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ABSTRACT: Controlling crystal polymorphism constitutes a 
formidable challenge in contemporary chemistry. Two-
dimensional (2D) crystals often provide model systems to 
decipher the complications in 3D crystals. In this contribu-
tion, we explore a unique way of governing 2D polymor-
phism at the organic liquid-solid interface. We demonstrate 
that a directional solvent flow could be used to stabilize 
crystalline monolayers of a metastable polymorph. Further-
more, flow fields active within the applied flow generate 
millimeter-sized domains of either polymorph in a controlled 
and reproducible fashion. 

Polymorphism is a highly emergent property by virtue of 
which molecules are able to crystallize in more than one type 
of nearly isoenergetic packing in the solid state.1 Besides the 
heightened commercial interest due to the discovery of mul-
tiple crystal forms of drug molecules, the research on poly-
morphism is important for resolving a number of fundamen-
tal issues relevant to crystallization itself.2 This phenomenon 
however, is not limited to bulk crystallizations and has been 
observed abundantly during two-dimensional (2D) crystalli-
zation of organic molecules at the organic liquid-solid inter-
face.3-5 Such 2D crystals often serve as excellent model sys-
tems for 3D crystals. Thus, understanding 2D crystal poly-
morphism constitutes an important step towards compre-
hension and control of crystal polymorphism in general. 

Studying 2D polymorphism at the liquid-solid interface us-
ing scanning tunneling microscopy (STM)6 is a relatively 
simple and efficient approach as the evolution of different 
crystal (pseudo)polymorphs can be monitored, sometimes in 
a time dependent7-9 fashion, unravelling the kinetics and 
thermodynamics of their formation at the molecular level. 
Apart from the typical factors such as temperature10-12 and 
solvent,13,14 which are also known to influence bulk crystal 
polymorphism, the unique nature of this interface allows 
observation of concentration dependent polymorphism9,15,16-
a phenomenon rather alien to bulk crystallizations. Similar 
to 3D crystallizations, metastable polymorphs7,9 are often 
observed at the liquid-solid interface. Understanding the 
formation of such metastable polymorphs and their evolu-
tion to stable polymorphs holds a key to uncover the hidden 
mysteries of crystallization processes in general. However, 

such metastable polymorphs are often short-lived, and their 
isolation is a major challenge in crystal structure studies. 

In this contribution, we demonstrate the use of a direc-
tional solvent flow17 to select one crystalline polymorph over 
the other at the liquid-solid interface. Importantly, we show 
that the flow-assisted polymorph selection allows stabiliza-
tion of a polymorph that is otherwise metastable at room 

temperature (24-26C) In our simple approach, a capillary 
force is generated by contacting a clean tissue paper to the 
substrate immediately after drop casting a 1, 2, 4- trichloro-
bezene (TCB) solution of quaterrylene diimide18 (QDI, 
Scheme 1a) on the highly oriented pyrolytic graphite (HOPG) 
surface. Depending on the direction with respect to the sub-
strate lattice it is applied, the flow generates a particular 
substrate lattice it is applied, the flow generates a particular 
crystalline polymorph in a controlled and reproducible fash-
ion (Scheme 1b). Moreover, flow fields operating within the 
nanoscale confinement of the liquid-solid interface force the 
molecular assembly into supersized (millimeter2) domains, 
which are otherwise not formed upon dropcasting. 

 

SCHEME 1. (a) Molecular structure of QDI. (b) A 
schematic of the flow-assisted polymorph selection 
process. Depending on whether the flow is applied 
along the main symmetry axes (red arrows on HOPG 
lattice) or along the normals to the main axes (black 
dashed arrows) polymorph A or polymorph B is se-
lected at the liquid-solid interface, respectively. 



