites to the upper terrace, obtained
with DFT calculations (calculated for the situation
in which 75% of all step sites are initially oc-
cupied.). To go from the initial state (is) to the
final state (fs), the CO molecule must pass two
transition states (ts1 and ts2) and a reaction in-
termediate (ri). Whereas initially the motion is
dominated by the frustrated translation, the
molecule has to perform a rotational motion as
well to overcome ts1. After passing ts1, the
molecule arrives in the reaction intermediate (ri),
consisting of a bridge state. Before reaching fs,
CO bound atop the terrace site, the molecule
again performs a translational and rotational
motion. Experimentally, it has been concluded
that there is a significant tilt angle away from the
surface normal for CO on step sites (29). Never-
theless, even for tilted molecules the crucial step
over the transition state is still the frustrated
rotation: To reach the final position, the Pt–C
bond has to be broken and reformed in the new
position on the terrace, requiring a rotation of the
molecule. An initial change in the tilt angle can be
achieved by a translation motion.
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coordinate for diffusion, and, in the case of our

experiment, dominates the diffusion away from

step sites.
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Multistep Synthesis of a
Radiolabeled Imaging Probe

Using Integrated Microfluidics
Chung-Cheng Lee,1* Guodong Sui,3,4* Arkadij Elizarov,2*

Chengyi Jenny Shu,5 Young-Shik Shin,2 Alek N. Dooley,6

Jiang Huang,8 Antoine Daridon,8 Paul Wyatt,8

David Stout,4 Hartmuth C. Kolb,3,9 Owen N. Witte,3,5,7

Nagichettiar Satyamurthy,3 James R. Heath,2,3,4

Michael E. Phelps,3,4 Stephen R. Quake,1,10. Hsian-Rong Tseng3,4.

Microreactor technology has shown potential for optimizing synthetic efficiency,
particularly in preparing sensitive compounds. We achieved the synthesis of
an [18F]fluoride-radiolabeled molecular imaging probe, 2-deoxy-2-[18F]fluoro-
D-glucose ([18F]FDG), in an integrated microfluidic device. Five sequential
processes—[18F]fluoride concentration, water evaporation, radiofluorination,
solvent exchange, and hydrolytic deprotection—proceeded with high radio-
chemical yield and purity and with shorter synthesis time relative to conven-
tional automated synthesis. Multiple doses of [18F]FDG for positron emission
tomography imaging studies in mice were prepared. These results, which con-
stitute a proof of principle for automated multistep syntheses at the nanogram
to microgram scale, could be generalized to a range of radiolabeled substrates.

Continuous-flow microreactors (1–3) have

recently been used to manipulate individual

chemical processes on nanoliter to microliter

scales. The advantages of such chemical re-

action circuits include enhanced heat transfer

performance, faster diffusion times and reac-

tion kinetics, and improved reaction product

selectivity (4–6). For example, in microflu-

idic environments, triphasic hydrogenation

(7) can be achieved with higher reaction effi-

ciency, the inorganic synthesis of high-quality

CdSe nanocrystals has been demonstrated (8),

and chemical processes involving highly re-

active intermediates can be executed with

superior reaction selectivity (9). However, chal-

lenges remain in applying the technology to

sequential syntheses of fine chemicals and

pharmaceuticals.

In multistep procedures, flow-through sys-

tems are plagued by cross-contamination of

reagents from different steps; side reactions

and poor overall yield result from the inability
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