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Efficient screening of 2D molecular polymorphs
at the solution-solid interfacef
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Kunal S. Mali*® and Steven De Feyter*?

Formation of multiple polymorphs during two-dimensional (2D) crystallization of organic molecules is
more of a routine occurrence than rarity. Although such diverse crystalline structures provide exciting
possibilities for studying crystal engineering in 2D, predicting the occurrence of polymorphs for a given
building block is often non-trivial. Moreover, there is scarcity of methods that can experimentally verify
the presence of such crystalline polymorphs in a straightforward fashion. Here we demonstrate a relatively
simple experimental approach for screening of 2D polymorphs formed at the solution—solid interface.
The strategy involves use of solution flow produced by contacting a piece of tissue paper to the sample
to generate a lateral density gradient along the substrate surface. In situ generation of such gradient
allows rapid discovery and nanoscale separation of multiple 2D polymorphs in a single experiment. The
concept is demonstrated using three structurally different building blocks that differ in terms of inter-
molecular interactions responsible for 2D crystal formation. The method described here represents a
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Introduction

Polymorphism, the ability of molecules to crystallize in more
than one type of packing in the solid state, is no longer a mys-
terious phenomenon. Last few decades have witnessed an
explosive growth in the research on crystal polymorphism as it
has profound influence on a variety of material properties
such as pharmaceutical activity, pigment quality and solid-
state reactivity.”> The research on crystal polymorphism has
mostly focused on the understanding, control, and separation
of the polymorphic forms of organic and metal-organic
synthons.'® However, despite years of research, scientists have
not been able to achieve predictive power over the pheno-
menon. Thus, there is no convenient method to foresee,
simply based on molecular formulae, whether a given mole-
cule will exhibit polymorphism and how many polymorphs it
will form. Furthermore, given their isoenergetic nature, separ-
ation of polymorphs is often a difficult task.”
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powerful tool for efficient screening of 2D polymorphs formed at the solution—solid interface.

The challenges associated with polymorphism are not alle-
viated when working under reduced dimensionality, where
molecules undergo the so-called two-dimensional (2D) crystal-
lization. 2D self-assembly,” ® which is often hailed as a simpli-
fied platform for understanding the complications arising in
bulk crystallizations, also suffers from formation of multiple
2D crystalline structures. In fact, predicting polymorphism in
2D crystallization occurring at the solution-solid interface is
often more complicated due to the nature of the interface itself.
A variety of factors such as the temperature,” ™ solvent,'**®
substrate’®>* and solute concentration®**° influence poly-
morph formation at the solution-solid interface. Concentration-
dependent pattern formation, which is a unique facet of 2D crys-
tallization at the solution-solid interface, is one of the routinely
described phenomena. Traditionally, the process of unraveling
concentration controlled 2D polymorphs involves preparation
of different samples using several concentrations and then
characterizing the structure of each polymorph using scanning
tunneling microscopy (STM) at the solution-solid interface.**>°
Although this approach has proved beneficial in discovering
various polymorphic structures so far, it is often time-
consuming and thus there is a pressing need for exploration of
methods for rapid and efficient screening of 2D polymorphs.

In this contribution, we describe a relatively simple method
for screening of 2D polymorphs formed at the solution-solid
interface. The experimental protocol involves contacting a
piece of tissue paper to the solution-substrate interface
immediately after deposition of the sample solution. This
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generates a solution flow in the direction of the tissue contact
due to absorption of the solution by the tissue paper. Our
experiments suggest that, such flow creates a lateral density
gradient of molecules on the surface thus revealing several
polymorphs, as one maps the substrate surface systematically
going away from the tissue contact line using STM. The
efficiency of this method lies in the fact that several poly-
morphs that differ in molecular densities are separated at the
nanoscale in a single experiment without a need to scrutinize
different solution concentrations. Given the simplicity of the
method, we foresee the use of this method as a nanoscale
manipulation tool when working with 2D polymorphs formed
at the solution-solid interface.

To illustrate the general applicability of the flow method for
polymorph screening at the solution-solid interface, three
molecules namely, hexadecyloxy substituted dehydrobenzo[12]-
annulene (DBA-OC,),>' hexadecyl substituted bis(dehydro-
benzo[12] annulene) (bisDBA-C,6)*° and 1,3,5-tris(4-carboxy-
phenyl) benzene (BTB),"* were selected as model systems
(Scheme 1a). The 2D self-assembly of these molecules at the
solution-highly oriented pyrolytic graphite (HOPG) has been
documented extensively. They all exhibit concentration-depen-
dent polymorph formation wherein different 2D self-
assembled structures (Scheme 1b) are obtained upon varying
the concentration of the building block in solution."*"*?
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Scheme 1 (a) Molecular structures of the compounds used in this

study and (b) their concentration-dependent 2D polymorphs obtained
on HOPG shown in blue for DBA-OC;g, in red for bisDBA-C,¢, and green
for BTB. (c) A cartoon depicting the active area of the lateral density gra-
dient generated by solution flow (ca. 4 x 3 mm?). The blue dashed line
indicates the contact line of a piece of tissue paper for generating the
flow and the arrow indicates the flow direction. The red (high) and blue
(low) colours in the active area represent the packing density of mole-
cules. The grey square represents the entire HOPG surface.
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Results and discussion

