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The formation of a halogen bonded self-assembled co-crystal physisorbed monolayer containing

N~Br interactions is reported for the first time. The co-crystal monolayer is identified
experimentally by synchrotron X-ray diffraction and the structure determined. Density Functional
Theory (DFT) calculations are also employed to assess the magnitudes of the different
interactions in the layer. Significantly, compared to other halogen bonds in physisorbed
monolayers we have reported recently, the NBr bond here is found to be non-linear. It is
proposed that the increasing importance of the lateral hydrogen bond interactions, relative to the
halogen bond strength, leads to the bending of the halogen bonds.
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Introduction

The study of supramolecular self-assembled networks held
together by non-covalent interactions is currently of great
interest. These overlayers are not covalently bound to the
substrate (like thiols on gold) but are only weakly physisorbed.
This means that the adsorbate-adsorbate interactions dominate
the behaviour leading to a much richer surface phase behaviour
as several different phases can have similar energies. There are
a number of non-covalent interactions that might be used to
control the self-assembly process. In particular those with a
strength and directionality which can be used to control
materials properties such as corrosion resistance, wettability'™
and the formation of templated monolayer structures for
recognition by molecular engineering.

In bulk three-dimensional (3D) crystal engineering,
multicomponent co-crystals have become a popular means of
modulating the physicochemical properties of molecular solids*
via complementary interactions between the constituent
molecules. Similar principles have been utilised in the design of
two-dimensional (2D) physisorbed co-layers. Typically,
hydrogen bonding is the interaction of choice for controlling
both hetero- and homomolecular assembly in two dimensions.
Indeed, hydrogen bond formation among a variety of molecules
has been extensively studied in physisorbed layers, including
alcohols™!!, fatty acids'*"'® and amides'”?°.

A variety of other non-covalent interactions have also been
observed in physisorbed layers, including halogen-halogen
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interactions.?'>* An extension of this, the halogen bond — the
electrostatic interaction between a halogen atom and a Lewis
base — represents an important alternative and complement to
the hydrogen bond.”?” The halogen bond is increasingly
recognised as an important non-covalent interaction in 3D
crystal engineering due to a strength, directionality and
robustness comparable to the hydrogen bond***. Furthermore,
the halogen bond provides a parallel set of non-covalent
interactions to the hydrogen bond, and has even been
demonstrated to be stronger than hydrogen bonding in some
self-assembly processes®’.

Interestingly one could combine halogen and hydrogen
bonds in a single structure each performing separate tasks,
without the present level of confusion when hydrogen bonds
are used to do both. For example one could consider forming a
2D molecular frame work using the stronger of the halogen
bonds and separately include hydrogen bonds for recognition of
other species without compromising the frame integrity.

We have previously reported the formation of a 1:1

stoichiometry co-layer of 4,4’-bipyridine (BPY — Figure la)
and 1,4-diiodotetrafluorobenzene (DITFB — Figure 1b)
physisorbed on a graphite surface’’. In this co-layer, the

molecules form extended linear chains of alternating DITFB
and BPY, with evidence of halogen bond formation between
the iodine atoms of DITFB and the nitrogen atoms of BPY, as
deduced by the short internuclear separation; this is further
supported by recent simulation work*2. This structure is in good
agreement with the bulk behaviour, where halogen bond
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formation is also observed®. Interestingly, we have recently
demonstrated that 1,4-diiodobenzene (DIB — Figure 1c), the
non-fluorinated analogue of DITFB, does not form a halogen
bonded co-layer with BPY when physisorbed on graphite®”.
This contrasts with the bulk behaviour, where a BPY/DIB co-
crystal is observed®. The lack of halogen bond formation in the
mixed overlayer of DIB/BPY has been attributed to the weaker
halogen bonds formed by DIB compared to DITFB, relative to
the energies of the two separate materials, a conclusion
supported by DFT calculations.*?

First principles calculations performed on complexes of
pyridine and aryl halides suggest that the halogen bond between
BPY and 1,4-dibromotetrafluorobenzene (DBTFB — Figure 1d)
should be intermediate in strength between the BPY/DITFB
and BPY/DIB
experimental evidence from IR vibrational frequencies that

interactions®. However, there is some
might suggest that the BPY/DIB halogen bond is stronger than
the BPY/DBTFB interaction®’. The results above illustrate that
the formation of halogen bonded co-layers in physisorbed
systems appears very sensitive to the halogen bond interaction
strength.

