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E
nvironment and energy concerns
have aroused intense interest in the
chemistry of CO2.

1�3 An efficient
method for the selective CO2 capture from
dilute streams and its reduction into useful
hydrocarbon chemicals could impact the
carbon economy. Progress in this direction
can bemade through research on advanced
materials that undergo pronounced chemi-
cal and physical changes upon exposure to
CO2molecules. The design of suchmaterials
requires a molecular level understanding
of CO2 molecule�substrate interactions
and correlated molecular behavior that
they might trigger.4,5 Three-dimensional
(3D) metal�organic nanoporous materials,
such as metal�organic frameworks (MOFs)
and porous coordination polymers (PCPs),
have emerged as the promising materials
for CO2 capture because they offer a large
surface-to-volume ratios and great versati-
lity in design of guest�host interactions by
the selection of the metal and organic
components as well as their distribution in

space.5�12 In the case of CO molecule, a
recent study showed that weak adsorp-
tion of CO at the metal sites within a PCP
stimulates marked structural changes of
the porous crystal, which create additional
favorable sites for further adsorption of
CO. This cooperative behavior achieves self-
accelerating, highly selective CO capture.11

Such self-accelerating or self-catalyzed in-
teractions are likely to be useful for the
selective capture and chemistry of other
molecules such as CO2, where the sub-
strates can benefit not only from pair-
wise interactions, but also from cooperative
phenomena where the chemical changes
brought on by the primary interactions
create a more favorable environment for
the subsequent adsorption.
Here we report on the self-catalyzed

CO2 capture on gold surfaces functionalized
with1Dmetal�organic chains (MOCs). 1D sur-
faces enable strong adsorbate�substrate
interactions as well as adsorption-induced
cooperative phenomena that are more
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ABSTRACT Efficient capture of CO2 by chemical means requires a microscopic

understanding of the interactions of the molecule�substrate bonding and

adsorption-induced collective phenomena. By molecule-resolved imaging with

scanning tunneling microscopy (STM), we investigate self-catalyzed CO2 adsorption

on one-dimensional (1D) substrates composed of self-assembled metal�organic

chains (MOCs) supported on gold surfaces. CO2 adsorption turns on attractive

interchain interactions, which induce pronounced surface structural changes; the

initially uniformly dispersed chains gather into close packed bundles, which are held

together by highly ordered, single molecule wide CO2 ranks. CO2 molecules create

more favorable adsorption sites for further CO2 adsorption by mediating the interchain attraction, thereby self-catalyzing their capture. The release of CO2
molecules by thermal desorption returns the MOCs to their original structure, indicating that the CO2 capture and release are reversible processes. The real

space microscopic characterization of the self-catalyzed CO2 adsorption on 1D substrates could be exploited as platform for design of molecular materials for

CO2 capture and reduction.
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pronounced than for the less mutable 2D surfaces.13

The primary example of 1D surfaces are noble
metal�oxygen atom added row structures on Cu(110)
and Ag(110) surfaces.14�19 These added row structures
exhibit 1D electronic structures, strong correlation in
the Cu(Ag)�O chain separations, low coordination
of metal atoms that enables high structural flexibility
toward interaction with adsorbates, and chemical
properties that are intermediate between those of
molecules and 2D surfaces.13,16,20,21 The structure
and dimensionality of 1D surfaces necessitates
strongly anisotropic interactions, which promotes ad-
sorbate correlation.13,22 For example, adsorption of
one molecule on a 1D chain can promote or poison
further adsorption in the proximity of the primary site.
Furthermore, adsorbate diffusion can be highly aniso-
tropic, for example restricting the motion predomi-
nantly along the 1D chains. In the case of CO
chemisorption on Cu(110)-2 � 1-O added row surface,
we have shown how the particular properties of 1D
molecular chains enable anisotropic 1D self-assembly
of CO molecules into molecular grating structures that
seemingly contradict the well-established characteris-
tics of CO adsorption on 2D metal surfaces.13,20,21