Fig. 1 shows representative STM images of self-assembled
network of DBA-OC,e¢ acquired on a sample prepared by
employing flow ([DBA-OC;¢] = 5.7 x 10~® M) immediately after
drop casting a 1,2,4-trichlorobenzene (TCB) solution of
DBA-OC,;¢ on the HOPG surface. These images were obtained
by probing the surface at different distances from the tissue
contact line by moving the sample parallel to the flow direc-
tion away from the contact line. Fig. 1 reveals existence of two
different polymorphs, namely linear (P1) and porous (P2), on
the surface of HOPG at distances approximately 0.5 and 3 mm
away from the tissue contact line, respectively (Fig. 1a and 1c).
At intermediate distances, for example 1.5 mm away from the
contact line, the two polymorphs were found to coexist
(Fig. 1b). These results are in stark contrast to those obtained
by simple drop casting of the same solution on HOPG where
polymorph P2 was obtained predominantly. In the region
outside the active zone depicted in Scheme 1c, the network
formation of DBA-OC,¢ was found to be unaffected by the
induced flow and the surface morphology similar to that
obtained by drop casting (Fig. Slc in ESIt) was observed. The
lattice parameters of P1 and P2 calculated from drift-corrected
STM images correlate well with those reported previously*
indicating that the two polymorphs formed under the influ-
ence of solution flow are identical to those already reported.
To illustrate the applicability of the flow method to more
complex systems, bisDBA-C;¢ (Scheme 1a) was selected since
its self-assembly at the TCB/HOPG interface leads to formation
of as many as four different polymorphs depending on the
concentration in solution.>® Fig. 2 shows representative STM
images of self-assembled network of bisDBA-C,;s formed on
the HOPG surface ([bisDBA-Cy] = 1.3 x 107° M) after appli-
cation of flow. Similar to DBA-OC,¢, flow treatment of the

Fig.1 STM images of DBA-OC;¢ network at the TCB/HOPG interface
after flow treatment ([DBA-OC;¢l = 5.7 x 107® M). Representative STM
images displayed in panels (a)—(c) were obtained at distances of ca. 0.5,
1.5 and 3 mm from the tissue paper contact line, respectively. The green
arrow in (a) indicates the flow direction. Panels (d)—(f) show the corres-
ponding small-scale STM images. Imaging conditions: Vpias = 320 mV,
Iser = 100 pA.
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Fig. 2 STM images of bisDBA-C;¢ network at the TCB/HOPG interface
after flow treatment ([bisDBA-Cy6] = 1.3 x 10~° M). Representative STM
images displayed in panels (a)—(c) were obtained at distances of ca. 0.5,
15, and 3 mm from the tissue contact line, respectively. The green
arrow in (a) indicates the flow direction. Panels (d)—(g) show the corres-
ponding small-scale STM images. Imaging conditions: Vy,s = 600 mV,
lset = 100 pA.

sample affords four different polymorphs (P1'-P4’), which are
formed at different distances (ca. 0.5, 1, 2, and 3 mm, respect-
ively) from the tissue contact line. It must be noted that upon
drop casting the same solution, self-assembly of bisSDBA-C¢
yields phase-separated domains of P3' (81%) and P4’ (19%)
and the other two polymorphs are never formed on the surface
(Table S1 in ESIt). These results demonstrate an unprece-
dented ability of the flow method to uncover as many as four
different polymorphs in a single experiment on the same solid
surface.

Both the systems described so far consist of supramolecular
networks in which the building blocks interact with each other
via van der Waals forces between interdigitated alkyl chains.
To demonstrate the polymorph screening ability of this
method for systems in which the building blocks interact via
forces other than van der Waals interactions, a hydrogen bond
based system was put to test. BTB (Scheme 1a) is a typical
building block known to self-assemble via hydrogen bonding
interactions. It forms solvent'” and temperature as well as con-
centration dependent™ 2D polymorphs at the solution/HOPG
interface. Application of flow to the sample immediately after
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Fig. 3 STM images of BTB network at the 1-octanoic acid/HOPG inter-
face after flow treatment ([BTB] = 6.5 x 107® M). Panels (a)-(c) show
STM images obtained within areas ca. 1, 2, and 3 mm away from the
tissue paper contact line, respectively. The green arrow in (a) indicates
the flow direction. Panels (d) and (e) show the corresponding small-
scale STM images. Imaging conditions: Vy,i,s = =600 mV, /s = 100 pA.

