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Influence of stress on hydrogen-bond formation in a halogenated phthalocyanine network
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The self-assemblies of half-halogenated (ZnPcClg and ZnPcFg) and nonhalogenated zinc phthalocyanine
(ZnPc) molecules on an Ag(111) surface are studied by means of a combined experimental and theoretical
study. The experiments involve scanning tunneling microscopy (STM) and the theoretical study is based on the
topology of electron density obtained from density-functional (DFT) calculations. STM experiments reveal
different structures due to the presence or not of halogen atoms at the periphery of the molecule, but the main
differences are observed comparing ZnPcClg and ZnPcFg deposits. In the case of ZnPcClg, some faults are
found periodically at the end of a ripening process that are not observed in the case of ZnPcFg. DFT calcula-
tions on the corresponding 2D molecular networks show differences in the nature of the H---F and H---Cl
hydrogen bonds but also differences in the equilibrium molecular lattice parameter. We demonstrate that the
intermolecular interaction can be tuned by chemical substitution and that the substrate-imposed stress can have
a significant influence on the molecular self-assembly.

DOLI: 10.1103/PhysRevB.75.035428

I. INTRODUCTION

In recent years, molecular thin-film growth has received
considerable attention. Specific organic molecules are used
as building blocks for the fabrication of surface-supported
supramolecular nanostructures using supramolecular chemis-
try principles.'* For inorganic deposition such as metal-on-
metal growth, it is well known that growth morphology re-
sults from a complex competition between the equilibrium
parameters of the deposit-substrate couple (e.g., interface and
surface energies, mixing enthalpy, lattice mismatch, etc.) and
the growth kinetics (e.g., deposition rate, deposition energy,
mobility via growth temperature, etc.). The generalization of
these processes to molecular systems is not a simple task
because first the molecule-substrate interaction involves al-
most all the electrons of the molecule (particularly those
present on lowest unoccupied molecular orbital: LUMO) and
the first layer of the substrate and second because molecule-
molecule interactions are very complex to describe. Intermo-
lecular interactions can be weak like van der Waals interac-
tions or stronger as hydrogen bonding or metal-ligand
interactions.”® Hydrogen bonding involves not only electro-
static interactions but also overlap between the electronic
clouds of the molecules, large enough to impose and com-
pact the geometry of the molecular packing. Dispersion en-
ergy (or van der Waals interaction) is also present. It corre-
sponds to quantum dynamical correlations between two
charge distributions. The strength of the dispersion is weak
and its contribution to hydrogen bonding is assumed to be
limited.'%!> The two-dimensional organization of molecules
at surfaces results from a subtle balance between intermo-
lecular and molecule-substrate interactions. The mutual in-
fluence between these interactions can be interpreted as the
formation of a stress in the molecular thin film.

The large extended m-conjugated molecule zinc phthalo-
cyanine (ZnPc) is chosen to impose a flat-lying adsorption
on a low-energy close-packed substrate.'’> To favor
hydrogen-bond formation between molecules, we use a mol-
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ecule functionalized by halogen atoms at its periphery, as
represented in Fig. 1(a). We have already shown recently
how the substitution of half peripheral hydrogen atoms of the
ZnPc molecule by chlorine atoms allows the formation of
hydrogen bonds between adjacent molecules, leading to a
significant strengthening of the molecular cohesion.'*!3
Herein we present a joint experimental and theoretical
study of the molecular packing of 2,3,9,10,16,17,23,24-
octafluoro zinc phthalocyanine (ZnPcFg) molecules depos-
ited on an Ag(111) surface. Molecular arrangements are
studied by scanning-tunneling microscopy (STM) at room
temperature. The experimental results are rationalized thanks

FIG. 1. (Color online) (a) Molecular structure of the ZnPcFg
molecule; (b) STM image of one monolayer of ZnPcFg molecules
deposited on Ag(111) at room temperature (20 nm X 20 nm); (c)
close-up view of the molecular self-assembly (7 nm X7 nm); (d)
schematic representation of the commensurability between the mo-
lecular and the substrate networks.
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to theoretical calculations based on the density functional
theory (DFT). Intermolecular interactions are analyzed ac-
cording to the topological approach of electron density. We
show that the molecular cohesion of the ZnPcFg arrangement
is due to the formation of H---F hydrogen bonds. In com-
parison with results obtained previously for a ZnPcClg thin
film, we show the differences between the interactions in-
volved in the cohesion of this arrangement. This study em-
phasizes the influence of stress and of stress relaxation in
molecular thin-film self-assemblies.

