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ABSTRACT

We have studied the structural and electronic properties of tetracyanoethylene (TCNE) molecules on different noble-metal surfaces using
scanning tunneling spectroscopy and density functional theory. Striking differences are observed in the TCNE behavior on Au, Ag, and Cu
substrates in the submonolayer limit. We explain our findings by a combination of charge-transfer and lattice-matching properties for TCNE
across substrates that results in a strong variation of molecule —molecule and molecule —substrate interactions. These results have significant
implications for future organic/inorganic nanoscopic devices incorporating molecule-based magnetism.

Tetracyanoethylene (TCNE) is a strong electron acceptor single-molecule scanning tunneling microscopy (STM) and
with a large electron affinity that readily forms charge- spectroscopy (STS) measurements of TCNE on three dif-
transfer complexes in which it pulls electrons from neighbor- ferent noble-metal surfaces: Au(111), Ag(100), and Cu(100).
ing metal atoms or molecul&s.Within the rapidly devel- We observe increasingly strong molecufibstrate binding
oping field of molecule-based magnetism, charge-transfer as we move from Au to Ag to Cu, and the molecular growth
compounds of the type M(TCNE)where M is a paramag-  patterns on these noble-metal surfaces are all strikingly
netic transition-metal ion, form an important group of different. On Au(111), the TCNE molecules tilt onto their
ferromagnets with potential applications due to their high sides and form loosely bound islands, whereas TCNE
Curie temperatures (up te400 K)#~7 Despite extensive  molecules on Ag(100) lie flat and prefer to remain as isolated
studies, however, the origin of magnetic coupling in the monomers. TCNE on Cu(100), on the other hand, forms
TCNE-based compounds is not well underst&dd.One of tightly bound compact island structures. This behavior can
the major drawbacks is the lack of sufficient structural be explained by a combination of charge-transfer and lattice-
characterization, largely attributed to disordered growth: the matching properties for these different substrates that leads
higherTc materials exhibit a lack of long-range periodicity. to differing degrees of intermolecular versus moleeule
Since many potential applications involve ultrathin film and substrate interaction. Using density functional theory (DFT)
nanoscale cluster growth of molecule-based magnetic com-calculations, we deduce that the behavior of TCNE on
posites}! it is important to understand the microscopic Au(111) is dominated by intermolecular quadrupole interac-
structural and electronic properties of this molecule as it tions, whereas TCNE behavior on Ag(100) is mainly influ-
contacts different metallic substrates. So far the knowledge enced by charge-transfer-induced Coulomb interactions.
of TCNE adsorption on metallic substrates is quite sp&re. TCNE behavior on Cu(100) appears to be dominated by

In order to clarify the properties of this molecular building  strong chemical bonding between underlying Cu atoms and
block at organic/inorganic interfaces, we have performed molecular cyano groups.
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Figure 1. STM results of TCNE adsorption on Au(111). (a) TCNE molecules order in a loose hexagonal pattern within the fcc domains
of the Au(111) herringbone reconstruction. (b) STS of TCNE/Au(111) shows a HOMO resonaniebatV and a LUMO resonance at
+2.5 eV. The additional feature at abot0.5 eV is from the Au(111) surface state.

annealing procedures. TCNE crystals with 99% purity were Ag atom. At low coverage the molecules remain isolated
kept in a small vacuum container and cleaned by repeatedand do not assemble into islands on terraces (some limited
cycles of pumping and flushing with Ar gas before in situ island formation is observed at higher coveragd®% of
deposition onto the noble-metal substrates at room temper-a monolayer). STS performed on single TCNE/Ag(100)
ature through a leak valve. The purity of the TCNE vapor adsorbates reveals a broad HOMO state- @6 eV (Figure
was checked by quadrupole mass spectrometry. After2b). No other peaks are observed between5 and+2.5
deposition, the sample was transferred in situ to the cryogeniceV relative to Eg. di/dV mapping of individual TCNE
STM. Topography images were taken in constant-current molecules at the HOMO energy reveals many single-
mode, and STS was performed by measuring the differential molecule features not apparent in STM topography images:

conductance lddV as a function of the sample biashby whereas the STM topograph (Figure 2c) is a broad oval, the
standard lock-in techniques (modulatiorr10 mV (rms), HOMO di/dV map (Figure 2d) shows a bright, elongated
frequency~ 451 Hz) under open-feedback conditions. body that is intersected by a central line node and surrounded