Strongly electron withdrawing organic molecules
can extract atoms from metal substrates to self-
organize into highly structured surface metal�organic
compounds.23�28 Although 2D metal�organic com-
pounds can have novel interactions with adsorbates,29

they lack the structural flexibility, which enables 1D
MOCs to respond to chemical stimulation.13 Self-
assembled 1D MOCs on 2D single crystalline metal
surfaces provide metal adatom and organic adsorp-
tion sites for the investigation of interactions with CO2

molecules using precise surface science tools. We
demonstrate a highly responsive and selective supra-
molecular platform consisting of surface supported 1D
metal�organic chains with high flexural and transla-
tional degrees-of-freedom for CO2 capture, by real-
space imaging with a low temperature scanning tun-
neling microscopy (STM) of the molecular scale corre-
lated interactions of CO2 molecules with the substrate.
The substrates for CO2 capture are MOCs composed

of alternating Au adatom and 1,4-phenylene diisocya-
nide (PDI) units, [�Au�PDI�]n, self-assembled on sin-
gle crystal Au surfaces. Figure 1 shows the optimized
ball-and-stick structures of an Au�PDI chain as-
sembled on unreconstructed Au(111) surface calcu-
lated by density functional theory (DFT). A PDI
molecule forms covalent bonds through its carbon
atoms of the two equivalent �NC groups to two Au
adatoms such that the phenyl ring is parallel to and
displaced from the surface and its structure is bent
from planar into a cis-geometry. The CN� bonds of PDI
molecule have predominantly carbene and minor
zwitterionic character.30,31 Pseudohaologen molecules
such as PDI are industrially important lixiviants for the

extraction of gold from mining ores,32�34 because of
their propensity to form linear polymerswith Au atoms.
Tysoe and co-workers exploited this characteristic to
form and image by STM the linear Au�PDI chains on
Au(111) and Au cluster-covered mica surfaces.35,36 In
our experiments, we form Au�PDI chains on both
the Au(111) and Au(100) surfaces, and show how they
are highly responsive to CO2 adsorption. Adsorbing
CO2 molecules switch the initially repulsive interaction
between Au�PDI chains to attractive causing them to
undergo nanometer scale displacement onAu surfaces
so that they gather and capture further CO2 molecules
in highly ordered interstitial domains. Thus, CO2 mol-
ecules provoke collective MOC response self-catalyz-
ing their capture. Our study demonstrates that MOC
modified metal surfaces could act as platforms for
designing the complex physical and chemical interac-
tions for CO2 capture and reduction.

RESULTS AND DISCUSSION

Collective Response of MOCs upon CO2 Adsorption. Figure 2a
shows an STM image of the Au(111) surface covered
with dispersed Au�PDI chains (bright contrast). Con-
trast of the herringbone reconstructed Au(111) surface,
which is visible beneath the Au�PDI chains, shows that
their formation does not lift the surface reconstruction.
The chains propagate along three equivalent azimuths
(shown with the white arrows) reflecting the 3-fold
symmetry of the substrate. They show preference for
1D growth, but the symmetry of the substrate frustrates
the long-range 1D propagation due to inevitable colli-
sions among the chains. Consequently, at low coverage
the chains have multiple 120� bends, and occasional
three-chain junctions.

Within the individual chains, we resolve alternating
dim-bright contrast. The inset in Figure 2a shows two
repeating units of 1.10 ( 0.05 nm unit length, with
each containing an Au adatom and a PDI molecule. We
attribute the dim units to gold adatoms because the
occasional three chain junctions, such as in Figure 2a,

Figure 1. (a) Ball-and-stick model structure of a PDI mole-
cule. (b) The DFT structure of Au�PDI chain on Au(111)
surface with side (upper panel) and top view (lower panel).
(c) The DFT simulated STM image of a Au�PDI chain on
Au(111) surface. The density of states is integrated from Ef
to 0.3 eV above Ef. The balls with brown, pink, blue, and
golden colors represent C, H, N, and Au, respectively.
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always occur there: these must be gold adatoms
because only they can accept three equivalent bonds
to PDI molecules. The bright contrast, therefore, be-
longs to PDI molecules. This interpretation is in agree-
ment with the DFT calculated structure in Figure 1b
and the simulated STM imaging in Figure 1c, where the
PDI molecules rise higher above the surface than the
Au adatoms and also have a larger footprint.

