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Molecular recognition is a crucial driving force for molecular self-assembly. In many cases
molecules arrange in the lowest energy configuration following a lock-and-key principle.
When molecular flexibility comes into play, the induced-fit effect may govern the self-
assembly. Here, we investigated the self-assembly of dicyanovinyl-hexathiophene (DCV6T)
molecules, a prototype specie for highly efficient organic solar cells, on Au(111) by using low
temperature scanning tunneling microscopy (STM) and atomic force microscopy (AFM).
DCV6T molecules assemble on the surface forming either islands or chains. In the islands the
molecules are straight - the lowest energy configuration in gas phase - and expose the dicyano
moieties to form hydrogen bonds with neighbor molecules. In contrast, the structure of
DCV6T molecules in the chain assemblies deviates significantly from their gas-phase
analogues. The seemingly energetically unfavorable geometry is enforced by hydrogen-
bonding intermolecular interactions. Density functional theory (DFT) calculations of dimers
quantitatively demonstrate that the deformation of individual molecules optimizes the
intermolecular bonding structure. The intermolecular bonding energy thus drives the chain

structure formation, which is an expression of the induced-fit effect.



Molecular recognition plays a crucial role in biological systems,!*! for example in the
DNA binding!*! and enzyme catalysis.!?! Inspired by nature, scientists utilize it to design and
fabricate artificial supramolecular architectures with specific compositions and
functionalities.’"*). Molecular recognition can be classified into a static mode and a dynamic
mode.”! In static recognition, the structures of bonding sites at reactant molecules are directly

10-12] Iy the case of dynamic

complementary, which is described as the “lock-and-key effect”.!
recognition, the configuration of one molecule is changed to fit best with the partner molecule
in bonding structure and to obtain the maximum bonding strength. Since the change of
configuration is induced by the presence of the partner, this mechanism is termed as “induced-
fit effect”.['%1?] Since supramolecular architectures have been investigated with sub-molecular
resolution using STM, the lock-and-key effect was frequently found to be the dominating
mechanism determining the resulting structure. It maximizes both intermolecular bonding
energy!!®> 14l and the adsorption energy of the individual molecules on metal surfaces.!'> In
several studies, the transformation between two metastable molecular conformations during

16-18] depicting a connection between

molecular self-assembly on surfaces was identified,!
conformation and supramolecular structure. However, to the best of our knowledge, a real-

space investigation of the induced-fit effect with atomic resolution has not been reported in

the surface science community so far.

Direct imaging of the induced-fit effect in molecular self-assemblies poses experimental
challenges for the accurate characterization of molecular configuration and determination of
the bonding geometry. Atomic contrast on molecules can be obtained with tip-functionalized
AFM in ultra-high vacuum and low temperature environments.!!”! This technique has been
widely utilized to identify and characterize the structural and electronic details of individual
molecules, including their conformation,?°?? adsorption geometry,?*! bond order,** and

25]

charge distribution®®!. Although non-covalent bonds cannot be directly resolved in AFM



images,*! several studies have demonstrated that the bonding structure can be precisely

2721 However, a detailed

determined from the atomically resolved molecular arrangement.!
study of changes in geometric structure when the molecule’s environment is altered by

intermolecular interactions has not been addressed with AFM experimentally so far.

Here, we report that intermolecular interactions steer the molecules into assemblies, where
intermolecular interactions stabilize particular tensioned configurations, representing a very
clear expression of the induced-fit effect. We investigate dicyanovinyl-sexithiophene
(DCV6T) molecules on a Au(111) surface by using STM/AFM imaging combined with DFT
calculations. DCV6T is a low-band gap donor material used as highly efficient photoabsorber

33371 Tts molecular structure is formed by a central electron-rich

in organic photovoltaics.!
sexithiophene (6T) backbone with two terminal electron-deficient dicyanovinyl (DCV) groups
linked anti-symmetrically, as shown in Figure 1a. In its minimum energy configuration, the
molecule is flat and has a length of 3 nm (Figure 1a). DCV6T is a flexible specie because of
its long thiophene backbone and the absence of side-groups. Due to this flexibility, DCV6T is
expected to be an ideal candidate to exhibit the induced-fit effect!?” >+ 36 381 by adapting its
shape to its local environment. In our experiment, we found evidence of this effect in the
simultaneous self-assembly pattern of DCV6T in islands and chains, each with the molecules
lying in different molecular conformations. In the chains, individual molecules adopt an
energetically unfavorable bent configuration, which optimizes the linear bonding geometry of
hydrogen bonds. The energy cost for bending the molecules is compensated by the energy

gained from the optimized intermolecular binding. This result is a direct manifestation of the

induced-fit effect with atomic resolution.

