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Abstract

:

Halogen bonds are currently new noncovalent interactions due to their moderate strength and high directionality, which are widely investigated in crystal engineering. The study about supramolecular two-dimensional architectures on solid surfaces fabricated by halogen bonding has been performed recently. Scanning tunneling microscopy (STM) has the advantages of realizing in situ, real-time, and atomic-level characterization. Our group has carried out molecular self-assembly induced by halogen bonds at the liquid–solid interface for about ten years. In this review, we mainly describe the concept and history of halogen bonding and the progress in the self-assembly of halogen-based organic molecules at the liquid/graphite interface in our laboratory. Our focus is mainly on (1) the effect of position, number, and type of halogen substituent on the formation of nanostructures; (2) the competition and cooperation of the halogen bond and the hydrogen bond; (3) solution concentration and solvent effects on the molecular assembly; and (4) a deep understanding of the self-assembled mechanism by density functional theory (DFT) calculations.
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1. Introduction


1.1. The Definition of Halogen Bonds


A halogen bond (XB) is a broader class of noncovalent interaction, which was defined by the International Union of Pure and Applied Chemistry (IUPAC) in 2013 [1]. This definition states that “A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity.” A structural scheme for XB is shown in Figure 1.



XB exhibits a high directionality, because the electron density in halogen atoms is anisotropically distributed [2,3]. In the halogen atoms, a region of lower electron density (σ-hole) gives rise to a cap of deficient electron density on the extension of the R−X covalent bond, which can act as the attractive electron-rich region. The negative charges form a belt orthogonal to the covalent bond in nearly all cases [4]. In this review, the XBs will be explained by the existence of a positive σ-hole on top of the halogen atom.




1.2. The History Perspective of XB


The investigation of the XB traces back to 200 years ago. The I2···NH3 halogen-bonded complex was synthesized by Colin in 1814 after iodine was found by chance and separated in 1812 [5]. However, the precise molecular constituent of the iodine/polyiodide complex was ascertained by Guthrie only 50 years later [6]. The complexes involved Br and Cl as electron acceptor species and were first reported in the late 19th century by Remsen and Norris [7]. However, the first compound, referred to as F2, was reported nearly 80 years later when the F3− anion could be isolated under very extreme conditions [8,9,10]. Moreover, the adducts of F2···NH3 and F2···OH2 did not arise until the 1990s [11]. These early-stage experimental data show that the XB strength is closely related to the polarizability of the XB donor atom, that is, F < Cl < Br < I. In fact, F without polarization cannot easily participate in XB and can serve as an XB donor only when connecting with exceedingly strong electron-withdrawing groups. A critical interest in the stereo electronic evaluation of the XB was supported by computational studies on the electron density distribution of halogen atoms in the early 1990s. The studies by T. Brinck, P. Politzer, and J. S. Murray were particularly noteworthy when they revealed the anisotropic charge distribution on halogen atoms forming one covalent bond [12,13,14], and supported the theoretical basis of the definition of the “σ-hole”: a region of barren and constantly positive electrostatic potential on the surface of halogen atoms. In 2007, a seminal paper by Clark [15] et al. proposed a subtle method of interpreting many properties of XB via the σ-hole. A symposium devoted to the XB was organized by IUPAC in 2009, and some features of the interaction were acknowledged. In 2013, the definition of the XB by IUPAC finally gained the agreement of the scientific community, based on the self-assembly and recognition processes determined by electrophilic halogens. This topic has been well-established, used, and understood up until now.




1.3. The Investigation and Application of XB Focus on Crystal Engineering


Over the last seven decades, supramolecular synthesis has attracted great interest from chemists wanting to fabricate new materials based on noncovalent interactions [16,17,18,19,20]. Different self-assembly strategies have been proposed, and new supramolecular systems will be achieved by considering the relevant scientific literature across the years [18,21,22,23]. To design and synthesize supramolecular self-assembled materials, molecular building blocks with designed functions can be used to self-assemble ordered structures. The self-assembly process can happen in any dimension, which is the comprehensive outcome of the balanced steric effect, shape complementarity, and specific anisotropic interactions in the assembly process. For example, supramolecular synthesis could be involved in fabricating molecular organic frameworks [24,25], molecular acceptors [26], responsive materials [27], organogels [28,29], polymers [30] and biomimetic systems [31,32,33], as well as in nanoparticle self-assembly [34,35].