Hence, in this work we report the phase behaviour of the
mixed overlayer of BPY/DBTFB to test the prediction from the
DFT calculations. This work will also provide quantitative
measure of the BPY/DBTFB halogen bond strength as a robust

interaction for controlling self-assembly in physisorbed layers.
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Figure 1. The molecular structure of (a) 4,4-bipyridine (BPY);

(b) 1,4 diiodotetrafluorobenzene (DITFB); (c) 1,4-diiodobenzene (DIB) ; and (d)
1,4-dibromotetrafluorobenzene (DBTFB).

Methods

Experimental

The experimental approach employed in this work to obtain
diffraction patterns from physisorbed overlayers on graphite
has been detailed elsewhere?’. The graphite substrate used was
Papyex, an exfoliated recompressed graphite foil from Le
Carbon. Papyex is a compressed powder of graphite crystallites,
which have had a preferred orientation imparted to them from
the manufacturing process. This preferred orientation was used
to maximise the recorded intensity from the adsorbed layer by
concentrating scattering from the overlayer into the detector
plane. The batch of Papyex used was determined to have a
surface area of 27.5 m” g”' by nitrogen adsorption.

BPY and DBTFB were purchased from Sigma Aldrich with
respective purities of 99.9% determined by GLC, and 99.7%
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determined by GC as stated on the certificate of analysis. Both
were used without further purification. The shapes of the
DBTFB and BPY molecules were initially used to estimate the
quantity of adsorbate required based on the specific surface
area of the graphite. Subsequent calculations using the
the

coverages as 0.519 equivalent monolayers (ML) and 0.497 ML

experimentally determined overlayer structures give
respectively for the co-layer and pure DBTFB layer, well
within the sub-monolayer regime (where the equivalent
monolayer is defined by the number of molecules required to
fully cover the surface of the substrate based on the specific
surface area of the substrate and the area of each adsorbate).

Dosing was performed through the vapour phase. For the
co-layer, graphite (3.06 g) was dosed with a 1:1 ratio of BPY
(8.78 mg) and DBTFB (16.98 mg); for the pure DBTFB layer,
graphite (3.40 g) was dosed with DBTFB (40.07 mg). The
graphite and adsorbates were loaded into Pyrex tubes, which
were evacuated to a pressure of ~0.lmbar and sealed under
vacuum. The tubes were annealed for 3 hours at 485 K and 295
K for the co-layer and pure DBTFB layer respectively, before
being allowed to cool slowly to room temperature over the
course of ~8 hours. After cooling, the tubes were broken open
and the dosed graphite recovered.

In this study, diffraction patterns were recorded on
Beamline I11 at Diamond Light Source, UK’®. The X-ray
wavelength used was 1.033787 A with a detector zero angle
offset of 0.00803° for the co-layer, and 1.054700 A with a
detector offset of 0.05899° for the pure DBTFB layer as
determined by Rietveld refinement of a silicon standard (NIST
SRM 640c). The dosed graphite was cut into 3 mm diameter
discs and loaded into a glass capillary such that the plane of
preferred orientation of the graphite was aligned with the
The the
diffractometer at ~100 rpm to enhance powder averaging, and

scattering  plane. samples were rotated on
the diffraction pattern recorded over the angular range 1° to 91°
in 20 using the position sensitive detector’’. The sample
temperature was controlled with a nitrogen cryostream (Oxford
Cryostreams, UK).

Experimentally, data can only be recorded over a limited
range of momentum transfer, Q. Hence, there are only a limited
number of diffraction peaks available for analysis, and so the
fitting process must ideally be constrained as much as possible.
Therefore, rather than refining individual atomic positions, the
structures of the BPY and DBTFB molecules used in the fitting
process have been taken unchanged from the 3D crystal
(Cambridge
IKUJUT), and only rigid body rotations and translations of

structure crystallographic  database refcode
these molecules have been considered. In addition, high
symmetry plane groups, in which molecules have fewer degrees
of freedom, were considered in preference to lower symmetry
structures.

There are several analytical models to account for the saw-
tooth shape of the 2D diffraction peaks. In this work, we have
considered the Gaussian, Lorentzian and Lorentzian-squared
lineshapes of Schildberg and Lauter’®. The Lorentzian-squared

peak shape produced the closest match to the experimental
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peaks, and so was used for the final refinement. The model
includes terms for the size and preferential orientation of the
graphite crystallites, which were fitted to the experimental data.
A single temperature factor set to unity was used. The
agreement between the experimental and calculated fit was
compared using R and the reduced chi-squared®’.

