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ABSTRACT: Enabling and understanding new method-
ologies to fabricate molecular assemblies driven by
intermolecular interactions is fundamental in chemistry.
Such forces can be used to control crystal growth and
enable surface-confinement of these materials, which
remains challenging. Here we demonstrate for the first
time, a solvent-free on-surface crystal-to-co-crystal con-
version process driven by halogen bonding (XB). By
exposing a polycrystalline organic material, consisting of a
XB-acceptor moiety, to the vapors of a complementary
XB-donor compound, the corresponding halogen-bonded
co-crystals were formed. Furthermore, we demonstrate
that this approach can also be utilized for non-crystalline
materials to afford surface-confined organic composites.
Our stepwise vapor-based approach offers a new strategy
for the formation of hybrid supramolecular materials.

o-crystals are molecule-based solids consisting of at least

two different molecular components held together by
intermolecular forces. Such crystals are commonly formed from
a solution containing both components." Molecule-based
crystal-to-crystal conversions might offer also a route toward
the formation of co-crystals.” Despite recent advances in crystal
engineering,” co-crystallization on solid surfaces remains
challenging using known methodologies, and it would be
desirable to realize new ones.* The control over the formation
of polycrystalline thin films has been shown to be a key step for
the formation of device-quality materials.”> Such hybrid solids
can possess improved or significantly different properties
compared to those of the single-component systems.” A
common strategy for co-crystal synthesis involves a one-pot
approach in which a mixture of both compounds is loaded onto
the surface, and co-crystallization occurs through slow solvent
evaporation or spin coating.**~'* This approach is lengthy and
requires good solubility of both molecular components in the
same solvent(s). Undesired formation of solvates is another
drawback of growing crystals from solution. In addition,
changes in thin-film crystallinity are usually induced thermally
after film deposition.'" Moreover, the formation of co-crystals
using a solvent-free strategy would offer the possibility of
polymorphic modifications of a material.'”> Herein we report
the on-surface crystal-to-co-crystal conversion of a polycrystal-
line organic material. This transformation is driven by halogen

bonding (XB).
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Evidence for XB has been shown decades ago by Hassel and
Schmidt.">'* In recent years, this donor—acceptor type of
interaction between an electrophilic halogen atom (XB donor)
and an electron donor (XB acceptor) has emerged as a potent
non-covalent force in supramolecular chemistr?r.15 Recent
reports include advances in biomedical research,'®"” functional
organic-based materials,”'®"?and crystal engineering.***°~** In
materials chemistry, a variety of functional XB-based materials
were obtained, including co-crystals with tunable optical
properties,”'® dynamic co-crystals,”® and photoresponsive
liquid crystals.>® Furthermore, XB has been shown to promote
the formation of supramolecular assemblies on surfaces.***°
Our two-step solvent-free process for the formation of
polycrystalline organic material involves consecutive physical
vapor deposition (PVD) of the XB-acceptor, 1,4-bis((E)-2-
(pyridin-4-yl)vinyl)benzene (1) and the XB-donor sym-
triiodotrifluorobenzene (C¢Fsl5; 2). Exposure of polycrystalline
organic films (S1) to vapors of compound 2 results in crystal-
to-co-crystal conversion (S1-2, Figure 1). Co-crystallization of
compounds 1 and 2 from solution resulted in the formation of
an XB network consisting of N---I bonds.”* Compound 2 was
found to form two halogen bonds with 1 resulting in a co-
crystal with a molar ratio of 1:1. Compound 1 undergoes
efficient sublimation, as judged by thermogravimetric analysis
(TGA; Figure S1), displaying the volatility and thermal
robustness that are required for vacuum PVD. This method
has been shown to be effective in forming crystalline organic-
based films.** Compound 2 is sufficiently volatile at ambient
pressure rendering vacuum PVD unnecessary for its evapo-
ration. The S1 films deposited on silicon and quartz substrates
were characterized by UV/vis spectroscopy, atomic force
microscopy (AFM), reversed-phase high-performance liquid
chromatography (RP-HPLC), and X-ray diffraction (XRD).

The growth of S1 was monitored with a quartz crystal
microbalance (QCM) and indicated a film thickness of 20 nm.
UV/vis spectroscopy measurements of S1 showed an
absorbance maximum at 4, = 349 nm, correlating well with
the absorbance maximum observed for compound 1 in solution
(Figure S2a). The broadening of the absorbance band of S1,
compared to that of compound 1 in solution, is attributed to
the lack of solvent and/or packing interactions.”” AFM
measurements on silicon substrates revealed the formation of
a homogeneous film consisting of elongated grains (mean
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Figure 1. Crystal-to-co-crystal conversion by consecutive vapor-based deposition. The S1 and S4 interfaces are formed on silicon and quartz
substrates by vacuum PVD of compound 1 or 4 (XB acceptors), respectively. Exposure of the polycrystalline S1 surface to vapors (ambient pressure
PVD) of compound 2 (XB donor) results in the formation of the corresponding surface-confined co-crystals S1-2. Exposure of the non-
polycrystalline S4 to vapors (ambient pressure PVD) of compound 2 results in the formation of the hybrid interface $4-2.