Figure 2a also shows that the chains grow away
from the step edges. Although we are not able to
measure the growth process, it is consistent with PDI
molecules initially forming a monodentate Au�CN�
bond such that the PDI unit projects vertically above
the surface. Such bonding of PDI to metal surfaces is
frequently invoked based on vibrational spectroscopy
and in the context of molecular electronics.37�40 The
monodentate Au�PDI complex can dissociate from
step edges and kinks, where the Au atoms are least
strongly bound, and diffuse on a terrace until it en-
counters an Au adatom terminated chain, whereupon

its free �NC group can add in the bidentate structure
of Figure 1. This process repeats until the chains span
the entire terrace. Near the steps, the chains perform a
U-turn in order to minimize the number of coordina-
tively unsaturated monodentate Au adatoms.

The spatial correlation of chains and their relatively
uniform spacing for separations as large as 7 nm, e.g.,
kinks in Figure 2a, can be attributed to a long-range
interchain repulsion. The measured work function
decrease upon Au�PDI chain formation,41 as well as
DFT calculations, suggests that there is significant
charge transfer from the chains to the substrate. There-
fore, it is likely that the chains interact through a
repulsive dipole�dipole interaction, which favors the
uniformly spaced 1D structures.42�44 The repulsive
interaction among the Au�PDI chains is further con-
firmed by increasing the coverage. With a larger dose
of PDI molecules, Figure 2b shows that the Au�PDI
chain correlation increases to form domains of
parallel lines with a near uniform spacing of ∼3.00 nm.

Figure 2. (a) STM image of dispersed Au�PDI chains on Au(111) surface at low coverage. The inset shows the repeating dim-
bright contrast within the chains, corresponding to the Au and PDI units, respectively. Au adatoms in the chain are marked
with golden dots lined with red color to enhance the contrast. (b and c) STM images of a submonolayer coverage Au�PDI
structure. The two images of the same region were acquired before (b) and after (c) CO2 dosing at 90 K. (d) The magnified
image of the square region in (c). The bright contrast between two “coalesced” chains comes fromCO2molecules confined by
them. The inset of (d) shows the additional contrast due to CO2 molecules captured by the pair of Au�PDI chains.
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Further increasing the dose of PDI molecules increases
the chain density continuously, until the minimum
average interchain distance saturates at 1.60 (
0.05 nm (Figure 1 in Supporting Information). This is still
wider than the monolayer structure with a minimum
distance of 0.5 nm that was reported by Tysoe and co-
workers.35,36 The lower maximum coverage in our work
may reflect different preparation conditions, such as the
dosing rate. The minimum 1.60 nm spacing at mono-
layer coverage exceeds the van der Waals distance and
therefore is still most likely determined by the electro-
static repulsion.

CO2 dosing onto Au�PDI chain covered Au(111)
surface triggers profound changes in the chain distri-
bution on the surface. Figure 2c shows the conse-
quences of CO2 adsorption on the surface structure
by imaging the same region of Figure 2b after expo-
sure to 0.01 Langmuir of CO2. Instead of the uniform
chain distribution in Figure 2a,b, the Au�PDI chains
move laterally over the entire terrace width to join
into parallel bundles with a typical interchain distance
of 1 nm; the increased local chain density exposes
regions of the bare Au(111) surface [darker contrast in
Figure 2c] aswould be expected if CO2 transformed the
interchain repulsion into attraction. A higher resolution
image in Figure 2d reveals bright contrast between the
two parallel chains corresponding to individual CO2

molecules [inset in Figure 2d]. Apparently, the CO2

adsorption transforms the repulsive interaction into
an attractive one, triggering the large-scale motion of
Au�PDI chains, and thus gluing them together into
tight, highly ordered bundles, where CO2 molecules
constitute the glue. The average distance between
the chains before the CO2-induced coalescence in
Figure 2b is larger than typical distances for chemical
interactions. Thus, in addition to the short-range

chemical interaction, the role of CO2 molecules must
also be to quench the long-range repulsion.