Computational Method

In the present work we use density functional theory (DFT)
calculations to quantify the energetics and the intermolecular
bonding in the BPY/DBTFB overlayer. For this purpose we
employ CASTEP, a periodic boundary condition DFT code®.
Here we have performed two sets of calculations, with and
without explicit inclusion of the graphitic substrate in the
model. Previous work with related systems have indicated that
is not unreasonable to model the supramolecular interactions in
halogen bonded networks without explicitly accounting for the
substrate, because graphite is a very inert surface, and therefore
one does not expect the relatively weak substrate-adsorbate
interactions to play a significant role in determining the
symmetry and dimension of the surface unit cell, relative to the
much stronger adsorbate-adsorbate interactions®**'. Therefore
in the first set of calculations we have optimized the structure
of the commensurate and non-commensurate co-layer without
including the substrate.

In the second set of calculations, we estimated the variations
in the adsorption of the isolated BPY and DBTFB monomers
along the graphitic surface by adsorbing a single molecule on a
6 x 6 graphene cell including the full graphite carbon
interactions with the overlayer, including surface periodicity.
For this set of calculations we used a (2 x 2 x 1) Monkhorst-
Pack** k-point grid. The calculations were converged as a
function of k-point sampling and cut-off energy. The optimized
graphene lattice parameter (2.439 A) was found to be in good
agreement with the reported value (2.46 A)*. For the surface
calculations both the molecule and the substrate atomic
positions were left unconstrained.

Details of the DFT calculations are discussed in two recent
publications®>*!, and therefore we summarize here only the
most important computational parameters. The GGA formalism
was adopted through the Perdew Burke Ernzerhof exchange
correlation and combined with ultrasoft
pseudopotentials*. The plane wave basis was truncated at a
kinetic energy cut-off of 340 eV. Long-range intermolecular
interactions*® are accounted through the TS correction method
of Tkatchenko and Scheffler*’. All the structural optimizations
were converged to a maximum force tolerance of 0.05 eV/A,
while the electronic energy tolerance during the SCF cycles
was set to 10 eV.

functional®
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Results

Synchrotron X-ray Diffraction

DBTFB/BPY

Figure 2 shows the diffraction patterns for the overlayers of
pure BPY (bottom) and pure DBTFB (second from bottom).
The data in these figures are obtained after the subtraction of
the graphite substrate alone*® and hence represents the
scattering from the adsorbed monolayer. The characteristic
asymmetric peaks in these patterns are indicative of the
formation of solid monolayers at these temperatures and
coverages. The diffraction pattern from a mixture of these two
species is also given in Figure 2. The characteristic asymmetric
peaks in this pattern are also indicative of the formation of a
solid monolayer.

The nature of the mixed monolayer can be deduced by
comparison with the two patterns of the pure monolayers. If
these species do not mix on the surface, but phase separate,
then the diffraction pattern from the co-layer should simply be
the sum of the patterns for the two pure overlayers. This
predicted pattern is shown at the top of Figure 2. The
experimental pattern for the co-layer is shown second from top
in Figure 2. The experimental pattern differs significantly from
the anticipated case for phase separation, indicating that the two
species are not phase separated but do interact to form a co-
crystal in these physisorbed layers.

. I NN
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Figure 2. Overlayer diffraction patterns of BPY (blue — bottom), DBTFB (red —
second from bottom), the 1:1 mixed co-layer (green — second from top). The
pattern expected for phase separation of BPY and DBTFB is shown in purple at
the top. All patterns were recorded at a similar coverage and temperature.

Diffraction patterns were recorded over the temperature
range 200 — 294 K. At ~275 K, the peaks indicative of the
DBTFB/BPY co-layer disappeared and were replaced by peaks
corresponding to a pure overlayer of BPY. This sharp transition
is indicative of a mixed co-layer (rather than solid solution) that
underwent incongruent melting to form crystalline BPY and
liquid DBTFB, with a melting point of ~275 K. This compares
with the bulk melting point of 383 — 388 K *°, meaning that the
overlayer melting point is 0.7 of that of the bulk. This
behaviour is fairly typical for a number of physisorbed
overlayers with non-covalent interactions.’**!**

The experimental pattern for the co—crystal was indexed
with an oblique unit cell of dimensions a=19.13(7) A,
b=13.61(5) A, v=29.7(2)°. Other higher symmetry
rectangular unit cells were considered. However, the splitting of
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the lowest angle peaks can only be reasonably accounted for by
a small oblique unit cell. This unit cell is only large enough to
accommodate one pair of DBTFB and BPY molecules.
Assuming the cell has p2 symmetry, the highest symmetry that
an oblique cell can possess, the two-fold rotation axes of the
molecules must coincide with the two-fold rotation axes of the
unit cell. In this case it was found that the molecules are centred
at the cell origin and (%2, 0). This effectively constrains the
translations of the molecules, meaning that only the three
rotations of each molecule need be considered.