In 1968, Bent [36] published an overall review on the crystal structures of XB systems and discussed at length the structural chemistry of donor–acceptor interactions in bulk crystals, in which the XB and the hydrogen bond (HB) were compared based on their similarities, such as the short interatomic distances and high directionality. Crystal engineering is a self-assembly process in which building blocks can fabricate architectures following the laws of intermolecular interactions and shape complementarity [17,37,38,39,40]. Many noncovalent interactions, for example, HB, XB [41], π−π stacking, metal−ligand coordination, dipole−dipole interactions, and hydrophobic interactions, were used to fabricate molecular crystals. Among these weak interactions, HB is commonly used based on its high directionality and moderate strength (25−40 kJ/mol). However, XB similar to HB has not been developed as HB because of the misunderstanding associated with halogen atoms that neutral entities in dihalogens or fully negative elements in halocarbon moieties could not form strong attractive interactions. In general, the strength of XB is closely related to the magnitudes of the positive and negative areas of the electrostatic potential (ESP). Furthermore, the other chemical factors, such as the electronegativity and polarizability of X atoms [42], the hybridization of the carbon atom bound to the XB donor sites [43], and strong electron-withdrawing moieties [44,45], directly affect the magnitudes of the positive and negative areas so as to tune the strength of the XB indirectly.



The directionality of XB refers to the angle between the R−X covalent bond and the X···X or Y noncovalent bonds as θ2 shown in type-II XB (Figure 2) [46,47]. The great directionality of such XB is attributed to the bond formation. The nucleophile enters the σ-hole of the halogen atom, which is narrowly confined on the elongation of the R−X covalent bond axis. The R−X···Y angle between the covalent and noncovalent bonds around the halogen is approximately 180° [46,47]. Although HB is another simple type of σ-hole interaction, the positive regions on linked hydrogens tend to be almost hemispherical due to hydrogen having only one electron [48,49,50]. Therefore, the XB is a particularly directional interaction compared to the HB. In 1963, the R−X···X−R bond with different contact geometries was proposed by Sakurai [44] et al., which was classified as type-I and type-II, as illustrated in Figure 2 [51]. There is a clear geometric and chemical distinction between type-I and type-II X···X interactions. The type-I interaction is not XB according to the IUPAC definition. It is a geometry-based contact arising from the close-packing requirement, which is observed for all halogens. The type-II interaction arises from the pairing between the electrophilic area on one halogen atom and the nucleophilic area on the other [52]. Moreover, many investigations reveal that the type-II interaction is most favored by the order of iodinated derivatives > brominated derivatives > chlorinated derivatives.



In addition, halogen atoms are typically regarded as hydrophobic residues. For example, an I or Br atom is less hydrophilic than a typical HB donor such as an OH or NH group. From the nature of the discrepancy between the two donor sites arise many useful and complementary applications.




1.4. The General Description of XB in 2D Crystal Engineering


Similar to 3D self-assembly processes, the molecular self-assembly process on surfaces can be controlled by balancing molecule–molecule and molecule–substrate interactions [46,47,51,52,53]. The intermolecular non-covalent bond of XB with high directionality, moderate bond strength (5–30 kJ/mol), and its binding geometry has been used to fabricate 2D nanostructures [40,54,55,56,57,58,59]. Because of the large size of the halogen atom and the existence of the σ-hole, XB is more sensitive to the steric hindrance and directionality than HB [4,60]. However, as a powerful tool to tune the 2D nanoarchitectures on surfaces, halogens are usually involved in forming HB (total interaction energies up to 140 kJ/mol), where they sever as Lewis bases, and the strength of HBs involving halogens varies with F > Cl > Br > I [61]. Perhaps they can form XBs serving as Lewis acids with an opposite trend, meaning that the strength of the interaction can be tuned by varying halogen substituents. This trend depends on the strength of the σ-hole, which in turn relates to the electron-withdrawing ability of the group. Significantly, XBs are independent from HBs, so both types of interactions can be used to design and adjust supramolecular 2D assemblies on the surface at the same time.