 

 

FIGURE 1. 2D crystal polymorphism of QDI. (a) STM image 
depicting the coexistence of the two polymorphs A and B at 

the TCB/HOPG interface (CQDI = 1.2 × 10-5 M). The graphite 

symmetry axes are shown in the lower left corner of each 
image. (b, c) Small scale STM images showing molecular 
packing in polymorph A and B. The unit cell parameters for 
A are, a = 1.70 ± 0.14 nm, b = 3.71 ± 0.16 nm, α = 83.4 ± 1.2° and 
for B, a = 2.77 ± 0.15 nm, b = 3.52 ± 0.18 nm, α = 87.3 ± 1.1° (d, 
e) Molecular models for polymorph A and B, respectively. 
Imaging conditions: for (a) Vbias = 700 mV, Iset = 60 pA, for (b, 
c) Vbias = 600 mV, Iset = 100 pA. 

 

QDI is a member of the rylene family of organic dyes and 
consists of four naphthalene units fused via their peri posi-
tions. Compared to lower rylene derivatives, QDIs have near-
infrared (NIR) absorbing characteristics with high extinction 
coefficients making them suitable for use in a wide range of 
applications in optoelectronic devices such as solar cells, NIR 
photodetectors and light-emitting diodes.19 The rigid polycy-
clic aromatic backbone with a relatively high aspect ratio 
(4.4) imparts an anisotropic, ribbon-like shape to the QDI 
molecule. This structural feature makes QDI an ideal candi-
date for flow treatment-a process that has been used exten-
sively in the past to align various 1D nanostructures.20 In fact, 
while investigating the effect of flow treatment on the as-
sembly behavior we fortuitously came across the dimorphic 
2D crystallization behavior of QDI. 

Figure 1a displays an STM image depicting the coexistence 
of two nearly identical polymorphs of QDI obtained upon 
dropcasting a TCB solution onto a freshly cleaved HOPG 

surface. Both the polymorphs consist of linear rows of mole-
cules. A characteristic feature of polymorph B is the STM 
contrast variation within molecular rows. Every alternate 
molecule in a row of polymorph B appears bright (dark). This 
contrast variation possibly arises due to the incommensurate 
registry of every other QDI aromatic core with the HOPG 
lattice. A close inspection of the STM image shows the dis-
parity in the packing density of molecules in the two poly-
morphs. Small-scale STM images provided in Figure 1b and 1c 
together with corresponding molecular models (Figure 1d 
and 1e), further highlight the structural aspects of molecular 
packing. Although both polymorphs consist of rows of mole-
cules, the packing density in polymorph A (1 molecule/unit 
cell, 0.16 molecule/nm2) is lower than that in B (2 mole-
cules/unit cell, 0.21 molecule/nm2). Another striking differ-
ence is the orientation of the row axis with respect to the 
main symmetry axis of the HOPG for the two polymorphs. 
The molecular rows are oriented along one of the main 
symmetry axes of HOPG lattice for polymorph A whereas 

they run nearly (±8) along the normal to the main symmetry 
axis of HOPG for B. 

Apart from the differences in their 2D crystal structures, 
there are significant differences in the domain size, surface 
coverage and stability of the two polymorphs. Polymorph A 

is the major phase ( 85%) on the HOPG surface with large 

domains (> 200 × 200 nm2) whereas polymorph B is the 

minor phase (15%) with relatively smaller domains that 
often exist near graphite step-edges. Polymorph B is typically 
observed within a few minutes after deposition upon which it 
is gradually replaced by polymorph A. This transition can be 
followed by STM in a time-dependent fashion (Figure S1 in 
SI). At longer times (~3 hours) after deposition, only poly-
morph A exists on the surface indicating its higher thermo-
dynamic stability with respect to B. An intriguing aspect 
concerning the relative stability of the two polymorphs is 
that despite being the high-density phase, polymorph B was 
always found to be metastable under diverse experimental 
conditions. The surface coverage of polymorph B did not 
change significantly upon varying the solution concentration 
thus ruling out a case of concentration dependent polymor-
phism15 (Figure S2). 