We begin by describing the behavior of TCNE deposited by four “legs”. Molecular manipulation (sliding) of TCNE/
on Au(111). Figure la shows that TCNE adsorbates form Ag(100) requires a closer tigsurface interaction than TCNE/
open, loosely ordered islands within the larger face-centeredAu(111) (typical TCNE/Ag(100) sliding parameters are 5
cubic (fcc) domains of the Au-herringbone reconstruction. mV, 1—2 nA) and the molecules do not readily leave the
Each molecule appears as an elongated protrusion in the STMsurface, suggesting a stronger molecule-substrate interaction
topography £6 A x 9 A) with an apparent height of1.2 for TCNE/Ag(100) than for TCNE/Au(111).

A and a slight kidney-like shape. Tunneling spectroscopy TCNE deposited onto Cu(100) behaves completely dif-
of TCNE/Au(111) (Figure 1b) shows peaks-at.5 and+2.5 ferent from either TCNE/Au or TCNE/Ag. As seen in Figure
V relative to the Fermi energy/(= 0 = Eg), which we assign 3, TCNE molecules on Cu(100) order in straight chains along
to the highest occupied molecular orbital (HOMO) and the [110] and {110] directions with an intermolecular
lowest unoccupied molecular orbital (LUMO) states, respec- distance of~8 A. Neighboring chains create a square lattice
tively. Within this 4 eV wide gap, a spectral feature of the where each TCNE molecule has an apparent height0o6
Au(111) surface state is visible at —0.5 V.15 dI/dV maps A. STS on TCNE/Cu(100) does not show any molecular
of TCNE at the HOMO/LUMO energies show no significant resonances withiac2 eV aroundEr. Furthermore, we are
energy dependence to the molecular appearance. TCNEcompletely unable to manipulate TCNE/Cu(100) adsorbates
molecules on Au(111) are easily manipulated by the STM with the STM tip. Close-up STM topography reveals an
tip via the sliding techniqué&*’ (typical manipulation param-  intramolecular shape within TCNE/Cu(100) islands con-
eters: 50 mV, 3 nA) and frequently jump to the tip during sisting of four “short legs” surrounding a bright elongated
this process, indicating that TCNE is only weakly bound to center (Figure 3b). Additional protrusions (i.e., “extended
Au(111). legs”) are visible at the borders of islands and chains (Fig-

TCNE shows very different adsorption behavior on ure 3b,c). The extended legs do not always appear, how-
Ag(100), as can be seen in Figure 2a. Molecules on this ever (Figure 3c), and so we conclude that they are not
surface are found in isolated form on the Ag(100) terraces. a part of the intrinsic electronic structure of TCNE on
In the topography each molecule appears as an oval protru-Cu(100).
sion (~6 A x 7 A) surrounded by a dark ring~12 A in In order to understand the TCNE images that we observed
diameter) that dips deeply along the short axis of the oval. on different noble-metal surfaces, we performed ab initio
STM images with atomic substrate resolution indicate that pseudopotential DFT calculations of isolated neutral and
TCNE adsorbs in two possible orientations (differing by)90  negatively charged TCNE molecules (TCNECNE", and
with the molecular center (i.e., the=<€C bond) on top of a =~ TCNE?*") using the SIESTA code with a doubiebasis set
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Figure 2. STM results of TCNE adsorption on Ag(100). (a) TCNE molecules on Ag(100) terraces adsorb as isolated molecules. (b) STS
on isolated TCNE/Ag(100) molecules reveals a HOMO peak@®6 eV. (c) STM topograph and (d) simultaneously measuté&il/dnap

of four TCNE molecules on a Ag(100) terrace at the HOMO energy. (e) Structural model for TCNE/Ag(100) configuration seen experimentally
in (c) and (d).
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Figure 3. STM results of TCNE adsorption on Cu(100). (a) TCNE molecules order in long chains and islands with square symmetry. (b)
Close-up images show that each TCNE/Cu(100) molecule has four “short legs” in compact arrangement. (c) Further protrusions (red arrow)
can be seen at TCNE island edges due to a reconstruction (i.e., buckling) of-tiseiliairate atoms, indicating the formation of a metal-
organic coordination network. Inset: proposed TCNE/Cu(100) structural model shows buckled Cu atoms outlined in green.