Scanning tunneling microscopy (STM) is a powerful tool that can be used to probe the surface locally and provide structural information in a submolecular resolution whether the nanostructure is crystalline or amorphous [62,63]. The instrument can be used in diverse types of environments such as ultra-high vacuum (UHV), air, and liquid. The temperature of the surface can be precisely controlled (ranging from ~4 K up to a few hundred Kelvin) in a vacuum, which permits both controlled annealing and imaging at low temperatures. UHV provides an ultra-clean environment, which is essential for quantifying supramolecular interactions that are relatively hard to be understood in the solution phase. The solution phase offers a “real-life” view of the assembly process involved in the competition of molecule–solvent and solvent–substrate interactions, except for the molecule–molecule and molecule–substrate interactions [64].



This review will concentrate on our recent research work about 2D supramolecular assembled systems associated with XBs in ambient conditions. Through this review, a comprehensive discussion of supramolecular self-assembled adlayers stabilized by various XBs will be provided. Though it is much more likely to be accepted that the HB is a relatively stronger intermolecular interaction than the XB. In some cases, the XB can be of equivalent strength or even stronger than the typical HB. XB has been widely used to direct and control assembly processes depending on the molecular recognition [40,65,66,67,68,69,70]. However, the studies of XBs in 2D surface crystal engineering only date back to the last 15 years. Therefore, this is a hot topic in an ongoing research field, and there are many unknown mechanisms that need to be explored.





2. Halogen–Halogen Interactions and Halogen-Bonding in 2D Self-Assembled Networks


To confirm that supramolecular networks are exactly controlled by XBs, a rational design of the building block is essential. Theories of XBs have already been established in 3D crystal engineering, which can be easily applied on 2D assembly, even though differences exist because of the substrate effect. In the following sections, we focus on the research work in our laboratory and discuss the self-assembled patterns fabricated by different halogenated building blocks listed in Scheme 1. The discussion is mainly classified based on the species of π-conjugated cores.



2.1. The Effect of Geometry Symmetry of π-Conjugated Cores Along the C−Br Bond


Varying the geometry of π-conjugated cores can influence the outcome of the self-assembly nanostructures. This aspect can be indicated by the bromine-substituted benzene derivative (Br-BC16) and naphthalene derivative (Br-NC16) (Scheme 1a) [71]. Self-assembled patterns of Br-BC16 and Br-NC16 compounds were studied by STM at the 1-octanoic acid/graphite interface, comparatively (Figure 3). STM results show that the two molecules form different linear fashions stabilized by intermolecular type-I Br···Br contact and H···Br HB (Figure 3b,e) because of their different geometry symmetries of π-conjugated cores along the C−Br covalent bond. The π-conjugated cores and side chains of Br-BC16 absorb with the same direction, while the side chains of Br-NC16 extend into different directions along the lattices of graphite substrate. The π-conjugated cores of two kinds of molecules form a dimer and arrange in a head-to-head mode by a pair of H···Br HB with an antiparallel style.



Calculated 3D ESP maps of π-conjugated cores (Br-BC16 and Br-NC16, Figure 3a,d) and quantum theory of atoms in molecules (QTAIM) of Bader [72,73] obtained by DFT calculations were used to reveal the formation of intermolecular type-I Br···Br contact and HB. The results show that a pair of intermolecular H···Br HBs in each dimer control the structural formation. Furthermore, the type-I Br···Br contact is formed in the dimer of Br-BC16 and the neighboring dimer of Br-NC16, respectively, which is the dominant force to stabilize the two linear nanostructures (Figure 3c,f). It is concluded that the geometry symmetry of π-conjugated cores along the C−Br bond influences the 2D self-assembly. At the same time, the results also indicate that the type-I Br···Br contact is often accompanied by the HB supported by the same Br atom [40].