(a)
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Figure 3. (a) The overlayer diffraction pattern of the 1:1 stoichiometry co-layer of
BPY and DBTFB at a coverage of 0.519 ML and a temperature of 200 K. The
experimental pattern is shown in grey, and the calculated fit in black. (b) The
overlayer structure corresponding to this fit. In this and subsequent figures,
atom colours are: grey = carbon, blue = nitrogen, white = hydrogen, green =
fluorine, bronze = bromine. The unit cell is shown in black.

Journal Name

parallel to the substrate cannot be determined accurately, and,
in addition, the sense of the rotation cannot be inferred from the
experimental data.

A comparison of the overlayer lattice parameters with those
of the graphite lattice (a, = 2.46 A and V3 x a, = 4.26) indicates
that the lattice parameters of a doubled overlayer cell are
reasonably close to integer multiples of the graphite lattice
parameters (2 X 19.13 A =9 x 426 A and 2 x 13.61 A = 11 x
2.46 A). In addition, the angle between the axes of the
overlayer cell is close to 30°, which is the angle between the a,
and V3 x a, directions of the graphite lattice. This suggests that
the overlayer could well be commensurate with the underlying
substrate. Here we can only identify a similarity of lattice
parameters between the overlayer and substrate and cannot
confirm that the layers are commensurate.

Typically, two adsorbed species will tend to phase separate
unless very similar in size’®>. Hence, the formation of the co-
crystal, rather than phase separation of the components, implies
that there is some significant non-covalent halogen bonding in
this overlayer. However, we note that halogen bond in this
overlayer does not appear to be linear, as we have observed
previously,?! but significantly bent.

DBTFB

We also present here the structure of the pure DBTFB
monolayer at a coverage of 0.496 ML (the structure of the BPY
monolayer has been published previously’®). Diffraction
patterns were recorded over the temperature range 100 - 285 K.
The evolution of the pattern with temperature is shown in
Figure 4; the patterns have had the substrate subtracted
similarly to the co-layer described above. This figure shows
that this physisorbed monolayer freezes at a temperature of
~180 K to form a solid overlayer. At ~130 K several of the
peaks begin to split, indicating a solid-solid phase transition to
a different structure at lower temperatures.

g
£
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“
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£
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E

The best fit to the experimental pattern of the co-crystal is
shown in Figure 3(a), and the corresponding structure is shown
in Figure 3(b). The BPY molecules have a torsion angle of ~35°
between the two pyridine rings. In this structure, the BPY
molecules lie so that their mean plane is parallel to the graphite
surface. In contrast, the DBTFB molecules do not appear to lie
exactly “flat” on the surface: the fit is slightly improved by
allowing a rotation of ~15° + 15° about the Br-Br axis, and
canting the Br-Br axis up from the substrate plane by ~10° +
10°. However, as noted previously, diffraction patterns from
adsorbed layers are fairly insensitive to changes in structure
normal to the surface*'. This means that the magnitude of small
rotations that only move molecules slightly out of the plane

4| J. Name., 2012, 00, 1-3
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145 1,55
Momentum Transfer, Q /A1
Figure 4. The overlayer diffraction pattern of DBTFB at 0.497 ML coverage at
selected temperatures. Temperatures from bottom to top are: 202 K, 177 K, 154

K, 137 K, 125K, 115 K, 108 K, 103 K, 100 K.

The overlayer diffraction pattern of the high temperature
polymorph of DBTFB is shown in grey in Figure 5. This
pattern was indexed using a rectangular unit cell of dimensions
a=15.50(7) A, b = 7.72(6) A and v = 90.0(5)°. Based on the
size of this unit cell, it can contain two DBTFB molecules with
their planes parallel to the substrate.