and the local density approximatiéh!® Theoretical LDOS (SOMO) isosurface of TCNEand the LUMO of TCNE
isosurfaces of TCNE in the planar view look nothing like were all found to be structurally identical to the HOMO of
the kidney-shaped molecules experimentally observed for TCNE?".) Although the HOMO of TCNEshows an antinode
TCNE on Au(111). This provides evidence that TCNE/Au in the molecule center, the HOMO isosurface of TCNE
is likely not oriented with its molecular plane parallel to the shows pronounced nodes across the centraC®ond and
Au(111) surface plane, and thus, in this case, we are likely the four G=N triple bonds. The overall shape of the
experimentally imaging the “side view” of the orbital where theoretical TCNE- HOMO isosurface is in very good
just two cyano groups are dominant. agreement with the experimentdldv map of the HOMO
The situation is quite different for TCNE/Ag(100). Figure state of TCNE/Ag(100) imaged at0.6 V (Figure 4c).
4 compares the calculated HOMO isosurfaces of TCAll Therefore, we conclude that TCNE is negatively charged
TCNE~ with the experimental HOMOIV map of TCNE/ (i.e., either TCNE or TCNE") on Ag(100) due to charge
Ag(100). (The calculated singly occupied molecular orbital transfer from the substrate. From the DFT results in Figure
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submonolayer ordering of the closely related molecule TCNQ
on Cu(111y®

Because Ag has a much smaller EA of 1.30%\, is
more likely to donate electrons to TCNE and increase
molecule-substrate interaction (consistent with DFT results
that imply a TCNE/Ag charge state of TCNBr TCNE").

(b)

2A A weak charge-transfer bond is thus formed between TCNE

HOMO HOMO TCNE/Ag(100) and the substrate, inducing the molecule to bind in planar
isosurface isosurface dl/dV map fashion. The negatively charged TCNE ions repel each other
of TCNE® of TCNE* (-0.6 V) electrostatically, hindering closed-packed submonolayer growth

Fi 4 DET calculat d ) h iments. (a) as observed experimentally.
igure 4. calculations and comparison with experiments. (a . .
The DFT-calculated HOMO isosurface of isolated TCONEows The EA of Cu (1.24 eV) differs only slightly from that of