II. EXPERIMENTAL AND COMPUTATIONAL DETAILS
A. Experiments

The experiments were performed in a multicharacteriza-
tion ultrahigh vacuum (UHV) chamber. The Ag(111) surface
was cleaned by repeated cycles of Ar* sputtering and anneal-
ing (800 K). Atomically flat terraces were obtained, which
were up to 200 nm in width and separated by monoatomic
steps. ZnPcFg molecules were synthesized using a classical
method.'® They were then purified and deposited from a
Knudsen-cell-type evaporator. During evaporation, the tem-
perature of the molybdenum cell was maintained at 660 K,
and the evaporation rate was of 0.5 ML/min. The substrate
was held at 300 K. The monolayer is defined by STM mea-
surements as 0.44 mol/nm?, corresponding to the most com-
pact molecular structure. STM (VT-STM Omicron) measure-
ments were done in the constant-current mode with
maximum bias voltages up to 2 V; the instrument was cali-
brated on atomic resolution images of different crystalline
substrates. Postprocessing of the STM images was per-
formed using the WSxM software.!”

B. Calculations

The calculation of the molecular packing electronic struc-
ture was performed within the framework of the DFT using
the generalized gradient approximation (GGA) parametriza-
tion by Perdew-Burke-Ernzerhof (PBE) for the exchange-
correlation energy.!® We used the projector-augmented wave
(PAW) method,'® in which the full wave functions and den-
sities are expanded on a plane-wave basis set without shape
approximation. The core electrons are treated within the
frozen-core approximation and the band-structure calcula-
tions were carried out with a plane-wave cutoff of 40 Ry.
The main difficulty is to treat molecular compounds by DFT
calculations when the influence of the contribution due to the
dispersion energy (or van der Waals interaction) is non-
negligible. Within the framework of traditional DFT-GGA
calculations, this term—included in the exchange-correlation
energy—is approximated and, consequently, poorly de-
scribed. However, the GGA functional is known to be well
adapted when hydrogen bonds are involved,”’ assuming
static multipolar interactions (contained in the exact Hartree
potential) and the electronic overlaps dominate these inter-
molecular contacts. In our calculations, the atomic positions
are relaxed using the original fictitious Lagrangian approach
of Car and Parrinello,?! in which the atomic positions and the
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electronic wave functions are treated simultaneously by a set
of Newton’s equations.

The two-dimensional crystalline structure of ZnPcFg was
studied neglecting the interactions between molecules and
surface. Nevertheless, the interaction with the substrate cor-
responds to a charge transfer between the surface and the
LUMO of the molecule, which has a small contribution on
the surrounding fluorine and hydrogen atoms. Thus, we as-
sume that the intermolecular H- - -F bonds should be reason-
ably well described. Due to the equilibrium Dy, symmetry of
the isolated molecule, the two-dimensional (2D) molecular
arrangements are simulated using a tetragonal supercell. The
square base of the supercell corresponds to the 2D unit cell
of the molecular thin film. The height of the tetragonal su-
percell was chosen large enough to ensure negligible inter-
action between periodic supercells along this direction. In all
cases, the intramolecular geometry was not constrained and
the final optimized molecular packing is found to be almost
planar.

The InteGriTy software package was used for the topo-
logical analysis,?? according to Bader’s approach on the elec-
tron densities given on a three-dimensional (3D) grid.?* One
basin can be uniquely associated with one atom. It is defined
as the region containing all the gradient paths terminating at
the atom. The boundaries of the basin define the so-called
zero-flux surface, which is never crossed by any gradient
vector trajectory: Vn(r)-N=0, where N is the normal at
point r. The charge and the dipole carried by an atom are
deduced from the integration of the electron density and its
first moment, respectively, over the corresponding atomic ba-
sin. A critical point (CP) corresponds to a zero value of the
electron-density gradient: Vn(r)=0. A saddle CP can be as-
sociated with each interatomic contact: at this point the elec-
tron density n(rcp) is minimum along the bond direction and
maximum in the perpendicular plane. The value of n(rcp)
and the value of the potential energy V(rcp) at the CP—
which is deduced from the local expression of the virial
theorem—are used to gauge the strength of the electronic
overlap of each intermolecular bond.??