In Situ Observation of Self-Catalyzed CO2 Adsorption on
MOCs/Au(111) Surface. Because CO2 is introduced into
the chamber when the STM tip is retracted, we cannot
image the CO2 induced chain motion. The prompt,
large-scale restructuring of Au�PDI chains suggests
that their motion on nanometer scale on Au surfaces is
facile. The kinetic chain response leaves the surface
with many metastable structures, such as the kink in
chain I, indicated in Figure 3a, which prevents the
chains I and II from coalescing into a lower energy
paired structure. The energy barrier to joining chains
locked in thismetastable structure can be overcomeby
nudging one with the STM tip. We perform this manip-
ulation by turning off the feedback and lowering the
tip so that it is almost touching the surface at the
position of the white arrow in Figure 3a. The tip is then
scanned perpendicular to chain I nudging it toward II.
Following this procedure Figure 3b shows the same
two Au�PDI chains, which have coalesced into a tight
bundle with themanipulated chain I broken at the kink
releasing it to optimize its interaction with chain II.

The manipulation results shown in Figure 3a,b
represent a manifestation of the self-catalyzing CO2

adsorption process. The unpaired Au�PDI chains in
Figure 3a after exposure to CO2molecules acquire halo
structures, which emanate from Au adatoms and en-
circle the PDI molecules. These halo structures are
created by multiple CO2 molecules, which are in mo-
tion on the periphery of the chains, but have the
strongest interaction with the Au adatom sites. After
the manipulation that creates the line pair, the halo
structures remain on the periphery of the coalesced
chains [Figure 3b], but in between the chains, we can
image round protrusions with ordered structures that

Figure 3. (a andb) STM images, at the same region, of sparseAu�PDI chain covered sample acquired before and after STM tip
manipulation. The STM tip nudges chain I along the direction of thewhite arrow shown in (a). Aftermanipulation, the chain I is
broken and moves, exposing the initially partly covered herringbone reconstruction (brighter contrast indicated by the
dotted lines). (c andd) High-resolution STM images of the regions indicatedby the rectangles 1 and 2 in (b) showing two kinds
of CO2 structures. Au adatoms in the chains, CO2molecules interacting directly with Au atoms, and those interactingwith PDI
molecules are labeled by the golden, deep blue, and green dots, respectively.
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do not belong to Au�PDI chains [Figure 3b]. These
protrusions correspond to individual CO2 molecules
in stable, highly ordered, i.e., crystalline, structures,
which are stabilized by interactions with the Au�PDI
chains as well as among other CO2 molecules. Appar-
ently, the coalesced chains attracted by CO2 adsorp-
tion create a more stable adsorption or “capture” sites
for CO2 molecules than the single chains, which have
not undergone CO2-induced coalescence. Although
we cannot image the self-catalyzed process as an
acceleration of the adsorption, the CO2 adsorption
clearly induces a large-scale reconstruction of the 1D
chains in order to minimize the surface energy; thus,
once the chains start to zipper, with Au�PDI chains
being the tape and CO2 molecules the teeth, into close
packed structures, a more thermodynamically stable
environment is created for further adsorption.

The correlated interaction between the Au�PDI
chains and CO2 molecules explains the self-catalyzed
CO2 capture. Before adsorption, the Au�PDI chains
experience a mutual electrostatic repulsion. The elec-
trostatic environment of single Au�PDI chains attracts
CO2 molecules into the loosely bound halo structures.
Single Au�PDI chains thus coordinated with CO2 no
longer repel each other and, therefore, can coalesce
into bundles. Thus, the adsorption of CO2 initiates the
chain condensation to create a more favorable poten-
tial landscapeprovidedby closepackedparallel Au�PDI
chains, which force CO2 into interstitial serried ranks.