2.2. Bifunctional Effect of Benzene Derivative


We synthesized a bifunctional molecule (5-BHBA, Scheme 1b), and its 2D self-assembled nanostructures were investigated using STM and DFT calculations [74]. STM experiments were carried out at the 1-octanoic acid/highly oriented pyrolytic graphite (HOPG) interface by varying solution concentrations. Four kinds of patterns (T-like, dislocated, lip-like, and alternating patterns) were observed, as shown in Figure 4a–d. Because of the cooperative and competitive intermolecular XB and HB, these nanostructures consist of dimers, trimers, and tetramers based on rectangular −COOH···HOOC− HB, triangular COO···Br···H−C, Br···O (H), Br···Br, and O···H interactions. At saturated concentration, the T-like pattern is formed (Figure 4a) comprising of two kinds of dimers (the planes of the horizontal and oblique dimer). Every two molecules form a dimer with a head-to-head style. Figure 4e shows that double −Br···OOC− XBs and Br···H HBs are formed in the horizontal dimers, as indicated by the black and blue dashed lines, respectively. In the oblique dimers, two carboxyl groups form −COOH···HOOC− HBs. When decreasing the concentration of 5-BHBA, the molecules self-assemble into a dislocated structure (Figure 4b). There are two different parts (domain 1 and 2). The domain 1 is formed by dimers and trimers alternately, while the domain 2 is composed of pure tetramers. The dimers are still stabilized by intermolecular double −COO···Br− XBs. However, in each trimer, molecules are connected by the type-I Br···Br contact and–COOH···HOOC− HBs (Figure 4f). In each tetramer of domain 2, the arrangement is stabilized by the type-I Br···Br contact and HBs. The type-I Br···Br interaction is formed resulting from the close packing, and thus its binding energy is weaker than that of the type-II XB [75].



When further diluting the solution, the ordered lip-like structure is observed (Figure 4c). The tetramer is found, which is connected by double type-I Br···Br contacts and −OH···OOC− HBs (Figure 4g). Obviously, the type-I Br···Br interaction is weaker in binding energy than the −Br···OOC− XB and the −COOH···HOOC− HB. However, only one HB exists between the carboxyl groups rather than the conventional strong rectangle HBs, which indicates that the lip-like pattern is a metastable phase. At low concentrations, a well-ordered 2D alternated nanoarchitecture is observed (Figure 4d). In one-row lamellae, molecules connect with co-adsorbed 1-octanoic acid molecules by −Br···OOC− XBs [76]. However, in two-row lamellae, the tetramers are formed, which are stabilized by the weak type-I Br···Br contacts (Figure 4h). The results show that the cooperative and competitive intermolecular HBs, XBs, and Br···Br interactions could induce the structural diversity under different concentrations.



Another similar molecule (5-BHDB) mixed with 1-BH (Scheme 1b and Figure 5a) was investigated by dropping the solution on the HOPG surface [77]. The mixture can form a host–guest self-assembled structure. Polar solvent (1-octanoic acid) and nonpolar solvents (1-phenyloctane, n-pentadecane, n-tetradecane, and n-decane) are used to explore the solvent effect. ESP maps (Figure 5b) show the charge distribution of the π-conjugated core. In 1-octanoic acid, the host−guest linear I nanostructure consisting of trimers is observed, which is stabilized by the intermolecular XBs (Figure 5c). This nanostructure is also observed in other solvents at high solution concentrations. When further decreasing the solution concentration, another double-line host−guest nanostructure (linear II, Figure 5d) containing trimers and tetramers is formed in 1-phenyloctane. Co-adsorbed solvent molecules could occupy the gap between side chains in the linear II pattern. Moreover, in n-pentadecane and n-tetradecane, the wavelike structures (Figure 5e) were also observed based on the solvent co-adsorption behavior. Therefore, the van der Waals (vdW) forces of molecule–solvent and the intermolecular XB dominate the formation of co-adsorbed patterns. In n-decane, the linear III pattern (Figure 5f) is observed, driven by the Br···Br type-I contact and the Br···Br type-II XB. In combination with DFT calculations, it is concluded that XBs induce the formation of each structure, and the emergence of relatively stronger host−guest XBs plays a key role in stabilizing these nanostructures and inducing the structural transition.