Deposition of submonolayer amounts of DCV6T on Au(111) at room temperature allows
for sufficient mobility of the molecules to self-assemble into densely packed molecular

islands and some extended molecular chains (see Figure 1b). Figure 1¢ shows a close-up STM
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image of an island. The individual molecules appear as a straight line with their end groups
slightly tilted off the backbone. The corresponding AFM image recorded with a Xe
functionalized tip in the repulsive regime is presented in Figure 1d. The thiophene rings and
DCV groups are resolved with atomic resolution, presenting the nitrogen and sulfur atoms
with brighter contrast. The larger repulsive forces over these two elements is attributed to
their larger electron-density, inducing a stronger Pauli repulsive interaction with the Xe- tip.
We find that the six thiophene rings alternate their orientation along the oligophene backbone,
thus resulting in the overall straight shape of the molecule. One of the terminal cyano groups
in the DCV moiety points towards a sulfur atom from the adjacent thiophene ring, which
endows a linear and antisymmetric geometry to the assembled DCV6T species. This straight
configuration imaged by AFM matches the DFT optimized geometry of an isolated molecule
in gas phase (Fig. 1a, shown as an overlying copper-colored model in Figure 1d). This means
that the configuration of the DCV6T molecules is not perturbed upon adsorption and

assembly on the surface or by intermolecular interactions

AFM also resolves bright lines at positions where intermolecular interactions are
expected.?6- 32 3401 Based on this contrast and the molecular chemical structure, the bonding
model of the islands shown in Figure 1d could be determined. The intermolecular interactions
can be classified as linear hydrogen bonds (red solid lines) and bifurcated hydrogen bonds
(red dashed lines). The preference for this bonding configuration is further corroborated by
DFT calculations of an interacting pair of molecules in gas phase. We optimized the bonding
geometry starting from the two isolated molecules close to each other, each in their straight
minimum energy configuration. In the optimized molecular pair, the cyano ligand of a
molecule approaches a CH group in the thiophene ring of the neighbor molecule. The CN and
CH groups appear aligned in agreement with the lowest energy configuration of a H-bond-like

interaction between lone-pair electrons of CN and the electropositive CH.



According to the lock-and-key theory, the intermolecular recognition is based on the match
of specific patterns of two reacting sites. For the case of DCV6T islands, pairs of CN-HC
bonds lock the relative positions of adjacent molecules. Moreover, benefiting from the
antisymmetric straight molecular shape, the linear alignment satisfies two of such bonding
patterns at opposite sites. The resulting bonding geometry is optimized by maintaining the
lowest energy configuration of the free molecule. As a result, DCV6T molecules assemble in
islands through static molecular recognition, mediated by intermolecular hydrogen bonding of

the straight conformers.

The chains structures consist of two parallel rows of molecules spanning along the fcc
region of the Au(111) surface reconstruction (Figure 1e). Here, the DCV6T species adopt a
bent and asymmetric configuration, contrasting with the straight shape found in the molecular
islands. However, STM images fail to provide the precise bonding pattern and the
corresponding molecular configuration, making necessary again the use of AFM

measurements.

Figure 2b shows a constant height AFM image acquired with a Xe functionalized tip for
the chain segment shown in the constant-current STM image of Figure 2a. The AFM image is
Laplace-filtered for enhancing sub-molecular contrast and resolving the chemical structure of
the molecular chains. As in the previous case, the cyano groups and the sulfur atoms appear
brighter in the AFM images. Adjacent cyano groups point towards thiophene units of
neighboring molecules. In contrast to similar molecular chains found for the stiffer DCVST
species on Au(111),B!) here we observe no coordinative Au adatoms mediating the
intermolecular bonding. DCV6T chains are pure organic architectures stabilized by bare
intermolecular interactions. AFM images resolve that the molecular bent shape is the result of
the rotation of one central thiophene ring to appear with the same orientation as its two

neighbor rings (red arrows in Figure 2b), in contrast to the alternating sequence found for the
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straight conformers. In addition, a rotation of one DCV group (yellow arrow in Figure 2b) of
the molecule in the right row of the chain introduces a difference in geometry with respect to

the molecules in the left row.

Occasionally, we find isolated DCV6T molecules on the surface. Unfortunately, it is
impossible to image the isolated molecules with AFM, since the strong forces between the
AFM tip and the molecule induce lateral diffusion. Nevertheless, the STM imaging resolves
that these molecules are also bent as shown in Figure 3. However, a detailed comparison with
molecules in the chain structures reveals that the bending here has a smaller angle, being

closer to the optimized bent geometry of a free molecule (shown in the image).