In order to further confirm the relative stabilities of the 
two polymorphs, we attempted to influence the 2D crystalli-
zation process by varying the deposition temperature. It 
must be noted that the STM measurements were carried out 
at room temperature. Upon deposition onto HOPG substrate 

held at 70C, polymorph A is formed exclusively and remains 
stable for several hours, providing additional evidence for its 
higher thermodynamic stability (Figure S3-S4). Concurrently, 
ensuring that the nucleation occurs rapidly by lowering the 

substrate temperature to 5C, polymorph B could be ob-
tained almost exclusively (Figure S5-S6). The crystallites of 
polymorph B however, are gradually transformed into those 
of polymorph A within 1 hour after deposition. These exper-
iments indicate that polymorph B is the kinetic form of the 
2D crystal.7 Such structural transition is widely observed in 
3D crystallizations and is known as the Ostwald’s rule of 
stages.21 This rule describes that crystal formation often oc-
curs through a series of intermediate metastable phases prior 
to formation of the thermodynamically stable structure. The 
general applicability of this rule has not been verified for 2D 



 

FIGURE 2. Flow-assisted 2D polymorph selection. (a, b) 
Large scale STM images showing the flow-assisted stabiliza-
tion of polymorph A and, polymorph B into large domains 
respectively. The flow was applied along the main symmetry 
axes of HOPG (red arrow) for obtaining polymorph A and 
along the normal to the main symmetry axis (black arrow) 
for stabilizing large networks of polymorph B. Small scale 
STM images provided in (c, d) confirm the formation of each 
polymorph. Imaging conditions: Vbias = 750 mV, Iset = 100 pA. 

 

crystallizations, however recent studies reveal that the 2D 
patterns obtained at the liquid-solid interface are often ki-
netically trapped structures with high barriers for 
desorption.4,22 

Since polymorph B is metastable under normal experi-
mental conditions, any manipulation under thermodynamic 
control is born to be unsuccessful. Bearing this in mind, we 
attempted stabilization of polymorph B using a somewhat 
unconventional stimulus. In the following, we illustrate how 
a capillary force generated by the flow of a solvent in a highly 
confined space offered by the liquid-solid interface can influ-
ence the selection of a polymorph. Although relatively nas-
cent, the concept of directional flow has been exploited to 
align 2D molecular nanostructures with large uniaxially 
aligned domains of organic molecules.17 We recently demon-
strated that the flow induced alignment strategy is not lim-
ited to monolayers and could be efficiently used to fabricate 
large area well-aligned multilayered thin films. The general 
consensus that has emerged from these studies is that the 
success of the flow alignment process depends critically on 
the specific directions along which the flow is applied.23 We 
reasoned that the propensity of the two polymorphs to crys-
tallize along different symmetry directions of HOPG will 
allow us to control the expression of each polymorph provid-
ed that the shear flow is applied along appropriate directions. 

To test the feasibility of flow-assisted polymorph selection, 

a 10 L droplet of QDI solution in TCB was applied onto the 
HOPG substrate and the solution was immediately contacted 
by KimwipeTM tissue paper such that the flow was generated 
along one of the main symmetry axes of the HOPG lattice. 

STM imaging of the surface revealed that the flow creates 
large domains of polymorph A (Figure 2a, c) extending over 4 

× 4 mm2 (Figure S7). This observation is in line with previous 

studies which revealed that a directional flow can create 
supersized molecular domains thus reducing the polycrystal-
linity of the thin film.17,23 The efficiency of the flow induced 

alignment diminishes 4 mm away from the contact line 
which means that smaller crystallites could be found in these 
regions. 

Application of flow along the normal to one of the main 
symmetry axes of HOPG lattice also leads to formation of 
large domains, however STM imaging at smaller scales dis-
closes that the 2D crystal now consists of polymorph B (Fig-
ure 2b, d). 2D crystallites of polymorph B obtained in this 

fashion also extend over 4 × 4 mm2 and remain stable under 

ambient conditions for up to 6 hours (Figure S7). The region 

out of the active 4 × 4 mm2 zone consisted of smaller crystal-

lites of polymorph A. This observation demonstrates that 
under the influence of a directional flow, the metastable 
polymorph B (1) can be nucleated and further grown with 
significant surface coverage and (2) once formed, it remains 
stable on the surface for several hours. These results essen-
tially illustrate that by modifying the conditions during 2D 
crystallization via application of a confined and directional 
flow, it is possible to select one of the two polymorphs.24 