The interactions, which contribute to the self-
catalyzed capture, probably involve charge transfer
to CO2, as well as between the molecular quadrupoles
and the chain dipoles. Apparently, these interactions
transform chain repulsion into attraction, i.e., they
screen the repulsion. In addition, the corrugated po-
tential in the proximity of Au�PDI chains stabilizes the
quadrupole�quadrupole interactions among CO2.
These correlated CO2�Au�PDI chain and CO2�CO2

interactions lead to the self-catalyzed adsorption of
CO2 molecules on the MOC covered Au(111) surface.
The precise nature of the interaction between CO2

molecules and Au adatoms, as well as the Au atoms of
the reconstructed surface, is yet unclear and is under
investigation by DFT calculations.

Further insight in the self-catalyzed adsorption can
be obtained from the analysis of the CO2 molecule
arrangements between the coalesced Au�PDI chains.
Figure 3c,d shows high-resolution images of regions
indicated by rectangles “1” and “2” in Figure 3b, reveal-
ing two kinds of CO2 structures. In “1”, the Au atoms on
opposing chains are “in-phase”. This enables two CO2

molecules (labeled by the blue dots) to be sandwiched
between in-phase Au adatoms in a linear structurewith
an interchain distance of∼1.10( 0.05 nm. Four of such
CO2molecules form a compartment in which two extra
CO2 molecules (labeled by the green dots) are accom-
modated in between the PDI molecules without direct

interaction with the Au sites. In “2”, the Au adatoms
on the opposing chains are “out-of-phase”, and the two
CO2 molecules (blue dots) directly interacting with
them are in a kinked arrangement. An additional CO2

molecule is confined in the available space where it is
primarily interacting with the PDI units. The three CO2

molecules per unit cell are thus arranged in a zig-zag
structure with an interchain distance of ∼0.92 (
0.05 nm. Either configuration supports two types of
adsorbed CO2 molecules, one that is directly interact-
ing with Au sites, and another that primarily interacts
with the PDI sites.

The approximate distance between CO2 molecules
in the serried ranks is 0.4 nm, which is typical of the van
der Waals distance in CO2 clusters.

45 Also, the interac-
tion of CO2 with PDI is likely to be of the van der Waals
or weakly hydrogen bonding type. We note that
the imaging of individual CO2 molecules interacting
through the van der Waals interaction on metal sur-
faces is exceptional. On metal surfaces, single CO2

molecules have been imaged by STM on Ni(110)
surface in a chemisorbed state at 110 K,46 and in a
physisorbed state as an isolated molecule as well as
complexes with anthroquinone molecules at 20 K
on Cu(111) surfaces.47 In presence of chemisorbed
O atoms, CO2 readily forms stable carbonate, which
has also been imaged by STM.48,49 At 4.5K on CO2

molecule covered Au(111) surface we can only image
unstable structureless rafts of CO2 clusters. Thus,
the formation of Au�PDI chain bundles, initiated by
adsorption of CO2 molecules on Au sites within the
chains, provides an exceptional environment for CO2

adsorption, which enables molecule-resolved imaging
of the CO2 interactions. Our preliminary calculations
at the DFT-D level including the van der Waals forces,
however, do not confirm CO2 chemisorption on
Au�PDI chains, and cannot explain their large-scale
surface reconstruction. The full understanding of the
relevant interactions, in particular between CO2 and
Au, will require further ab initio theoretical calculations
and spectroscopic characterization.

Self-Catalyzed CO2 Adsorption on MOCs/Au(100) Surface and
Reversible CO2 Capture and Release. Au�PDI chains with
similar characteristics to the Au(111) surface also form
on the Au(100) surface. The chain response to CO2

