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D
iscovery of new materials systems
capable of efficiently converting and
storing solar energy is an urgent

challenge mandated to address growing
global energy needs.1 Photo- and thermally
isomerizable organometallic molecules
have many positive attributes for this appli-
cation due to their generally favorable op-
tical absorption properties and their
chemically tunable structures which allow
for optimization of energy efficiency.2,3

A robust system known to have the capacity
to store solar energy is (fulvalene)tetracar-
bonyldiruthenium [FvRu2(CO)4].

4 This mole-
cule converts photonic energy to chemical
energy through photoisomerization, that
is, the optically induced conformational
change of the molecule to a high-energy
isomer form (Figure 1). The stored chemical
energy (enthalpy difference of ∼0.9 eV) is
highly stable (experimentallymeasured bar-
rier for thermal reversal reaction of ∼1.3 eV)5

and can be extracted in a straightforward
manner by mild heating.4 Potential future
applications of such molecules for energy
use require understanding and controlling
their behavior in new environments, includ-
ing in the presence of nearby surfaces.
While this molecule has been studied for
more than a decade,4�9 its behavior at a
surface is not understood. Understanding
the interactions of the molecules with sur-
faces is of critical importance for further
tailoring their surface-catalytic behavior in

view of potential photochemical energy
storage devices. Scanned probemicroscopy
is a particularly useful technique for explor-
ing the local behavior of such organometal-
lic species at surfaces.10,11

We have used variable-temperature ul-
trahigh vacuum (UHV) scanning tunneling
microscopy (STM), Auger electron spectros-
copy (AES), and density functional theory
(DFT) calculations to investigate thermal
and photoinduced structural transitions in
FvRu2(CO)4 molecules on Au(111) at the
single-molecule level. We find that both
the parent complex and the photoisomer
exhibit new temperature-dependent struc-
tural phases at a surface. We propose that
thermally induced CO loss takes place for
both the parent complex and the photo-
isomer adsorbed onto Au(111), based on
STM topographic images andDFT calculations.
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ABSTRACT We have used scanning tunneling microscopy, Auger electron spectroscopy, and

density functional theory calculations to investigate thermal and photoinduced structural transitions

in (fulvalene)tetracarbonyldiruthenium molecules (designed for light energy storage) on a Au(111)

surface. We find that both the parent complex and the photoisomer exhibit striking thermally

induced structural phase changes on Au(111), which we attribute to the loss of carbonyl ligands from

the organometallic molecules. Density functional theory calculations support this conclusion. We

observe that UV exposure leads to pronounced structural change only in the parent complex,

indicative of a photoisomerization reaction.
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UV exposure results in photoinduced structural
changes only for the parent complex, suggesting that
the parent complex photoisomerizes at the surface of
Au(111).

RESULTS

We observe that when the parent complex
[FvRu2(CO)4-PC] is deposited onto Au(111) in submono-
layer amounts it self-assembles into two-dimensional
molecular islands in the low-temperature phase (phase
1), as shown in Figure 2a. Singlemolecules are identified
by the repeated unit cell seen in STM topographic
images and outlined by a white border in the inset.
They appear as a pair of symmetric lobes that have an
overall length approximately matching the expected
length of a FvRu2(CO)4 molecule.
Thesepatterns changewhen themolecule-decorated

surface is subjected to extended annealing at room
temperature, as seen in Figure 2b. The two-dimensional
molecular islands disappear, and a new structural phase
(the high-temperature phase, or phase 2) emerges.
Individual molecules in phase 2 appear as a pair of
asymmetric lobes, as outlined in the white border in
the inset (they display a bent “lima bean” shape). The
molecules in phase 2 closely follow the underlying
Au(111) herringbone surface reconstruction.12 The
two observed structural phases of the parent complex
(phases 1 and 2) are homogeneous throughout the
sample, and we do not observe the two phases
simultaneously.
In order to gain further insight into isomer-depen-