drop casting BTB solution in 1-octanoic acid ([BTB] = 6.5 x
107° M) revealed that in the area near the tissue contact line, a
densely packed ‘oblique structure’ (P1”), is formed whereas in
the area 3 mm away, a low-density ‘chicken wire’ structure
(P2") is uniquely observed (Fig. 3). The areas, ca. 2.0-2.5 mm
away from the contact line, show coexistence of the two poly-
morphs. When the sample was prepared via drop casting,
exclusive formation of P2"” was observed. Independent concen-
tration dependent experiments further established that P1”
and P2” exist at relatively high and low concentrations, respect-
ively (Fig. S2 in ESIY).

The results described in the previous paragraphs indicate
that application of flow to the solution-HOPG interface creates
a density gradient of molecules on the surface such that high
density polymorphs are formed near the tissue contact line
while further away, the system evolves gradually into relatively
lower density structures (Table 1). The surface coverage of each

Table 1 Structural parameters of the various polymorphs obtained
after flow treatment of the samples?

Unit cell parameters

System P p N  a(nm) b (nm) a(°)
DBA-OC,6 P1 0.246 2 1.9+0.2 4.3+£0.1 86 +2
P2 0.100 2 4.7 £0.2 4.8 +0.1 62 +2
bisDBA-C, ¢ P1’ 0.169 1 1.8+0.2 3.3+£0.3 87+2
P2’ 0.134 1 3.0+£0.2 3.1+£0.2 53+2
P3’ 0.091 2 4.7 £0.2 4.7 £0.1 89+2
P4’ 0.088 3 6.2 +£0.2 6.3 +£0.1 62 +2
BTB P1” 0.355 2 1.8+0.1 3.2+£0.2 74+2
p2" 0.237 2 3.2+0.2 3.1+£0.2 59+2

“ p = Density (molecules/nm?), N = molecules/unit cell.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Histograms of the surface coverage of the polymorphs of
(a) DBA-OC;s, (b) bisDBA-C,6, and (c) BTB as a function of distance away
from tissue paper contact line. Panel (d) shows an overview of the data
presented in the histograms.

polymorph varies significantly within the active zone for each
case. Panels a-c in Fig. 4 show histograms of the relative
surface coverage of the polymorphs as a function of distance
from the tissue contact line. Finally, for all the three cases
investigated, the unit cell parameters of the 2D polymorphs
obtained after application of flow (Table 1) agree well with
those reported previously.’*'”**3° This highlights the useful-
ness of the flow method to screen concentration-dependent
polymorphs formed at the solution-solid interface.

At this juncture, the effect of flow direction on the
efficiency of polymorph screening merits special attention.
This aspect concerns our previous reports where we employed
solution flow for long-range uniaxial alignment of molecular
systems. These previous studies revealed that the efficiency of
alignment depends on the specific direction along which the
flow is applied.>*** For the results described in the previous
paragraphs (for all the three systems), the solution flow was
applied along one of the main symmetry directions of the
HOPG lattice (e.g:, <0110>). Application of flow along the
normal to the main symmetry axis of HOPG (e.g., <1121>)
leads to virtually the same result where different polymorphs
get separated on the surface however, the size of the phase-sep-
arated domains is relatively smaller than the case where the
flow is applied along the main symmetry direction. These
observations are in line with previous results where solution
flow was used for inducing large-scale alignment of organic
molecules on surface.*** The only exception to this obser-
vation is polymorph P1’ of bisDBA-C,¢ which does not show
any dependence of the domain size on the flow direction. This
behaviour appears to be related to the inherent tendency of
the building block to pack inefficiently into such compact
structure. P1' can also be obtained using simple drop casting
of concentrated solutions of bisDBA-C;,. However, such

This journal is © The Royal Society of Chemistry 2015
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samples also revealed lack of long-range order for P1'.*° A
plausible reason for the relatively smaller domains of P1’' could
be the overcrowding of alkyl chains in between molecular
rows. These experiments confirm that the generation of
density gradient and thus in turn the screening process, is
independent of the direction in which the flow is applied (see
Fig. $3-S6 in ESIT for details).

The mechanism behind the flow-assisted polymorph separ-
ation warrants some scrutiny at this stage. The formation of
different molecular polymorphs under the influence of flow is
due to the synergistic effect of both thermodynamic as well as
kinetic factors. The ‘active zone’ near the tissue contact line
where the effective separation of polymorphs takes place, re-
presents an area where kinetic processes operate more efficien-
tly than the thermodynamic ones. On the other hand, 2D
crystallization in the areas away from the tissue contact line
appears to be governed by thermodynamic factors as it yields
results that one would get without the influence of flow.
During the tissue-induced flow, a much more dynamic inter-
face is created due to capillary suction. The high dynamics
prevalent during the solvent flow forces the molecules to be
“pumped” and transported towards areas near the tissue
contact line, thereby yielding a lateral density gradient of mole-
cules on the surface as a function of distance from the contact
line.