This journal is © The Royal Society of Chemistry 2012
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The highest symmetry that a rectangular cell can possess is
c2mm. With this symmetry, a structure composed of two
molecules per unit cell physisorbed parallel with the surface has
no degrees of freedom: the positions of the molecules are
constrained so that the two-fold rotation axes of the molecules
align with the two-fold rotation axes of the cell at the origin and
(Y, %2), and the rotation about the z-axis (the surface normal) is
constrained so that the mirror planes of the molecule align with
the mirror planes of the unit cell. This structure produces a
good fit to the experimental pattern, with R = 0.54 and Xood =
496.

—_
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Imperfect Graphite Subtraction
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Figure 5. (a) The overlayer diffraction pattern of DBTFB at 0.497 ML coverage
and a temperature of 130 - 160 K. The experimental pattern is shown in grey,
and the calculated fit in black. (b) The overlayer diffraction pattern of DBTFB at
0.497 ML coverage and a temperature of 100 K. The experimental pattern is
shown in grey, and the calculated fit in black. (c) The structure corresponding to
the fit in part (a).

This journal is © The Royal Society of Chemistry 2012
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The fit can be somewhat improved by allowing the
molecules to tilt up from the surface, so that the overlayer is no
longer “flat”. on
translation and rotation about the z-axis, the best fit structure
has a rotation of ~10° &+ 10° about the Br-Br axis, and ~10° + 5°
about the perpendicular in the molecular plane. This structure
gives a fit with R = 0.39 and X..ii = 284; the fit is shown in
Figure 5(a) and the corresponding structure in Figure 5(c).

The constraint on rotation about the z-axis can be lifted by

Maintaining the symmetry constraints

lowering the symmetry of the cell to p2gg (in this case, the two
molecules are not rotated independently, but instead the
rotations are coupled via the glide symmetry of the cell).
However, after refinement, the molecular rotations do not
deviate significantly from the c¢2mm structure, indicating that
the higher symmetry cell is the correct one.

As b = 0.5 a, a higher symmetry square supercell doubled in
the b direction was also considered. However, square cells have
four-fold rotational symmetry, and it was not possible to find a
structure that satisfied this symmetry constraint.

Unlike for the co-layer, a comparison of the overlayer
lattice parameters with those of the graphite lattice does not
reveal any simple integer relationship that might indicate
commensurability. We note that a trebled unit cell in the a-
direction would be commensurate to within the error in a (3 x
155 A =19 x 246 A = 46.72 A). However, this would be a
rather long-range commensurability, and there is no similar
relationship for the b-direction.

The experimental diffraction pattern of the low temperature
polymorph (at 100 K) is shown in grey in Figure 5(b). The
splitting of the peaks in the low temperature phase is interpreted
as a reduction of symmetry as the structure moves from a
rectangular cell to a very slightly oblique cell (this is not
uncommon when monolayer systems are cooled*>*). The
pattern was indexed with an oblique cell of dimensions
a=15.46(6) A, b =7.63(3) A and v = 89.2(4)°. This represents
a slight contraction of the unit cell, which is also to be expected
upon cooling.

The structure of this phase was refined assuming p2
symmetry, the highest possible symmetry that an oblique cell
can formally possess. This means each molecule has three
independent rotations, but the positions of the molecules are
constrained to the origin and (Y%, '2). However, the unit cell is
still very close to rectangular at 100 K, and upon fitting it
became apparent that the overlayer maintains a quasi-c2mm
structure virtually identical to the high temperature rectangular
phase above. For comparison, the fitted pattern is shown in
black in Figure 5(a). The structure is not shown, as it is
essentially indistinguishable from that in Figure 5(c).

Density Functional Theory

DBTFB/BPY

The energy landscape of the BPY/DBTFB co-layer was
explored in proximity of the experimentally determined ‘best
fit’

structure above. Essentially we performed geometry
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optimizations for a series of trial initial structures in which both
the unit cell parameters and atom positions were allowed to
vary. Similarly to our previous BPY/DITFB calculations™, the
DFT calculations produce again remarkably similar lattice
parameters for the co-crystal monolayer structures when
compared with the experimental structure. For a given set of
initial cell lattice parameters we considered two main molecular
arrangements, one with the same small molecular tilt observed
experimentally and one with the molecules perfectly flat. The
“flat” geometry turned out to be energetically preferred (by
only 2 meV). The lattice parameters were found to agree within
3.3% (-1.75% a, -3.30% b, -0.06% vy) for the tilted geometry
and within 3.1% (-1.84% a, -3.07% b, -0.44% v) for the “flat”
molecular arrangement.