dent surface behavior of FvRu2(CO)4, we examined its
photoisomer [FvRu2(CO)4-PI] adsorbed onto Au(111)
under the same conditions as the parent complex. We
find that the photoisomer also self-assembles into two-
dimensional molecular islands when it is in the low-
temperature phase (phase 1*), as shown in Figure 3a.
These appear slightly less corrugated than phase 1
islands of the parent complex, and the intermolecular
packing does not appear to be completely uniform
within the islands, making it difficult to identify
the structure of individual phase 1* molecules. STM
manipulation techniques were utilized13 to attempt
detachment of individualmolecules froman island, but
these attempts (not shown) typically resulted in the
lateral displacement of whole molecular islands (up to
7 � 7 nm2) by tens of nanometers, indicating that

molecule�molecule interactions in phase 1* are greater
than molecule�surface interactions.
When phase 1* of the photoisomer is annealed

longer at room temperature, the molecules dramati-
cally change their conformation and develop into a
new high-temperature phase (phase 2*), as shown in
Figure 3b. This new phase 2* of the photoisomer is
similar to phase 2 of the parent complex in that the
individual molecules becomemore isolated and closely
follow the underlying Au(111) surface reconstruction.
The phase 2* molecules, however, have a very different
symmetry compared to the phase 2 molecules of the
parent complex (they have a more symmetrical oval
shape rather than a bent lima bean shape).
To characterize the stoichiometric composition of

FvRu2(CO)4/Au(111), we performed AES on a Au(111)
surface decorated with the parent complex in phase 1,
which was first imaged at low temperature with the

Figure 2. Low-temperature (12 K) STM topographic images
of FvRu2(CO)4 parent complex adsorbed onto a Au(111)
surface (a) before (phase 1) and (b) after (phase 2) extended
annealing at room temperature (imaging parameters V =
þ1 V (sample bias), I = 50 pA). Insets show close-up views of
phase 1 and phase 2 molecular morphologies; individual
molecules are outlined with white borders.

Figure 1. Schematic diagram showing photoisomerization
and thermal reversal of FvRu2(CO)4.
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STM (to verify the phase) and which was then warmed
to room temperature for AES measurements. Multiple
AES measurements were performed at room tempera-
ture over a period of time ranging from 10 min to
several hours after removing the sample from the low-
temperature STM stage. These measurements were
compared to AES measurements of a bare Au(111)
surface, also held at room temperature. We find that
the parent-complex-decorated gold surface exhibits a
strong enhancement of carbon and ruthenium (as
measured by AES) compared to bare gold but shows
only minimal enhancement of the oxygen AES signal
compared to bare gold. The AES measurements of the
molecule-decorated Au sample showed no time de-
pendence over the range of times described above.
The estimated ratios of Ru/C/O extracted from the AES
spectra14 are consistent with a loss of roughly 90% of
the carbonyl groups from the adsorbed molecular
layer. It is unclear from the Augermeasurements alone,

however, whether this loss arises from thermal anneal-
ing effects or from excitation/damage due to the
electron beam of the Auger spectrometer.
We additionally explored photoisomerization of

FvRu2(CO)4 on gold by illuminating each structural
phase of both the parent complex and the photoisomer
with UV light. We find that only phase 1 of the parent
complex exhibits a photoinduced structural change,
while the other three phases remain completely un-
changed. Figure 4 shows the structural change ob-
served in phase 1 of the parent complex after 12 h of
UV (375nm) exposureat lowtemperature (12K<T<15K)
[this should be compared to the pristine phase 1].
Pronounced regions of disorder are seen to emerge
within phase 1 molecular islands. We observe that the
degree of disorder in phase 1 molecular islands mono-
tonically increases as UV exposure is increased.