2.3. Self-Assembled Patterns of Coumarin Derivatives at the 1-Phenyloctane/HOPG Interface


Two coumarin derivatives substituted by one bromine and two bromines (6-Br-Co16 and 6,8-Br-Co16) were synthesized and shown in Figure 6a,d and Scheme 1c [78]. STM results show that 6-Br-Co16 molecules self-assemble into a uniform Z-like linear pattern (Figure 6b). Two 6-Br-Co16 molecules form a dimer adopting an antiparallel orientation through a pair of triangular motifs with the −Br···OOC− XBs and the H···Br HBs (Figure 6c). The 6,8-Br-Co16 molecules fabricate an ordered dislocated linear pattern. In each lamella, the adjacent coumarin cores form a dimer by the same bonding motif as 6-Br-Co16, whereas unlike 6-Br-Co16, the adjacent dimers of 6,8-Br-Co16 align in a tail-to-tail style with type-II Br···Br XB and H···Br HB, leading to their structural difference. The dominant factors in the 2D self-assembled adlayers of the two coumarin derivatives refer to the position and number of Br substituents. Because Br atoms are electron withdrawing groups (strong electronegativity) and highly polarizable, they can induce the rearrangement of the electronic density distribution of the molecules. It is concluded that the Br atom can participant in the formation of the − Br···OOC− XB to induce the formation of different 2D adlayers.




2.4. Self-Assembled Patterns of Thiadiazole Derivatives at the Liquid/HOPG Interface


Self-assembled nanoarchitectures of the DBT molecule (Scheme 1d) were investigated by STM at the liquid/HOPG interface in three kinds of solvents (1-phenyloctane, 1-octanoic acid, and 1-octanol) [79]. Dramatic differences in 2D self-assembly patterns are observed. In 1-phenyloctane, a linear structure (Figure 7a) is stabilized by type-I Br···Br contacts (Figure 7b). However, a lamellar structure is formed at the 1-octanoic acid or 1-octanol/HOPG interface (Figure 7c,e), in which the solvent molecules serve as co-adsorbed components to form the HBs with DBT molecules. The distinct self-assembled nanostructures could be attributed to the solvent polarity. Therefore, the solvent effect plays a significant role in tuning self-assembled nanostructures on solid surfaces.




2.5. Self-Assembled Patterns of Dithiophene Derivative at the Liquid/HOPG Interface


The self-assembly of Br-DTBDT molecule (Scheme 1e) with a cross structure on HOPG surface was studied by STM and DFT calculations (Figure 8a,b) [80]. The self-assembled pattern is shown in the high-resolution STM image (Figure 8c). The proposed model (Figure 8d) implies that the intermolecular Br···S XBs are formed in neighboring molecules, which are the dominant forces to stabilize the well-ordered 2D self-assembled pattern. The bonding mode is also indicated by the ESP map (Figure 8b), in which the charge distribution of Br atom with an electropositive σ-hole and the electronegative area of sulfur atoms provide the possibility to form Br···S XBs.




2.6. Self-Assembled Patterns of Fluorenone Derivatives at the Liquid/HOPG Interface


Varying the solution concentrations and the halogen substituents are quite significant to adjust the 2D self-assembled pattern. The mechanism is illustrated by comparing self-assembly of Br-FC15 and Cl-FC15 (Scheme 1f and Figure 9a,b) under different concentrations at the 1-phenyloctane/HOPG interface [81]. At high solution concentrations, a lamellar pattern of Br-FC15 is observed (Figure 9c). The molecules in adjoining sides align in antiparallel via C−H···Br HBs and type-I Br···Br contacts (Figure 9d), which is also formed by Cl-FC15 at high solution concentrations (Figure 9e). However, at low solution concentrations of Cl-FC15, twelve Cl-FC15 molecules arrange with two-row and form a dodecamer (Figure 9f). The basic unit of the dumbbell-like pattern is formed by a dodecamer with a neighboring one-row tetramer in each trough, which is stabilized by C−H···Cl and C−H···O−C HBs (Figure 9j). DFT calculations clearly indicate that the binding energies for the Br···Br (−0.19 kcal/mol) and Cl···Cl (−0.19 kcal/mol) are equivalent, so the similar patterns on surface are formed. Therefore, the differences in molecular packing plausibly might arise from the different charge distribution according to ESP maps (Figure 9b) between the Br and Cl atoms, and the nanoarchitectures can be effectively tailored by the introduction of different halogen atoms.