The experimental results suggest that the overlayer lattice
could be commensurate with the top-layer graphitic honeycomb
lattice. Hence, by allowing the cell parameters to relax we have
ignored any geometrical constraints deriving from the graphite
periodicity. We therefore performed the same geometry
optimization, but this time fixed the unit cell parameters at the
commensurate values (a = 19.1832 A, b = 13.5366 A , y=30°)
to evaluate how the overlayer energetics would be affected by
the imposed periodicity. Interestingly, this geometry
optimisation produced a only slightly higher energy structure
(by 44 meV) than the non-commensurate “flat” structure
described above, although the resulting structures are similar in
both cases (less than 2.6% difference in the lattice parameters).

Even for a commensurate cell the binding energy is found to
be almost unaffected by the variation of the relative azimuthal
angle between the monomers, with the “flat” arrangement being
only 2 meV more stable than the tilted (~15°) commensurate
arrangement. Figure 6 shows the electron density difference
map for the optimised commensurate flat BPY/ DBTFB co-
layer. Since DFT predicts a very small energy difference
between the commensurate and non-commensurate lattice and
since the experimental data suggest the co-layer may be
commensurate, in the following discussion we therefore have
taken the flat, commensurate, structure to be the “global”
minimum for the purposes of this discussion. Although the
almost commensurate structure has a slightly lower energy than
a perfectly commensurate structure, in the following section we
will see that accounting for the interactions with the substrate
will provide further evidence for a commensurate cell.

The DFT calculations relative to the flat commensurate
structure (Figure 6) show that the total intermolecular bonding
energy (including hydrogen bonding, halogen bonding and
vdW dispersion force corrections) per cell is 0.786 eV. By
fixing the geometry of the BPY and DBTFB molecules in the
unit cell and expanding the lateral separation between the
BPY—DBTFB molecular chain and the periodically repeated
images in the neighbouring cells, we can then estimate the
contribution to the intermolecular binding energy per cell
coming from the inter-chain H-bonding alone to be
approximately 60 meV each. This energy is less than 4%
smaller than that observed for BPY/DITFB (62 meV). In
addition, the halogen bond was found to contribute only 271

6 | J. Name., 2012, 00, 1-3

meV (136 meV for each BreeeN per cell), half of the energy of
the I-N bond in the BPY/DITFB co-layer. The results are
summarised in Table 1 column (a). This dramatic decrease in
the halogen bond strength points to a greater relative
importance of the lateral interactions between the fluorine
atoms of DBTFB and the hydrogen atoms of BPY.

The closely related BPY/DITFB co-layer’' forms a structure
with a linear arrangement of molecules, resulting in a halogen
bond with the “optimum” bond angle of ~180° (as opposed to
the non-linear halogen bonds observed experimentally for this
BPY/DBTFB co-layer). To rationalise why the BPY/DBTFB
co-layer forms non-linear halogen bonds, we have repeated the
DFT calculations for BPY/DBTFB using a linear molecular
geometry (Figure 7) isomorphic with the BPY/DITFB
commensurate co-layer.

For the linear arrangement, the total binding energy is 750
meV, about 4% lower than the non-linear geometry. The
halogen bonding contribution to the total energy is about 148
meV per bond, while the lateral interactions between fluorine
and hydrogen atoms accounts to a total of 169 meV (see Table
1 column (b)). The results of these calculations show that the
non-linear arrangement is the most favourable when the cell is
constrained to the commensurate geometry and the optimal
lateral interactions in the non-linear arrangement are a
significant factor for determining the orientation of the
molecules — the structure is not simply dominated by the
halogen bond. The energy of the non-linear (commensurate)
structure is overall about 36 meV lower than that of the linear
structure, hence the results of the DFT calculations are
consistent with the presence of a (commensurate) overlayer
with non-linear halogen bonds. When the lattice parameters are
allowed to relax the non-commensurate oblique structure is still
more favourable than the linear structure, but only by 18 meV.
Clearly, the very small energy difference between the
commensurate and non-commensurate unit cells and between
the flat and titled configurations indicates a very flat energy
landscape (low energy corrugation). Nevertheless the
calculations show a small preference for the non-linear
arrangement observed experimentally.

L,' o*'%\ -"‘" 'K W‘%\ -"‘"’ 1
a-w 2.0 -w : (
Lﬁo 1&“'
. 272 ?