DISCUSSION

Thermally Induced Structural Change: CO Loss. We first
discuss our experimental observation of irreversible
structural change in the FvRu2(CO)4 parent complex as
it switches from phase 1 to phase 2 in response to
thermal annealing at room temperature. The most
straightforward explanation for this behavior is that
the parent complex loses its carbonyl groups upon
extended room temperature annealing. This mecha-
nism is consistent with the AES data, but interpretation
of the AES data is complicated by the possibility of
electron-beam-induced damage, and so we rely more
heavily here on STM data that were taken on samples
not subjected toAuger electron spectroscopy. The STM
data, in combinationwith our DFT calculations, support
the thermally induced carbonyl loss mechanism. This
can be seen first by the observed competition between
molecule�molecule interactions versusmolecule�surface
interactions in phase 1 and phase 2 of the parent

Figure 3. Low-temperature (12 K) STM topographic images
of FvRu2(CO)4-PI adsorbed onto a Au(111) surface (a) before
(phase 1*) and (b) after (phase 2*) extended annealing at
room temperature (imaging parameters V = þ1 V (sample
bias), I = 50 pA). Insets show close-up views of phase 1* and
phase 2* molecular morphologies.

Figure 4. Low-temperature (12 K) STM topographic image
of FvRu2(CO)4 parent complex (phase 1) on Au(111) after 12 h
of UV light exposure (λ=375 nm) at low temperature (12 K <
T < 15 K). Photoinduced structural disorder can be seen.
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complex. In the low-temperature phase (phase 1), the
Au(111) surface reconstruction is visible through the
molecular islands and appears unperturbed, suggest-
ing a weak molecule�surface interaction for phase 1.
In the high-temperature phase (phase 2), however, the
molecules appear separate from each other and follow
the underlying surface reconstruction, indicating a
stronger molecule�surface interaction for phase 2
molecules. This is consistent with CO removal from
the molecules as they transition from phase 1 to phase
2, as this would expose the Ru atoms of the parent
complex and facilitate a stronger interaction between
the molecule and surface due to metallic bonding
between Ru and Au.15 This idea is also consistent with
DFT calculations that we performed to investigate
stable adsorption configurations of FvRu2(CO)4 parent
complex on Au(111). We considered three configura-
tions in our calculations: (i) the upright molecule with
the Ru atoms pointing toward the Au surface, (ii) the
flipped molecule with the Fv ring on the surface, and
(iii) a side-ways configuration with the two Ru atoms as
well as H atoms from the Fv ring pointing toward the
surface (see Supporting Information). Our calculations
indicate that the FvRu2(CO)4 parent complex preferen-
tially lies with its Fv ring on the surface [configuration
(ii); Figure 5a] but then becomes tilted in a side-ways
configuration [configuration (iii); Figure 5b] when its
carbonyl groups are removed. The adsorption energy
also increases from 0.11 to 0.46 eV once the carbonyl
groups are dissociated from the molecule, consistent
with the interpretation that the surface�molecule inter-
action is enhanced without the carbonyl groups. We
note that the parent complex FvRu2 fragments (without
the carbonyl groups) have precisely the same symmetry
as the limabean shapedmolecules observed in phase 2.

We believe that the photoisomer of FvRu2(CO)4
undergoes a similar loss of CO groups as it transitions
from phase 1* to phase 2* upon room temperature
annealing. This is consistent with the fact that the CO-
Ru bond strength is similar for both the FvRu2(CO)4
parent complex and the photoisomer.4 In addition, the
self-assembly behavior seen for both phase 1* and
phase 2* (photoisomer molecules) is extremely similar
to the self-assembly behavior seen for phase 1 and
phase 2 (parent complex molecules), respectively. This
implies a similar competition between molecule�
molecule and molecule�surface interactions for both
the parent complex and the photoisomer, and thus a
similar transition mechanism between low-tempera-
ture and high-temperature phases. The thermally in-
duced CO loss is also consistent with our observation
that phase 2* monomers of the photoisomer exhibit a
different morphological symmetry compared to phase
2 monomers since, for phase 2* monomers, we expect
the Ru atoms to lie diagonally across the FvRu2 frag-
ment, as can be seen in Figure 1 (photoisomer without
CO groups).