Varying the position of Br substituents on the π-conjugated core also affects the self-assembled pattern. This mechanism can be explained by combining STM experiments and DFT calculations. The self-assembly of fluorenone derivatives (1-BFC15, 2-BFC15, and 3-BFC15) with different positions of Br substitution at the 1-octanoic acid/HOPG interface were investigated (Scheme 1g) [82]. The ESP maps of those molecules are shown in Figure 10a–c. Four self-assembled nanostructures: alternate-I pattern (Figure 10d, 1-BFC15), alternate-II pattern (Figure 10e, 2-BFC15), lamellar (Figure 10f, 3-BFC15), and alternate-III patterns (Figure 10g, 3-BFC15) are observed. The alternate-I pattern is stabilized by C−Br···O=C XB and type-I Br···Br contact in the one-row troughs (Figure 10h). In the tetramers of the denser two-row troughs, two diagonal molecules align in an antiparallel fashion bonded with a pair of C−H···Br HBs and connect with the neighboring molecules on the same side through two C−H···Br HBs (Figure 10h). Besides, C−H···O=C HBs are formed between the tetramers. In the looser two-row troughs, there is lack of C−H···Br HB between the diagonal molecules compared with the denser two-row troughs. The carboxyl group of 1-octanoic acid molecules interacts with the Br group to form the COOH···Br HB and C−Br···O=C (COOH) XB (Figure 10h). The 2-BFC15 molecules form the alternate-II pattern (Figure 10e). In the one-row troughs, 2-BFC15 molecules point to the same direction of the trough and align along the trough with a small angle between molecules. Tetramers serve as the elementary unit of the two-row troughs and sequentially align along the troughs (Figure 10i), which contains two dimers bonded by the Br···Br type-I contacts, C−Br···O=C XBs, and C−H···Br HBs. Besides, C−H···O=C and C−H···Br HBs are formed between the two dimers.



The lamellar and alternate-III (Figure 10f,g) patterns for 3-BFC15 are observed at high and low concentrations, respectively. In lamellar nanostructure, tetramers and hexamers (indicated by the yellow and orange rectangles in Figure 10f, respectively) are formed, which alternately align along each trough randomly. As the middle-inset shown in Figure 10j, 3-BFC15 molecules on the same side take a parallel style linked by C−H···O=C and C−H···Br HBs, which connect with the antiparallel molecules on the neighboring side through C−H···Br HBs and type-I Br···Br contacts. Whereas, neighboring complexes along the troughs are linked by C−Br···O=C XBs, C−H···O=C, and C−H···Br HBs (Figure 10j). In the alternate-III pattern (Figure 10g), 3-BFC15 molecules in neighboring rows of the two-row troughs take a head-to-head fashion bonded by C−H···Br HBs and Br···Br type-I contacts. In the one-row troughs, the C−H···O=C and C−H···Br HBs are formed in and between the dimers, respectively (Figure 10k).



The diverse nanostructures might arise from different positions of bromine substituent in fluorenone derivatives, which can cause various charge distributions of the fluorenone π-core and adjust the positive charge distribution of the σ-hole on the Br atom along the C−Br axis. In addition, the distinct arrangements of the two-row troughs are ascribed to the directionality of XBs and the closest packing principle.



Various terminal groups of side chains can influence the self-assembly patterns governed by XBs at the 1-phenyloctane/HOPG interface. Three bromine substituted fluorenone derivatives bearing an alkoxy chain terminated by ethoxycarbonyl, carboxyl, and hydroxyl groups (Scheme 1h and Figure 11a) are used to systematically investigate the terminal group effect on the molecular assembly [83]. C−H···O−C HBs are formed within the π-conjugated cores of adjacent molecules in the assembled nanostructure of BEDF. Besides, the cores form dimers by a pair of C−H···Br HBs (Figure 11c,g). Each molecule in dimers interacts with the COOC2H5−terminated groups of the side chains in the adjacent dimers along the troughs to form C−H··O−C (COOC2H5) HBs (Figure 11g).



For BCDF molecule, the linear pattern is composed of tetramers (Figure 11d). Four BCDF molecules form an aggregate, serving as the fundamental unit to arrange orderly along the bright troughs. BCDF cores in diagonal within the tetramers are antiparallel and bonded by a type-I Br···Br contact, as well as interact with two adjacent antiparallel cores by C−H··Br HBs (Figure 11h).



For BHDF molecule, the lamellar and octamer patterns are observed at high concentrations. After continuous scanning, the octamer pattern will transform into the lamellar pattern. Whereas, at low concentrations, only the octamer pattern is observed. The lamellar pattern (Figure 11e) shows that BHDF molecules self-assemble into two-row troughs. Along the two-row troughs, four molecules form a tetramer (Figure 11e), which are adjacent to a dimer marked by the blue and green ellipses. The tetramers are formed by a pair of C−H···Br HBs, while the other antiparallel cores in top-left and bottom-right make no contribution. Neighboring tetramers along the direction of the side chains are interconnected by the interdigitated chains, leading to form four O−H··O−C HBs and two additional C−H···O−H (OH) HBs. The results reveal that the terminal functional groups play key roles in the regulation of 2D self-assembly nanostructures and serve as the triggers of XBs.