adsorption shows similar self-catalyzed behavior as
that on the Au(111) surface, however, both the chain
growth and the response to CO2 adsorption are sur-
face specific. Figure 4a shows the saturated monolayer
coverage of Au�PDI chains on Au(100) surface. The
chains grow along [011] azimuths and form a grating
structure that covers entire terraces with a ∼1.40 (
0.05 nm interchain distance. The interchain repulsion
appears to hinder tighter chain compression. At a lower
coverage it is evident that the chains (Figure 2 in
Supporting Information) reside within troughs formed
by the 5 � 20 reconstruction of the Au(100) surface.50
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The intertrough distance on the bare Au(100) surface is
also about 1.4 nm. Therefore, in the case of Au(100)
surface, the corrugation of the substrate probably also
has a role in defining the preferential growth direc-
tion and the commensurate full monolayer coverage.
Within the Au�PDI chains, the alternating dim-bright
contrast [inset in Figure 4a] is consistent with the
chains on the Au(111) surface. We note that the chains
snake across the surface, suggesting that they may
be under compressive strain possibly because epitaxial
mismatch prevents the optimum registry with the
substrate.

Figure 4b shows the consequence of CO2 adsorp-
tion on the surface in Figure 4a. As on the Au(111)
surface, there is substantial CO2 adsorption-induced
Au�PDI chain motion; however, the response is char-
acteristic of each surface. On Au(100), the glue of
adsorbed CO2 molecules periodically pulls pairs of
chains together on one side and simultaneously pulls

them apart on the opposite side. The entire assembly
acts as an array of zippers trying to compress against
each other. As the zippering occurs on both sides of
each chain, the attractive interactions of CO2molecules
on opposite sides of each Au�PDI chain transform the
initially uniform snaking lattice into a tauter periodi-
cally modulated one with narrow (∼1.05 ( 0.05 nm)
and wide (∼1.75 ( 0.05 nm) gaps. It appears that the
different responses to CO2 adsorption of Au�PDI
chains on the Au(111) and Au(100) surfaces reflect
differences in Au�PDI chain interactions with the
substrates. In particular, the 1.4 nm periodicity of
the reconstruction on the Au(100) surface may hinder
the chain motion over nanometer scale distances and
the compressive strain in the chain prevents formation
of the close packed parallel chain structures seen on
Au(111). The common feature of both surfaces is the
CO2 molecule-induced chain attraction, which elicits
the collective Au�PDI chain motion.

Figure 4. STM images showing CO2 adsorption and release by Au�PDI chains on Au(100) surface. (a) Uniformly distributed
Au�PDI chains at monolayer coverage. The inset shows the dim-bright contrast within the chains. The additional bright
contrast with approximately 6 nm periodicity along the chains is consistent with the Au(100) surface reconstruction along
[011] azimuth, which modulates the chain height. (b) The same surface after dosing of CO2 molecules at 90 K. The original
grating with nearly uniform spacing is periodically modulated with alternating narrow and wide gaps between the adjacent
chains. (c) High-resolution image of the square region in (b) obtained at 0.1 V bias voltage and 0.1 nA current. Two typical CO2

assembly structures are resolved. (d) Au�PDI chains after desorptionof CO2molecules. The image in (d) is of the same sample,
but not the same location as in (b).
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The details of the CO2 molecule�chain interactions
can be seen in the high-resolution image Figure 4c,
which magnifies the square region in Figure 4b. In the
chain constrictions, we see very similar structures as in
Figure 3d where the out-of-phase Au�PDI chains trap
molecules in a zig-zag structure. The relative chain
phase does not seem to be as well-defined as for
Au(111) surface, so we also find the CO2 structures
such as observed for the in-phase structures in
Figure 3c. As the chain spacing dilates from the
narrowest constrictions, STM resolves two-molecule-
wide CO2 ranks. For wider gaps, the contrast becomes
fuzzy and the halo structures such as seen in Figure 3a
dominate. The larger interchain spacing enables
weakly bound CO2 molecules to exist in a fluctuating
state. The similarity of the CO2�Au�PDI reorganiza-
tion on theAu(111) andAu(100) surfaces in response to
exposure to CO2 gas suggests that the self-catalyzed
adsorption takes place on both surfaces.