To understand the different bent configurations of both the isolated molecules and
molecules within the chains, we performed DFT simulations of the minimum energy
configuration. We first simulated the structure of a free isolated molecule. Together with the
optimized structure, which was the one utilized to match the structure of the molecular
islands, we find that any rotation of a thiophene ring resulting in a planar configuration
represents a local minimum. Hence, bent configurations like in the molecular chains are also
stable minimum-energy structures. However, quantitatively, the rotation of one central
thiophene has a net energy cost of 113 meV with respect to the straight antisymmetric
configuration, which is the global minimum. An additional rotation of a DCV group leads to
an additional higher energy of 31 meV. By superimposing the optimized structure of a
monomer onto the STM image of an isolated DCV6T molecule (Figure 3a) we observe that
the model reproduces the bending angle. In contrast, the calculated geometry of a single
molecule in gas phase deviates from the structure of DCV6T molecules assembled in chains,
which appear with a 13° larger bending angle, as shown in Figure 2c. We attribute this
deviation to intermolecular forces operating in the chain assembly. To inspect the effect of

intermolecular binding on the molecular configuration, we simulated instead the optimized
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structure of two interacting molecules, also in the absence of a surface. As shown in Figure
2d, the optimized geometry of the free molecule pair fits now with the AFM measurements
very well. This fact demonstrates that the larger bending angle of DCV6T in the chain is
induced by the intermolecular interactions during self-assembly. The intermolecular bonding
pattern can also be determined from the AFM images. As shown in Figure 2d, linear and

bifurcated hydrogen bonds are responsible to the formation of chains.

It has been reported that a molecule with two metastable states as, e.g., trans and cis
configurations, can undergo a switching induced by intermolecular interactions.l'% !7]
However, our results show that individual molecules adopt a configuration different from any
of its intrinsic metastable geometries upon self-assembly on a metal surface. In order to get
more insight into the driving forces of the molecular deformation at play here, we calculate
the total energies corresponding to different bonding geometries for each molecular
configuration, shown in Figure 4a. We start with the optimized geometries of two isolated
molecules. Shifting the molecules with respect to each other can lead to an energy gain of 386
meV (from state 1 to 2) due to the intermolecular bonding. Allowing the molecules to change
their shape, they will adapt themselves to a more bent geometry (as observed in our AFM
data). The energy cost for bending the molecule (ca. 50 meV for each) is compensated by the
improved pattern of intermolecular bonds, resulting in an overall energy gain of 137 meV
(from state 2 to 4). If we instead compute the bent intramolecular shape but with the originally

placed dimer configuration, the energy cost for the deformation is not compensated and the

total energy is 616 meV higher (from 4 to 3).

The calculated energies supply quantitative evidence for the interpretation of the
deformation of DCV6T upon self-assembly in chains in terms of the induced-fit theory, as we
depict in Figure 4d. For the initial configuration (copper color), the CN ligand aligns

collinearly with the CH group at the bonding position 1 (Figure 4d: lock 1 - key 1) forming a
7



linear hydrogen bond. However, the bonding between lock 2 and key 2 (orange dashed line in
Figure 4d) is not optimized due to the large distance between CN and CH accompanied with a
small alignment angle. Therefore, the backbone of the molecule bent more to favor a shorter
hydrogen bond length and a bond angle closer to 180° (red solid line in Figure 4d). The total
energy calculations from above clearly state that the energy gain due to the directionality and
shorter length of the hydrogen bond compensate the energy cost of molecular deformation. In

this dynamic way, the bent DCV6T molecules recognize each other and form the chains.

In this letter both the lock-and-key effect and the induced-fit effect in molecular recognition
of DCV6T are resolved and understood with atomic resolution by using combined STM/AFM
imaging and DFT calculations. DCV6T molecules self-assemble in extended organic islands
and chains through hydrogen bonding on Au(111). The formation of islands is the result of
the lock-and-key effect in the static molecular recognition, while the chains are regulated by
the induced-fit effect via the dynamic molecular recognition. DCV6T in chains undergoes two
steps of deformations with respect to molecules in islands. In the gas phase during the vacuum
sublimation process, one of the thiophene rings of the “hot” molecules rotates resulting in a
bent configuration. The DCV6T conformers find an optimal assembly structure in pairs
stabilized by hydrogen bonding. In fact, we found that the directionality and short-rang nature
of the hydrogen bonds induces further bending of the molecules by about 13°. Consequently,
although individual molecules are not in the minimum energy configuration, the whole chain
structure relaxes to a more stable state in energy. These results demonstrate that flexible
molecules can undergo complex deformation processes and form completely different
nanostructures on the surface. The observation of changes in geometric structure when the
molecule’s chemical environment is altered by intermolecular interactions upon self-assembly
might leads to a deeper understanding of the nature of different types of chemical bonds and

related chemistry.