height = 60 + 6 nm; surface coverage = 57%; Figures 2a and
S3a,b). This height is different than the thickness observed by

Figure 2. Representative AFM topography images of S1, S1-2, S4, and
$4-2 on silicon substrates. (a) 20 nm-thick S1 obtained by vacuum
PVD of compound 1. (b) S1-2 obtained by exposure of S1 to vapors
of compound 2 at 120 °C for 18 h. (c) 20 nm-thick S4 obtained by
vacuum PVD of compound 4. (d) $S4-2 obtained by exposure of $4 to
vapors of compound 2 at 120 °C for 18 h. The insets are high-
magnification images of the corresponding surfaces. For the inset AFM
color palettes, see Figures S3 and S17.

the QCM. The AFM is a direct measurement of the
morphology, whereas the QCM is weighing the total mass of
the deposited material regardless of its morphology and
translates it to the apparent thickness, assuming a continues
film. The diffraction pattern obtained for S1 correlates well with
the main intensity powder diffraction signals of compound 1
(Figure 3a,c). This correlation demonstrates the polycrystalline
nature of S1. Increasing the thickness of S1 (from 20 to S0 nm
measured by QCM) resulted in higher optical absorbance
intensity (2.3 times higher) of the resulting surface (Figure S4).
AFM images revealed denser films while retaining the overall
grain morphology (Figure SSa,b). XRD analysis of these thicker
assemblies revealed increased intensity of the diffraction peaks
with increasing the thickness of S1, suggesting that the
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Figure 3. XRD analysis demonstrating the crystalline nature of S1 and
§1-2. (a,b) XRD patterns of 20 nm-thick S1 and S1-2, respectively. (c)
Powder XRD pattern of compound 1. The absence of some reflections
in (a), compared to the powder pattern in (c), is due to the relatively
small amount of material on the surface. (d) Simulated XRD pattern of
the corresponding co-crystal 1-2 grown from solution. The simulated
pattern was obtained from the single crystal structure reported for the
1-2 co-crystal, using Jade 9.5 software. The XRD measurements of S1
and S1-2 were performed in the asymmetric 20 scan mode. Powder
XRD measurements were performed in the 6/26 scan mode.

structural order is retained throughout the deposition process
(Figure S6).24

S1-2 was formed by exposing the 20 nm-thick S1 to vapors
of compound 2 (120 °C, 18 h), and its formation was
confirmed by significant changes in the optical absorption
spectrum, surface morphology, crystallinity, and molecular
composition of the films. UV/vis spectroscopy of $1-2 showed
a significant broadening and red shift (A4,,,, ~ 40 nm) of the
corresponding absorbance band compared to S1 (Figure S4a).

AFM images of S1-2 revealed a striking difference in
morphology compared to S1, displaying non-uniform grains
(Figures 2b and S3c,d). Field-desorption mass spectrometry
(FD-MS) and reverse-phase high-performance liquid chroma-
tography (RP-HPLC) analysis of redissolved $1-2 confirmed
the formation of a new composite consisting of both
compounds 1 and 2 in a 1:1 molar ratio (Table S1, and
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Figures 4 and S7). Co-crystals 1-2 grown from solution were
redissolved in ACN:H,O (v/v = 1:1) and also analyzed by RP-
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Figure 4. RP-HPLC analysis of S1, S1-2, and co-crystal 1-2. (a,b) RP-
HPLC analysis of 20 nm-thick S1 and the corresponding S1-2. The
chromatograms were obtained by dissolving the deposited organic
materials in ACN:H,0 (v/v = 1:1). (c) RP-HPLC chromatogram of
co-crystal 1-2 grown from solution. The co-crystal was redissolved in
ACN:H,O (v/v = 1:1) for analysis purposes. The peaks observed at
retention times of 11.9 and 12.2 min correspond to compound 1.
Their relative intensities are concentration dependent, indicating the
presence of aggregates (Figure S8).

HPLC. Interestingly, the RP-HPLC chromatograms for S1-2
and the co-crystal 1-2 grown from solution are nearly identical
(Figure 4b,c).”” $1-2 exhibits a different XRD pattern
compared to that of S1, corroborating the change in film
composition and suggesting the formation of a new crystalline
structure (Figure 3a,b). Comparing the data obtained for S1-2
with the simulated pattern for co-crystal 1-2 (grown from
solution) revealed a clear correlation between the dominant
diffraction signal observed at 26 = 5.75° (d = 15.42 A, hkl =
002) and the highest intensity diffraction signal expected for the
co-crystal (Figure 3b,d). This signal was not obtained for either
compound 1 or 2 independently (Figures 3c and S9).