We also verified that CO2 capture can be reversed
on both surfaces by heating the samples to room tem-
perature. Figure 4d shows the structure of the annealed
CO2�Au�PDI/Au(100) surface with the CO2 molecules
desorbed and the original Au�PDI superlattice restored,
except for some characteristic defects left after CO2

release. Very similar results are also obtained for the
CO2�Au�PDI on Au(111) surface (Figure 3 in Support-
ing Information), indicating that the chain responses upon
CO2 adsorption are reversible upon desorption.

Control Experiments. We have performed control ex-
periments and verified that the observed images
cannot be due to related species such as CO or
carbonate formed by disproportionation of CO2, as
well as impurities in the CO2 source. Although vibra-
tional spectra of CO interacting with Au�PDI chains on
Au(111) surface have been reported,35 under our ex-
perimental conditions, the exposure of Au�PDI chains
to CO at 77 K does not affect the chain structure nor
can we image adsorbed CO molecules.51 The stable

adsorption of CO on Au�PDI chain covered surface
may require higher density coverage than in our work,
such as has been reported in ref 35. The oxidation
of CO by O atoms adsorbed on Au surfaces is very
efficient,52,53 and therefore, occurrence of the reverse
disproportionation is highly unlikely. Therefore, with-
out a source of O atoms,54,55 carbonate is unlikely
to form.

CONCLUSIONS

In summary, by creating 1D metal�organic chains
on single crystal gold surfaces, we have discovered
unprecedented cooperative behavior induced by CO2

adsorption. CO2 molecules interacting with Au�PDI
linear polymers with chain lengths in the range of tens
of nanometers are able to induce lateral chain motion
on nanometer length scales over entire atomically flat
substrate terraces. The real-space imaging at the mo-
lecular scale reveals the condensation of the metal�
organic chains and one molecule wide CO2 ranks into
highly ordered structures exhibiting antithetical beha-
vior to each of those individual materials on gold
surfaces. The Au�PDI chains, which normally repel
each other, are attracted by the glue of CO2 molecules.
Likewise, CO2 molecules, which float in loosely bound
rafts onAu surfaces, crystallizes into stable and ordered
structures that self-catalyze adsorption in the presence
of Au�PDI chains. The self-catalyzed adsorption phe-
nomenon reveals the complex physical and chemical
interactions that could be harnessed in 3D metal
organic frameworks for the purpose of CO2 capture.
The current study can be extended by functionalizing
the apparently weakly interacting phenyl group of PDI
molecules in order to enhance CO2 capture and pro-
mote its reduction under thermal or electronic stimula-
tion. Our research can be extended to explore other
surface supported metal�organic structures,56�58

whichmimic conventionalmetal�organic nanoporous
materials for industrial gas separation.

METHODS
We form supported 1D arrays of MOCs by depositing PDI

molecules onto Au(100) and Au(111) surfaces. The samples
are prepared at room temperature following the procedure
in literature.35,36,41 After characterizing the surfaces by STM,
we dose CO2 molecules in situ at 90 K. STM constant current
topographic images are taken at 77 K using a current of 0.05 nA
and bias voltage of 0.6 V.
First-principles calculations are carried out using plane-wave

basis sets with a cutoff energy of 500 eV using the local density
approximation (LDA) known as Ceperley-Alder form (CA),59

exchange-correlation functional, as implemented in the Vienna
ab initio simulation package (VASP).60 The projector augmented
wave (PAW) method is used to describe the electron�ion
interaction.61,62 The Au 5d, 6s, H 1s, and 2s, 2p of C, N, O are
treated as valence states. A slab model with 6 layers and 4 � 4
unit cell of Au(111) is used with a vacuum of 20 Å, in order
to avoid the interlayer interaction. The energy cutoff is set to
500 eV, and the convergence criteria for energy is 10�5 eV; the

forces on every ion are relaxed to less than 0.05 eV/Å. During
the structure relaxation, 2 � 2 � 1 k-points are adopted, while
8� 8� 1 k-points are used to generate the self-consistent wave
function and charge density. The DFT-D method is used to
incorporate the van der Waals interaction between the PDI�Au
chain with the Au(111) surface.63 The STM image is simulated
using an isovalue image based on Tersoff and Hamann's
formula and its extension to simulate STM images.64
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