an antinode at the molecular center. (b) The calculated HOMO Ag,?! and so a consideration of EA alone does not adequately
isosurface of an isolated TCREmolecule displays a line node  explain why TCNE adsorbs so differently on Cu(100) (self-
across the central=€C bond. (c) Experimentall@lv map of TCNE/  assembling into chains and narrow islands) compared to the
Ag(lOO).at HOMO energy closely resembles the calculated iso- isolated molecules on Ag(100). A key difference between
surface in (b). ) . .
the Cu and Ag substrates, however, is their lattice constant.
) . ) The nearest-neighbor interatomic distance is significantly
4, we can glso confirm the orientation pf TCNE on Ag(100), smaller for Cu(100) (2.55 A) than for Ag(100) (2.89 A). In
as drawn in the structural model of Figure 2e. the TCNE/Cu(100) structural model shown in Figure 3c the
We can understand the experimental TCNE/Cu(100) |ateral distance between the reactive nitrogen atoms of TCNE
images if we assume that the four short legs within the and the buckled Cu atoms is 2.37 A, similar to the typical
interior of a TCNE/Cu island are the cyano groups of the nitrogen-metal distance observed for charge-transfer com-
molecules. In this case, the=C double bond is oriented  plexes of TCNE with transition metal$®2¢ During the
perpendicular to the chain-growth direction, as shown in the jnitial growth of TCNE on Cu(100), the molecules diffuse
structural model inset to Figure 3c. An important difference on the metal terraces until they hit a step edge where the
between TCNE on Cu(100) and TCNE on Ag(100) is that nijtriles can easily connect to Cu atoms of the upper terrace.
the “extended legs” seen on the edges of TCNE/Cu(100) Substrate-mediated self-assembly of TCNE/Cu subsequently
islands (Figure 3c) only occur sporadically even though they arises from the buckling of Cu surface atoms underneath the
are robust topographic features. This is different from the TCNE. This forms a potential well that traps other TCNE
TCNE/AgQ(100) case, where extended legs are never visiblemolecules since the buckled Cu atoms are likely to be
in topographs but always appear in/dV maps. Com-  positively charged due to electron transfer to the TCNE2
bining this with the fact that TCNE cannot be manipulated The tendency of TCNE on Cu(100) to form chains rather
on Cu(100) we conclude that the extended legs in the TCNE/than isotropic islands is a consequence of the resulting
Cu(100) case likely arise from strong chemical reaction anisotropic electrostatic potential energy surface of TCNE
between TCNE and Cu(100), resulting in a buckling of the in conjunction with the strong molecule-substrate interac-
Cu(100) surface atoms (buckled atoms are outlined with tion .2 This also explains why the interaction of TCNE with
dashed green circles in the structural model in Figure 3c). the Ag(100) substrate is so much weaker than with the
These strikingly different behaviors for TCNE on different Cu(100) substrate. If one were to imagine the same structure
noble-metal substrates are a consequence of the competitiofior TCNE on Ag(100) as seen for TCNE on Cu(100), then
between molecutlemolecule and molecutesubstrate inter-  the N—Ag distance would be 3.13 A. This is outside the
actions. These interactions can be better understood by arfange of a typical charge-transfer bond, leading to a weaker
electrostatic analysis of the different cases via comparisoninteraction between TCNE and the Ag substrate and thus
of electron affinities (EAf® Atomic Au has the largest EA,  no substrate buckling. Electrostatic repulsion between the
2.31 eV of the three substrates and therefore is less likely negatively charged TCNE molecules is therefore able to
to establish a strong charge-transfer bond by donatingprevent self-assembly on Ag(100), unlike the case for
electrons to the TCNE molecules (EA 3.17 eV)! In this Cu(100).
case, intermolecular interaction dominates TCNE behavior These results allow us to predict the structure of TCNE
and TCNE cyano groups are not tightly bound to the Au on other noble-metal surfaces. For example, we expect a
substrate, leading to the observed out-of-plane ordering. Therectangular self-assembly of TCNE on Au(100) that is
complex pattern seen for TCNE/Au(111l) suggests that dominated by intermolecular quadrupole interaction and
neighboring TCNE molecules are coupled through quadru- exhibits a molecular plane perpendicular to the surface. In
pole interaction: the electronegative cyano groups point contrast, TCNE on Cu(111) will most likely grow in
toward the electropositive center of the=C bond of disordered fashion because the strong molecsil#strate
neighboring molecules, thus maximizing quadrupolar inter- interaction will tend to pin the molecules flat to the surface
action for an out-of-plane geometry. Such tilted arrangementswhile a mismatch of lattice and molecular symmetries will
have also been seen in bulk pure TCNE crystal¥, and prevent ordered self-assembly. Such assumptions are sup-
qguadrupolar interaction is also known to play a role in the ported by observations of different charge states of TCNE
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(ranging from TCNE up to TCNE") that occur simulta-
neously for TCNE/Cu(1113

In summary, we have studied the adsorption of submono-

layer amounts of TCNE on noble-metal surfaces via cryo-

genic STS. The exceptional differences in electronic and
structural behavior observed on these surfaces is a conse-

(7) Jain, R.; Kabir, K.; Gilroy, J. B.; Mitchell, K. A. R.; Wong, K. C;
Hicks, R. G.Nature 2007, 445 291.

(8) Pokhodnya, K. I.; Epstein, A. J.; Miller, J. 8dv. Mater.200Q 12,
410.

(9) Haskel, D.; Islam, Z.; Lang, J.; Kmety, C.; Srajer, G.; Pokhodnya,
K. I.; Epstein, A. J.; Miller, J. SPhys. Re. B 2004 70, 054422.

(10) Tengstedt, C.; de Jong, M. P.; Kanciurzewska, A.; Carlegrim, E.;
Fahlman, M.Phys. Re. Lett. 2006 96, 057209.

guence of different ratios of intermolecular versus molecule- (11) Long, J. R. IlChemistry of Nanostructured Materialéang, P., Ed.;

substrate coupling due to different charge-transfer and lattice-

World Scientific Publishing: Hong Kong, 2003; p 291.
(12) Erley, W.J. Phys. Chem1987, 91, 6092.

matching properties. These results have important implications (13) Erley, w.; Ibach, HJ. Phys. Cheml987, 91, 2947.

for the use of TCNE as a molecular building block in contact
with noble metals since the organic/inorganic interface for
this molecule can vary so dramatically in terms of charge
and bonding properties. This behavior might potentially be
exploited to enable the controlled tuning of molecular
properties for futures device applications.
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