Methods

Experimental methods: The experiments were carried out in a combined STM/AFM working
at temperature of 5 K and under ultrahigh vacuum conditions. Non-contact AFM

I operated in frequency

measurements were performed using qPlus tuning fork design,|
modulation mode with subangstrom oscillation amplitudes. The Au(111) surface was cleaned
by repeated cycles of Ne™ sputtering and subsequent annealing to 750 K. DCV6T molecules
were evaporated on the surface kept at room temperature from an evaporator heated to 570 K.
All the STM topographic images were acquired in constant-current mode, whereas AFM
images were acquired by mapping the frequency-shift (Af) of the qPlus sensor in constant-
height mode. To increase the resolution in AFM images, the STM tips were functionalized
with Xe atoms co-deposited on the surface.[*?! The topographic data were processed with
Nanotec WSxM software.[*]

Calculation methods: DFT calculations were performed using the GAUSSIAN 03W
program package.[**! Calculations including the molecular geometry optimizations and the
corresponding total energies were carried out in gas phase using the B3LYP exchange-
correlation functional and the 6-31G basis set. In the calculations we used molecular pairs to
simulate the molecular islands and chains with only the linear hydrogen bonds were taken into

account, since the bifurcated hydrogen bonds are weaker in bond strength and assumed not to

induce configuration changes.
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Figure 1. (a) Chemical structure of DCV6T molecule (white, hydrogen; gray, carbon; blue,
nitrogen; and yellow, sulfur). (b) An overview STM image (I = 72 pA, U = 0.82 V) of the
self-assembly of DCV6T on Au(111) at room temperature. Molecular islands and chains are
formed simultaneously. (c¢) High resolution STM image (I = 12 pA, U = 0.1 V) of the island.
(d) Corresponding Laplace filtered AFM image measured with a Xe functionalized tip and
acquired in constant-height mode. The tip was approached by 1.9 A toward the sample from
an initial position set by the control parameters of I = 12 pA and U = 0.1 V over the molecule.
The DFT calculated configurations of a single molecule (in copper color) and two molecular
dimmers (in normal color code) are superimposed. The linear hydrogen bonds (red solid lines)
and bifurcated hydrogen bonds (red dashed lines) are indicated. (¢) A high resolution STM
image (I = 110 pA, U = 0.85 V) of the chain. It is difficult to determine the exact
configurations and bonding structures of molecules within the chain from the STM image
alone.

10



Figure 2. (a) STM topography (I = 12 pA, U = 0.1 V) of a chain. (b) Laplace filtered AFM
image of the same area, measured with a Xe functionalized tip, and acquired in constant
height mode. The tip was approached by 2.0 A to the sample from the set point of 12 pA and
0.1 V over the molecule. The red arrows and the yellow arrow indicate the rotated thiophene
rings and DCV group, respectively. (c) and (d) show the DFT simulated configurations of free
twisted monomers and interacting dimers, respectively, superimposed over the AFM images.
The DFT optimized geometries of single molecules do not fit with the measured
configurations in the AFM image in (c), appearing with a mismatch angle of 13°. However,
the shape of a pair of interacting molecules coincides very well with the structures in the
AFM image, as shown in panel (d). The intermolecular interaction induces a bent of 13° upon
their self-assembly into chains. In (d) we include the proposed bonding pattern formed by
linear (red solid lines) and bifurcated CH-NC hydrogen bonds (red dashed lines).
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Figure 3. The STM image of a single DCV6T molecule on the Au(111) surface (I = 100 pA,
U = 0.8 V). The calculated configuration of the isolated molecule in gas phase matches the
shape in the STM image (a), while the geometry of a pair of molecules as in the chains does
not fit (b).
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Figure 4. (a) Energies and structures of molecules with different configurations and bonding
geometries: two optimized isolated molecules without bonding (1); two optimized molecules
with bonding (2); two deformed isolated molecules without bonding (3); two deformed
molecules with bonding (4), whose total energy is set as the zero point for comparing. In all
the calculations, the surface is not considered due to its negligible influence on the system
relaxation. (b) The model of the lock-and-key effect: the conformations of the lock and the
key are directly complementary. (c) The model of the induced-fit effect: the configuration of
the lock is achieved by the presence of the key for obtaining the maximum binding between
the key and the lock. (d) The model showing that the configuration of a DCV6T molecule is
changed to fulfill the directionally of hydrogen bonds with shorter bond length.
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