To demonstrate the role of XB and the temperature in the
conversion from S1 to S1-2, we exposed S1 to vapors of
hexafluorobenzene (3; 120 °C, 18 h). Compound 3 is a poor
XB donor.® No significant changes, compared to the UV/vis
absorbance or XRD pattern of S1, were observed (Figure
S10a,c). Compound 3 was not detected by HPLC analysis
(Figure S11). AFM shows that heating S1 (120 °C, 18 h)
somewhat affects the shape of the grains (Figure S12b), and
one of the XRD signals is slightly shifted compared to the
unannealed S1 (Figures S12c). However, these observations
could not account for the morphology and crystallinity changes
observed for S1-2. The observed crystal-to-co-crystal con-
version (S1 — S1-2) is mediated by XB, and the XB donor (2)
is incorporated into the structure (S1-2) displaying character-
istics similar to the co-crystal grown from solution. Mechanis-
tically, the S1 — S1-2 conversion can occur through molecular
diffusion involving surface migration and diffusion through the
vapor phase.””*® Similar results were obtained when exposing
the 50 nm-thick S1 to vapors of compound 2 under the same
conditions (Figures S4—S6 and S14—S15). However, a lower
relative intensity was obtained for the XRD signal at 26 = 5.75°
after reacting the 50 nm-thick S1 with 2 (Figure S6), compared
to that obtained for the 20 nm-thick S1 after reaction with 2
(Figure 3b). This effect suggests that the film thickness is a key
parameter that determines the efficiency of the co-crystal-
lization.

To explore the scope of our approach, we performed similar
experiments using compound 4 as a different XB acceptor
(Figure 1). This compound has three pyridyl units that may be
involved in XB interactions with iodines in compound 2. $4
and S4-2 were obtained similarly to S1 and S1-2, respectively.
UV/vis spectroscopy measurements of S4 displayed an
absorption maximum at A, = 330 nm, indicating the
deposition of compound 4 on the surface (Figure S2b).”’

AFM measurements on silicon substrates revealed the
formation of spherical islands (mean height = 33 + 3 nm,
surface coverage = 75%; Figures 2c and S16a,b). Examining the
XRD pattern of S4 revealed one single diffraction signal at 20 =
24.98° corresponding to a spacing of d = 3.56 A (Figure S17a).
This value is within the range of 7— stacking distances. Such a
diffraction pattern may result from a turbostratic system.>" The
absence of the main intensity diffraction signals, compared to
the powder diffraction pattern of compound 4 (Figure S17c¢),
supports the formation of a non-crystalline material. UV/vis
spectroscopy reveals slight broadening of the S4-2 absorbance
band compared to S4 (Figure S18). In addition, the surface
changes from spherical islands, observed for §4, to a fractal-like
morphology for S4-2 (Figures 2c,d and S16), suggesting a
diffusion-limited aggregation process.”” The presence of
compound 2 in the resulting $4-2 was confirmed by FD-MS
(Table S1) and RP-HPLC (Figure S19), establishing its
composite nature. However, no compelling evidence was
found correlating the XRD pattern obtained for $4-2 with
the corresponding 4+2 co-crystal (Figure S17b,d). Control
experiments with the poor XB donor 3 as well as thermal
stability experiments with S4 emphasize the role XB plays in
directing the formation of $4-2 (Figures S20—S21). These
observations suggest that the initial crystalline nature of the XB-
acceptor-functionalized surface (S1 vs $4) can determine the
feasibility of co-crystal formation; importantly, it does not
inhibit the formation of a hybrid halogen-bonded system in S$4-
2 composed of compounds 4 and 2.

In conclusion, we have demonstrated an on-surface solvent-
free crystal-to-co-crystal conversion. This conversion is
achieved by exposing a surface-confined polycrystalline organic
material to vapors of a complementary organic compound,
yielding the corresponding co-crystal. The AFM images
indicate that these transformations are accompanied by
significant structural changes including formation of larger
surface-bound structures. Therefore, molecular interpenetration
is likely to be accompanied by a complex cascade of fusion
processes. Our sequential solvent-free approach was demon-
strated using XB as the driving force in the crystal-to-co-crystal
conversion. Furthermore, we have shown that the scope of this
approach is not limited to the formation of surface-confined co-
crystals. Using a non-crystalline organic surface resulted in the
formation of a halogen-bonded hybrid material with a different
morphology. Our observations are in agreement with the
findings by Metrangolo et al, who demonstrated that non-
porous organic solids can dynamically resolve mixtures of
diiodoperfluoroalkanes,” indicating that a diverse range of
systems might be available. Our presented system is mainly
driven by XB interactions. PVD of single-component organics
is known for the formation of other supramolecular materials
based on hydrogen-bonding and 7—7 stacking.” Moreover, the
successful PVD of large molecules including polymers suggests
that a large set of molecular systems might be used.**> However,
the use of PVD for the stepwise formation of multicomponent
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organic thin films is yet to be explored, as it might be a new
entry for the formation of functional organic materials
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