In order to understand the role of shear flow in stabilizing 
the two polymorphs, one needs to work out the factors that 
contribute to their intrinsic stability. The metastability of 
polymorph B at room temperature possibly arises due to (1) 
steric repulsions between 3,3-dimethyl-1-butyl side chains 
attached to the aromatic residues of the QDI molecules and 
(2) the overcrowding of the alkyl chains in between molecu-
lar rows thus forcing some alkyl chains to back-fold in the 
supernatant liquid phase (also note that the unit cell vector b 
of polymorph B is smaller than that of polymorph A). Low 
temperature deposition experiments indicated that poly-
morph B nucleates faster than polymorph A. The reduced 
nucleation barrier for polymorph B could be a result of high-
er enthalpic interactions due to close packing. The less dense 
polymorph A, on the other hand, could be stabilized by co-
adsorption of solvent molecules in the monolayer. STM im-
ages together with molecular models provided in Figure S8 in 
the supporting information indicate the presence of small 
packets within the monolayer of polymorph A, which could 
act as sites for solvent cocrystallization. Solvent stabilization 
of such relatively less dense polymorphs is well reported in 
the literature.4,12 

Given that polymorph B has a lower barrier for nucleation, 
it is readily expected that the application of flow modifies the 
2D crystallization process at the level of nucleation. This 
hypothesis is further supported by experimental evidence 
where it was found that the flow process only works when it 
is applied immediately (within a few seconds) after the depo-
sition of the solution droplet. Polymorph B could not be 
amplified when the flow was applied well after the deposition 
of the solution droplet. This indicates that once polymorph A 
is formed on the surface, it remains stable even under the 
influence of flow. 

Basically, the flow produces an environment that is condu-
cive for kinetic stabilization of polymorph B. This in turn 



 

relates to significantly increased transport processes under 
the influence of flow in contrast to 2D crystallization upon 
simple dropcasting. It can be readily envisaged that the dep-
osition of molecules from the solution phase to the self-
assembled phase would be greatly enhanced under such a 
dynamic environment once the flow direction selects which 
polymorph nucleates onto the surface. The subtle yet im-
portant molecule-substrate interactions25 together with the 
propensity of the two polymorphs to crystallize along differ-
ent symmetry axes of the substrate lattice thus allows precise 
control over the nucleation and growth of each polymorph. 
Similar processes have often been used for enhanced crystal-
lization of semicrystalline polymers under the influence of 
shear flow.26 

Due to its metastable nature at room temperature, poly-
morph B could be converted back to polymorph A by simply 
adding a drop of neat TCB onto the flow processed sample. A 
sequence of STM images provided in Figure S9 of the sup-
porting information shows the time dependent transition of 
polymorph B into polymorph A. Such transition is possibly 
driven by increased adsorption-desorption dynamics initiat-
ed by the added solvent, which was otherwise reduced in the 
almost dry monolayer obtained after the flow treatment. 
Polymorph A obtained in this fashion never furnished poly-
morph B even upon drying the sample, further eliminating 
the possibility of concentration controlled polymorphism. 

In essence, we have used a kinetic flow process to influ-
ence 2D polymorph selection at the liquid-solid interface. 
While solvent flow has often been employed to align 1D 
nanostructures and for enhanced nucleation of semicrystal-
line polymers, this is the first instance of its use to influence 
nucleation and growth of 2D polymorphs of small organic 
molecules. The unique nature of the liquid-solid interface 
coupled with specific epitaxial stabilization of each poly-
morph on HOPG allowed us to apply this non-equilibrium 
process to select a given polymorph in a controlled manner. 
Since metastable polymorphs are often short-lived species, 
the solution flow approach, which allows one to study their 
formation and structure, will contribute significantly to our 
understanding of crystallization processes in general. From 
the applied perspective, such large area thin films of meta-
stable polymorphs could be used to seed the growth of the 
same metastable polymorph in 3D thus extending the ap-
plicability of this approach to bulk crystallizations. Finally, 
the flow-assisted thin film formation could also be beneficial 
for fabrication of large area oriented films of functional mol-
ecules typically used in organic thin film transistors.  
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