III. CHARACTERIZATION OF THE THIN FILM

Figure 1(b) shows a typical STM image recorded after
deposition of about 1 ML of ZnPcFg molecules on Ag(111).
The substrate terraces are completely covered with mol-
ecules adsorbed in a flat-lying configuration. STM observa-
tions reveal the coexistence of three molecular networks re-
lated to the three principal directions of the Ag(111) surface.
The molecular network is represented by only one unit cell
[Fig. 1(c)], characterized by two perpendicular vectors of
approximately 15 A each. One can notice that one of the
basis vectors is aligned along the close-packed direction of
the Ag(111) surface. Moreover, the two opposite arms of
each molecule are aligned with the close-packed direction of
the substrate. This shows the direct influence of the substrate
on the orientation of the molecules, probably due to a
molecule-substrate interaction stronger than a weak van der
Waals interaction. This can be due to the electron-acceptor
properties of phthalocyanines:'® the interaction of phthalo-
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FIG. 2. (Color online) Isodensity curves in the plane of the
ZnPcFg molecule: the isodensity values increase from 0.010 to
1.08¢7/A3. Intermolecular H---F bond critical points are repre-
sented by tiny black spheres.

cyanines with a metallic surface results from an overlapping
between the surface electronic states and the LUMO of
m-symmetry. This argument should favor a site selectivity, as
was demonstrated in other cases of aromatic molecular
adsorption.?*? The observed molecular organization is ratio-
nalized by the structural model illustrated in Fig. 1(d). Each
molecular lattice parameter measured by STM (15 A) is very
close to a multiple of the interatomic Ag---Ag distance
along a given direction. In this model, all the molecules are
positioned on equivalent adsorption sites. Thus, along the

close-packed [1 10] direction, the intermolecular distance
(15 A) corresponds approximately to five interatomic
Ag---Ag distances (as,=2.9 A):SaAg=14.5 A; and, along
the perpendicular [110] direction, the lattice parameter cor-
responds to three interatomic Ag---Ag distances (\3a Ag
=5.0A), that means BVEaAg= 15A. This indicates a possible
commensurability between the molecular and substrate lat-
tice, respectively, noted (A,B) and (a,b) in Fig. 1(d) and the
unit cell can be described by the matrix M,

(o) (3) winm=(3 )

Figure 2 shows the calculated electronic structure of the
ZnPcFg arrangement in the plane of molecules. It reveals the
interactions between fluorine and hydrogen atoms of neigh-
boring molecules. There are eight H- - -F bonds per molecule
involving half of the fluorine atoms and all the hydrogen
atoms. The equilibrium lattice parameter is found to be
14.6 A and the cohesive energy 18.5 kJ mol~'. The charac-
teristics of the corresponding bond critical points (CPs) are
reported in Table I. We can distinguish four short H1---F
bonds and four long H2- - -F bonds per molecule: the corre-
sponding bond lengths are 2.81 and 2.86 A, respectively. In
addition, the atomic charges and dipoles deduced from the
integration over atomic basins reveal the electrostatic nature
of the H---F bonding. Figure 3 summarizes the atomic
charges and dipoles of the two-dimensional molecular net-
work. The negative charge carried by the fluorine atoms is
large and amounts to 0.64¢~ and the hydrogen atoms carry a
weak positive charge of 0.06e™ or 0.07e”. Moreover the
alignment of the atomic dipoles is favorable and amounts to
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TABLE 1. Topological characteristics of the intermolecular
H---F contacts in the ZnPcFg arrangement. The bond lengths d,
electron density n(rcp), and potential energy V(rcp) are expressed
at the critical points (CP) Hl---F and H2---F. Atomic-point
charges ¢ and dipoles w are obtained from the integration of n(r)
and its first moment over the atomic basins.

Hl .. .F H2 .. .F

d(A) 2.81 2.86

n(rep)(e™/A3) 0.022 0.017
V(rcp)(kJ mol™) -3.70 -2.79
gu(e) +0.07 +0.06
grle) ~0.64 -0.64
|unl(e™ A) 0.053 0.053
|| (e= A) 0.154 0.154

0.154¢~ A and 0.053¢~ A for the fluorine and hydrogen at-
oms, respectively. Thus, these intermolecular interactions
can be classified as weak hydrogen bonds because they in-
volve not only electrostatic interactions but also an overlap
between electronic clouds of molecules.