Light-Induced Structural Change: Photoisomerization. We
now discuss our observation that UV exposure causes
structural transformation only in phase 1 of the parent
complex on Au(111). We believe that the emergent
structural disorder seen after UV exposure in phase 1
(Figure 4) is indicative of photoisomerization of the
parent complex tophase1*of thephotoisomer, although
it is difficult to directly verify in ourmeasurements due to
(i) the disordered appearance of the height change seen
in STM images and (ii) possible transitions to multiple
metastable structural configurations, as suggested by a
recent work.5 Photoisomerization of the parent complex

Figure 5. Results of DFT calculations show relaxed adsorp-
tion geometry of the parent complex on Au(111): (a) with
CO groups and (b) without CO groups (i.e., FvRu2 fragment).
Gold, carbon, ruthenium, oxygen, and hydrogen atoms are
indicated by yellow, cyan, purple, red, and gray,
respectively.
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is consistent with the fact that dinuclear single
metal�metal bonded carbonyls are known to undergo
metal�metal bond cleavage upon UV exposure.2 We
also expect a significantly higher probability of photo-
isomerization in the parent complex (phase 1) (which is
known to photoisomerize in solution) compared to the
probability of photoisomerization in the already
photoisomerized complex (phase 1*) and the FvRu2
fragments (phase 2 and phase 2*). The observed low
yield of the photoinduced structural change in phase 1
suggests a low photoswitching efficiency for this mo-
lecule at a metallic surface compared to the switching
efficiency seen when this molecule is in solution.16 It is
possible that the presence of the Au surface reshapes
the molecular potential energy landscape, thus chan-

ging the photoisomerization dynamics of surface-
bound organometallic molecules.17

CONCLUSIONS

We have investigated the self-assembly and photo-
switching properties of both the parent complex and the
photoisomer of FvRu2(CO)4 molecules adsorbed onto Au-
(111) in the submonolayer regime. Thermally induced CO
loss for both the parent complex and the photoisomer is
proposed based on our STM, AES, and DFT results. UV-
induced disorder is observed in the low-temperature
phase of the parent complex and is attributed to the
photoisomerization of this complex on Au(111). The pre-
sence of ametallic surface is seen to strongly influence the
thermal and photoinduced behavior of FvRu2(CO)4.

METHODS
Our measurements were performed using a home-built

variable-temperature UHV STM. A clean Au(111) substrate was
prepared by repeated cycles of argon-ion sputtering and
annealing. The synthesis of FvRu2(CO)4 is described in ref 6
and synthesis of the photoisomer in ref 4. Both the parent
complex and the photoisomeric form of FvRu2(CO)4 were
deposited via thermal evaporation onto clean Au(111) sub-
strates held at 12 K (see Supporting Information). For the low-
temperature phase, the sample was removed from the cryo-
genic STM stage using a room temperature manipulator and
held for 10 min before subsequent measurements. During this
10 min interval, we estimate (based on thermal time constants)
that the temperature of the sample rises from12K to 260( 30 K.
For the high-temperature phase, the sample was held at room
temperature for more than 1.5 h, during which time it was in
thermal equilibrium with the surrounding environment. Tunnel
currents were kept below 55 pA to prevent interaction between
the STM tip and the molecules. AES measurements were con-
ducted using an Omicron CMA detector in UHV. The electron
beam energy and the beam current were 3 keV and 1.5 μA,
respectively. A cw diode laser aligned at an external viewport
provided UV (375 nm) radiation at the sample surface with
average intensity of 92mW/cm2. During laser exposure, the STM
tip was retracted from the surface and the sample temperature
was maintained between 12 and 15 K. DFT calculations were
performed to investigate energetically preferred configurations
for the parent complex on Au(111), with PBE approximations to
the exchange-correlation effects.18�22
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