.‘:61” 1' -"1 iﬁoﬁ
.

M
Figure 6 DFT electron density difference for BPY/ DBTFB monolayer. Red regions
show increase of electron density relative to the separate molecules and blue

indicates a decrease of electron density relative to the separate molecules (the
isosurface level is set to 0.005 e//:\3). The lines indicate the unit cell.
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When comparing the relative stabilities of different possible
overlayers it is important to consider the conditions of the
system. In the present case (i) the amount of graphite surface
was much larger than the total overlayer area (coverage of
approximately 0.5). Hence the most stable overlayer structure is
the lowest energy structure. In the case (ii) where the adsorbate
is present in excess, the overlayer structure with the greatest
specific energy (energy density per unit cell) will be favoured.
Experimentally, working at sub-monolayer coverage implies
the first regime, and the calculations have been interpreted
accordingly. In a recent paper’> we included an interpretation
based on the second case. However, using the approach of case
(i) also leads to the same conclusion (that a BPY/DIB halogen-
bonded co-layer is unfavourable, by 21 meV/cell).

(b) Hypothetical
Linear Geometry
/meV

(a) Experiment-based Non-

Linear Commensurate
Geometry /meV

Halogen 296
Bonding
Interchain 169
H-bonding
van der Waals 285
Total 750

Table 1. The contributions to the total binding energy for different
configurations of the BPY/DBTFB co-layer (see text).

299
s
2,
® e~ -
2.55: 2.48: “3.01
L J

) >« ol LRt < oo Bhfow) )
Figure 7. DFT electron density difference for the hypothetical BPY/ DBTFB
linearmonolayer. Red regions show increase of electron density relative to the
separate molecules and blue indicates a decrease of electron density relative to
the separate molecules (the isosurface level is set to 0.005 e/Aa).

COMMENSURABILITY

As there is some indication that the overlayer may be
commensurate with the graphite substrate, we have attempted
to explore the driving force behind any commensurability.

Although it is at present computationally unfeasible to model
the co-layer explicitly accounting for the molecule to substrate
interactions (the dimensions of the commensurate unit cell are
about 130 A?), we explore here the adsorption of single BPY
and DBTFB molecules on the graphitic surface by calculating
the variation of the adsorption energy of the monomers on a 6 x
6 graphene cell. We only considered adsorption structures with
the phenyl and pyridyl rings lying flat on the surface (this is the
most common adsorption orientation for many aromatic

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

ARTICLE
molecules?!:32:39:41:54-56
and Figure 9.

The energy difference between the most stable adsorption
site and the most unfavourable is about 70-90 meV for the two
adsorbates. The height of the molecules over the surface is
essentially independent of the adsorption site. Interestingly, we
did not observe any charge transfer between the surface and the
adsorbates, indicating again that the substrate is essentially
chemically inert with respect to the overlayer molecules. The
small, but not negligible, adsorption energy variation along the
surface suggests that the molecules could provide a small
driving force towards self-assembly into a commensurate
overlayer. The small energy difference between the
commensurate and non-commensurate oblique cell (43 meV) is
lower than the average energetic corrugation for DBTFB (50
meV) and BPY (56 meV), therefore the small energetic
preference for the two molecule to sit on top sites may drive the
self-assembly process towards a commensurate lattice.

As in previous work, the present study concerns
physisorbed overlayers supported on a graphite substrate; as
such, they are not truly two-dimensional. There clearly is a role
of the graphite in the adsorption, but as these DFT calculations
suggest, the substrate does not greatly influence the adsorbate
commensurability or structure. The flat orientation of these
aromatic molecules may be favoured by the graphite substrate.
However, we cannot experimentally observe the overlayer
without the graphite support and any changes to the overlayer
that may result.

). The results are summarized in Figure 8

Figure 8. Optimized structures of DBTFB on graphene. Relative adsorption
energies (AE) are reported. The most stable adsorption site (c) is for DBTFB

J. Name., 2012, 00, 1-3 | 7
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adsorbed with the Br atoms approximately on hollow sites and the centre of the
ring atop a carbon atom of the substrate.

Discussion

We have identified the formation of a halogen bonded co-
crystal of BPY and DBTFB.
structure has been determined and the C-Br---N halogen bond

Significantly the overlayer

angle between the bromine and the nitrogen (as determined
from the overlayer X-ray diffraction structure) is found to be

approximately 158° and not linear. The DFT results are in
reasonable agreement (4.5% error) with this conclusion, also
indicating a bent bond angle of 163.4° after geometry

optimisation.