IV. DISCUSSION
A. Influence of halogen atoms

The comparison of the close-packed molecular arrange-
ment of ZnPcFg with those of ZnPcClg and ZnPc on Ag(111)
makes it possible to analyze the role of halogen atoms X
(X=Cl or F) on the intermolecular bonding mechanism.'*!
Due to the formation of H---X interactions, the substitution
of hydrogen atoms by halogen atoms at the periphery of the
ZnPc molecule modifies the molecular self-assembly. The
cohesive energy of the optimized molecular network is rein-
forced in the self-assemblies of ZnPcFg and ZnPcClg (with-

FIG. 3. (Color online) Representation of the atomic charges lo-
calized on the H and F atoms: the disk areas are proportional to the
value of the charge: +0.06¢™ and —0.64¢~, respectively. Atomic di-
poles are also reported: the length of the vectors is proportional to
the norm of the dipoles (0.154¢~ A and 0.053¢~ A for fluorine and
hydrogen atoms, respectively).
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FIG. 4. (Color online) STM image of one monolayer of ZnPcClg

molecules deposited on Ag(111) at room temperature (20 nm
X 20 nm).

out defect lines) molecules, which are 18.5 kJmol~! and
19.3 kJ mol™!, respectively. Although ZnPcClg and ZnPcFg
have comparable cohesive energies, the nature of the H---X
interactions involved in their cohesion is different. The value
of the electron density and potential energy at the H---F
bond CP in ZnPcFy are lower than those of the H- - -CI bond
CP in ZnPcClg obtained from Ref. 14, that are 0.064 and
0.048¢7/ A3, respectively. This shows that the H- - -F bonding
is less covalent than the H---Cl bonding. In addition, the
atomic charges and dipoles deduced from the integration
over the atomic basins reveal the electrostatic nature of the
H---F bonding. The negative charge carried by the fluorine
atoms is three times higher than the charge carried by the
chlorine atoms: 0.64¢™ instead of 0.18¢~. The positive charge
carried by the H atoms is also slightly higher in the ZnPcFg
arrangement.

These differences in H---F and H- - -Cl hydrogen bonding
seem to be responsible for the ripening process observed for
ZnPcClg, which is not present in the case of ZnPcFg. For
ZnPcClg the two-dimensional structure undergoes an evolu-
tion at room temperature, from a low-density phase resulting
from weak van der Waals Cl---Cl interactions to a more
compact phase induced by the activation in two steps of a
H---Cl bond network.'* For ZnPcFg molecules, only the
compact arrangement is observed. In fact, due to the large
negative charges carried by fluorine atoms, the electrostatic
repulsion should prevent the formation of a metastable phase
resulting from weak F---F van der Waals interactions. This
is in agreement with the previous depositions of CuPcCl,; on
HOPG and CoPcF,4 on Au(111).2627 A self-assembly is ob-
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FIG. 5. (Color online) Intermolecular cohesive energy (in
kJ mol™") of the close-packed arrangements of ZnPcClg and ZnPcFg
as a function of the length of the lattice parameter dppyr. Squares
and circles correspond to the ab initio results obtained for ZnPcFg
and ZnPcClg arrangements, respectively, and dotted curves to the
corresponding third-order fittings. d[110] and d[110] are, respec-
tively, the distances between equivalent sites on the Ag(111) sur-

face in the [110] and [110] directions in the range of the molecular
lattice.

served in the case of the fully chlorinated CuPcCl,s, whereas
the fully fluorinated CoPcF gmolecules cannot self-assemble
due to the electrostatic repulsion between fluorine atoms.

B. Influence of stress on the molecular network

The main difference between the equilibrium self-
assemblies of ZnPcClg and ZnPcFg is the formation in the
case of ZnPcClg of a regular striped structure (represented in
Fig. 4), which is not observed in the case of ZnPcFj. In these
two molecules, the strength of intermolecular interactions is
very similar (Fig. 5), whereas the length of the equilibrium
parameters is different. We will then discuss the formation of
faults in terms of commensurability between the molecular
and the Ag(111) networks. Table II summarizes the two-
dimensional molecular lattice parameters (dppy) obtained
from DFT calculations and the distance (d,,) between
equivalent adsorption sites of the Ag(111) substrate in the
direction of the molecular lattice parameters. The distance
dyg corresponds to 5 and 3 interatomic Ag---Ag distances

along the [110] and [110] directions: 14.5 and 15 A, respec-
tively. Figure 5 shows the variation of the cohesive energy

TABLE II. Summary of the lattice parameters for the ZnPcFg and ZnPcClg molecular two-dimensional
structures. dpgy is the length of the lattice parameters obtained from Fig. 5. dj, is the distance between
equivalent adsorption sites in the lattice-parameter range deduced from STM images Fig. 1 and € is the lattice

mismatch.
dprr (A) Direction dag (A) €
ZnPcFq 14.6 [170] 14.5 -0.007
[110] 15.0 0.027
ZnPcClg 15.3 [170] 145 ~0.052
[110] 15.0 -0.02
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with respect to the length of the square-lattice parameter
dppr-