Given that the molecular systems investigated here show
concentration dependent structure formation, it is tempting to
attribute the observed results to local changes in solution con-
centration as a function of distance from the tissue contact
line. However, the flow is applied to homogenous molecular
solutions and during capillary suction one expects the solution
‘as a whole’ (solute + solvent) to be absorbed in the tissue
paper. This process will initiate a mass transfer, which will
carry the solution towards the tissue contact line. It must be
noted that, such mass transfer does not change the relative
concentration within the solution. In other words, application
of flow does not necessarily create a formal ‘concentration gra-
dient’ in solution. We propose that, given the minimal rate of
evaporation, the higher density of molecules on the surface
near the tissue contact line plausibly results from the relatively
higher number of solute molecules passing over the area as
compared to that farther away. This hypothesis however, must
be treated with some caution, as a mere increase in the total
number of solute molecules that can access the interface at
constant concentration does not produce a densely packed
polymorph, at least in case of the DBAs. An experiment carried
out in absence of solvent flow at low solution concentration
revealed that the porous polymorph is formed predominantly
irrespective of the volume of the sample solution added to a
liquid cell (results not shown here). Although carried out in a
different context, these experiments suggest that the fast re-
organization dynamics (adsorption-desorption as well as mass
transfer) prevalent under the influence of flow critically
control the end result of the flow experiments described above.

We do understand that for unknown systems, the choice of
concentration will constitute a somewhat ‘grey’ area. For the
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experiments described above, relatively low solution concen-
trations were chosen deliberately, to ensure accessibility of the
lowest density polymorph. However, the present method is not
limited by solution concentration and works equally well for
higher concentrations as well. Application of flow to relatively
concentrated solution of BTB ([BTB] = 6.5 x 10~* M) in 1-octa-
noic acid yielded a different pair of polymorphs, one of which
was previously inaccessible at lower concentration. Fig. S7 in
the ESI} shows that the polymorph formed near the tissue
contact line consists of rows of BTB molecules standing
upright on the HOPG surface. This polymorph has been
reported previously by Lackinger et al. and is obtained from
saturated solution of BTB in 1-octanoic acid.'® According to
the model proposed by them, it consists of densely packed
rows of molecules. In the row structure, molecules are stacked
face to face and are almost standing upright. The structure is
stabilized by intermolecular van der Waals and n-n inter-
actions. Conversely, when flow was applied to a relatively
dilute solution ([BTB] = 1.6 x 10~° M), it resulted in the for-
mation of polymorphs P1” and P2” as described earlier. Due to
the low solution concentration however, most of the surface
remained empty, showing isolated patches of the two poly-
morphs (Fig. S8 in ESI}). It must be noted that this concen-
tration normally leads to a sub-monolayer surface coverage of
the porous polymorph (P2") upon drop casting.

An important practical aspect that deserves a special
mention is that, the absorption of the solution by the tissue
paper leaves the surface almost dry. Once formed, such dry
surface does not undergo significant changes due to the scar-
city of solvent medium on top. It must be noted however, that
the densely packed structures generated under the influence of
flow do not necessarily represent equilibrium structures at
given (low) solution concentrations. As a consequence, re-sol-
vation of the monolayer by addition of a neat solvent drop
reverts it back to the low-density polymorph as illustrated in
the case of BTB (Fig. S9 in ESIY).

The ability to screen concentration-controlled polymorphs
at the liquid-solid interface as reported here is complementary
to our previous report where solvent flow was used to select
and stabilize the kinetic form of a 2D crystal formed by a poly-
cyclic aromatic hydrocarbon.>® In the previous study however,
the system did not show any concentration-dependent poly-
morphism thus separating it fundamentally from the present
case. The two methods together thus constitute an important
approach towards efficient screening of polymorphs at the liquid-
solid interface. The influence of solvent, temperature as well as
the speed of the flow on the efficiency of screening process
remain unresolved areas and are currently under investigation.

In conclusion, we have demonstrated a simple, efficient
and versatile method for screening of 2D polymorphs formed
at the solution-solid interface. Application of solvent flow
enables generation of a density gradient on the substrate
surface, which allows phase separation of multiple 2D poly-
morphs that differ in molecular density as a function of dis-
tance from the tissue contact line. Given the routine
occurrence of polymorphism in 2D crystallization at the
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liquid-solid interface, this method represents an eloquent tool
to reduce the total number experiments needed to identify
polymorphs for a given molecular system assembling in 2D.
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