DFT
Bond Bond
Angle Length
(Degrees) /A

Interaction ‘

Halogen
Bond
Strength
/meV

BPY/
DITFB

498 178 2.67

=
9

-
B

Journal Name

a signature for halogen bonding interactions. Both the non-
linear molecular geometry and the relatively long (on average,
3.07 A from DFT and 3.19 A experimentally — 8% shorter than
the sum of the vdW radii) internuclear separation (DFT
calculations suggest 15% longer than in the BPY/DITFB
monolayer®?) between the bromine and the nitrogen atoms point
to the presence of a halogen bond weaker than for the
BPY/DITFB case. This is confirmed by the DFT results, which
indicate that each halogen bond imparts a stabilisation of 271
meV, about a 46% smaller energy contribution than for the
N---I halogen bond in the BPY/DITFB co-layer.

The lateral interchain H-bonding interactions in the
BPY/DBTFB monolayer are somewhat different from the
BPY/DITFB monolayer. In the BPY/DBTFB co-layer there is a
bifurcated H-bond between one of the DBTFB fluorines and
two of the BPY hydrogens with an average length of 2.595 A

Diffraction DFT geometry

Bond optimisation,  and
Length
/A

after
Bond
Angle

(Degrees)

% of
sum of
vdW
Radii
80%

an
energy of 60 meV each,
making the total binding
energy contribution from
the
almost equivalent (12%

180 2.84

lateral interactions

smaller) to that provided
by the weak N---Br

BPY
/DBTFB

271 163 3.07

n
m

“
=

Br

halogen bonds. In the
BPY/DITFB co-layer

there are lateral hydrogen

158 92%

bonds of about the same
average length (~2.52 A)

A\ YR WA Wi

BPY/DIB ! 250 179 2.86

N 7/ \ /

but with a total energy
(248 meV), approximately
half of the bonding energy
coming from two strong
N---I halogen bond (498

Table 2. The calculated halogen bond strength of complexes of BPY with
halobenzenes when physisorbed on a graphite surface at ~0.5 monolayer
coverage. *This co-layer has not been observed experimentally, and the
strength of the halogen bond has been calculated to be too weak to drive the
formation of a mixed layer. Instead, values have been calculated using DFT
for a hypothetical (metastable) structure isomorphic with the BPY/DITFB co-
layer.

Interestingly this combination of species is also found to
form non-linear halogen bonds in the bulk, although the
halogen bond in the monolayer is somewhat less linear (-8%)
than in the bulk structure (176.40°/177.71°), although very
similar to some of the halogen bond angles observed for related
perfluoroaryl bromide species (~163°)**. This halogen bond
angle is also much less linear than that observed for analogous
halogen bonded co-layer of BPY/DITFB, which was essentially
linear with a bond angle of ~180°.

The presence of an electropositive region, the o-hole”’,
(visible as a blue cloud atop the Br atom in the electron density
difference plot in Figure 6) confirms this topological feature as

meV). This suggests that
the non-linear orientation of BPY and DBTFB molecules arises
from more important lateral interactions (the F—H hydrogen
bonds) with weaker N---Br halogen bonding, than in the
BPY/DITFB co-layer. This is confirmed by a comparison with
calculations for the hypothetical linear BPY/DBTFB structure,
which show that the small increase in halogen bond strength
resulting from linear bonds is more than offset by the decrease
in interchain H-bonding, resulting in a less stable structure
overall. These results are consistent with the general trend that
correlates halogen bonding strength with atomic polarisability
(increasing from bromine to bromine due to the increasing
that
some tentative

dimension of the halogen atoms). We also note
experimentally and theoretically there is
evidence to suggest that the co-layer could be commensurate,

which was not observed for the BPY/DITFB co-layer.
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Figure 9. Optimized structures of BPY on graphene. Relative adsorption energies
(AE) are reported. The most stable adsorption site (c) is for BPY adsorbed with
the centre of each ring atop a carbon atom of the substrate.

In an attempt to understand which halogen bonds have the
directionality and robustness to overcome other intermolecular
interactions and be used reliably for controlling molecular self-
assembly in physisorbed layers, we can combine these results
with previous studies to begin to construct a hierarchy of
different halogen bonds in physisorbed monolayers. The results
so far for BPY-based halogen bonds are listed in Table 2 and
indeed follow the trends outlined above.
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