The equilibrium length of dppy is shorter in the case of
ZnPcFg: 14.6 A instead of 15.3 A for ZnPcClg. The differ-
ence (0.7 A) is related to the C-F bond length, which is quite
shorter than the C-Cl bond length: 1.35 A instead of 1.75 A.
As in the case of inorganic heteroepitaxy, a lattice mismatch
€ between molecular and substrate networks can be defined,

e= Zae=dorr. (1)
dprr

For the ZnPcFg network, the lattice mismatch is very

weak (—=0.7%) along the [110] direction. Along the [110]
direction, the mismatch is equal to 2.7% and corresponds to
a dilatation of dpgy of 0.3 A. As shown in Fig. 5, such a
dilatation is responsible for an energy loss less than
3 kJ mol™! when dilating both the lattice parameters (e.g.,
less than 1.5 kJ mol~! when dilating only one lattice param-
eter). Thus, the commensurability with the substrate is pos-
sible and implies that H---F bonds are slightly elongated
along the [110] direction.

In the case of ZnPcCly, the equilibrium length of dppr is
longer (15.3 A) and consequently, the lattice mismatch € be-
comes larger. Along the [110] direction, € reaches —2%: thus,
the commensurability with the substrate induces a contrac-
tion of dppr leading to an energy loss of 3 kJ mol~'. Along

the perpendicular [110] direction, the lattice mismatch
(=5.2%) becomes very large: in fact the commensurability
with the substrate would lead to a contraction of dppr of
0.8 A and a destabilization of the molecular packing, as
shown in Fig. 5. Hence, the ZnPcClg molecules should move
away from their equilibrium adsorption sites in order to relax

the hydrogen bonds along the [110] direction. Every three
molecular rows, the energy gain due to this relaxation would
not be large anymore to counterbalance the energy loss due
to the molecular displacement: thus molecules jump to the
next adsorption site located at d,=17.5 A, leading to the
formation of regular lines of faults in the ZnPcClg self-
assembly as shown in Fig. 4.

V. CONCLUSION

Combining scanning-tunneling microscopy and DFT cal-
culations, we compare the adsorption of half-halogenated
(ZnPcClg and ZnPcFg) and nonhalogenated (ZnPc) mol-
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ecules on an Ag(111) substrate. First, we show that the mol-
ecules are adsorbed in a flat-lying configuration so that inter-
molecular interactions are governed by the peripheral atoms.
In the case of the nonhalogenated ZnPc molecule,!” the in-
teractions between molecules can be considered as weak van
der Waals interactions. The geometry of the arrangement is
commensurable with the substrate network and the mol-
ecules are adsorbed on equivalent sites. The only constraint
results from the distance between two adjacent adsorption
sites, which must be long enough to limit steric effects be-
tween molecules. In the case of the half-halogenated
ZnPcClg and ZnPcFg molecular arrangements, the intermo-
lecular interactions are dominated by hydrogen bonds be-
tween hydrogen and halogen atoms.'* These interactions,
which induce a massive strengthening of the cohesive energy
of the molecular arrangement, are large enough to impose a
compact packing. Although the final ZnPcClg and ZnPcFg
arrangements have a similar cohesive energy, the nature of
the hydrogen bonding involved in the cohesion of the ar-
rangement is different. Indeed, due to the strong polarization
of the C-F bonds, the H---F bonding is more electrostatic
whereas the H---Cl bonding involves a greater overlap be-
tween atoms. In the case of ZnPcFg, the symmetry of the
substrate matches the equilibrium molecular unit cell ob-
tained from DFT calculation. Thus, molecules are adsorbed
on equilibrium adsorption sites without constraining the
H---F bond network. In the case of ZnPcClg, the substrate
does not match exactly the equilibrium molecular unit cell.
Thus, the periodical faults observed from STM are attributed
to the relaxation of the hydrogen-bond network along the

[110] direction. Thus we conclude that the substitution of
surrounding hydrogen atoms by halogen atoms make pos-
sible to tune the intermolecular interactions by the formation
of different hydrogen bonds between neighboring molecules
and these hydrogen bonds can control the lattice mismatch
between molecules and substrate leading to the formation of
original nanostructures by stress relaxation.
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