2.7. Self-Assembled Patterns of Phenanthrene Derivatives at the Liquid/HOPG Interface


Tuning the number and position of halogen substituents on the π-conjugated cores also affects the molecular arrangement on surfaces. The adjustment mechanism is illustrated via alkoxy substituted phenanthrene derivatives [84]. Self-assembled nanostructures of 2,7-DBHP, 3,6-DBHP, and 3−DBHP (Scheme 1i and Figure 12a–c) were observed at the 1-octanoic acid/HOPG interface. Both 2,7-DBHP and 3,6-DBHP could form densely packed columnar networks with edge-on orientation on the surface at relatively higher concentrations. This nanostructure is stabilized by interchain vdW interactions and π–π stacking between the π-conjugated cores. At low solution concentrations, the π-conjugated cores of 2,7−DBHP and 3,6−DBHP molecules adsorb on the HOPG surface with a flat-on fashion (Figure 12d,e). Molecular models for the adlayers of 2,7−DBHP and 3,6−DBHP are proposed, as shown in Figure 12g,h. For 2,7−DBHP, Br atoms tend to form Br···O (COO) XB with co-absorbated 1-octanoic acid molecules [41], whereas for 3,6-DBHP, three molecules arrange in a head-to-head fashion through type-I Br···Br contacts and H···Br bonds, which induce the formation of zigzag packing. At moderate concentrations, 2,7-DBHP can form an intermediate pattern, which consists of rows with flat-on and edge-on styled π-conjugated cores.



For 3-BBHP molecules, no solvent and concentration effects are observed in the self-assembly process. The molecules form a dimer with their bromine atoms in an antiparallel style, leading to the formation of two-fold nodes marked by a red circle in Figure 12f,i. The dislocated linear pattern is stabilized by triangular C−H···Br HBs. These results demonstrate that the different positions and numbers of Br atoms on the phenanthrene cores significantly affect intermolecular interactions and determine the outcome of supramolecular architectures.




2.8. Self-Assembled Patterns of Phenanthridine Derivatives at the Liquid/HOPG Interface


Four regioisomeric phenanthridine derivatives with different positions of halogen substituents and alkoxy chains (2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO) (Scheme 1j and Figure 13a–d) were synthesized in order to investigate the XBs in 2D self-assembled nanostructures by STM at the 1-phenyloctane/HOPG interfaces [85]. For 2,9-BHP and 3,8-BHP molecules, these two molecules form linear structures with the π-conjugated cores parallel to each other in each lamella (Figure 13i,k). The π-conjugated cores of 2,9-BHP molecules in neighboring rows pack in a head-to-head style and form a helical arrangement (Figure 13i). The molecular model (Figure 13m) displays that the intermolecular Br···N XBs and H···Br HBs stabilize the pattern. The arrangement of the π-conjugated cores for 3,8-BHP molecules has a right-handed rotation (Figure 13k). The stronger intermolecular XBs and HBs are the dominated forces to govern the arrangement of 2,9-BHP and 3,8-BHP molecules in 2D self-assembled adlayers.



In contrast, 2,9-BHPO forms a zigzag linear pattern (Figure 13j) stabilized by the H···Br and C−H···C=O HBs (Figure 13n); 3,8-BHPO can self-assemble into a lamellar arrangement with all the side chains stretching into the solution (Figure 13l). Four π-conjugated cores of 3,8-BHPO form a tetramer by four type-II Br···Br XBs, which induce the structural formation (Figure 13p). Due to the desorbed side chains in this pattern, the adlayer is not stable on the surface.



The position of the side chain attached to the π-conjugated cores of molecules also plays a significant role in determining the molecular arrangements. The alkoxy chain can rotate randomly to form dense packing. Whereas, the alkyl chain is rigid, and the C−N bond cannot rotate. Therefore, the chain−chain and chain-substrate vdW interactions for four molecules should not be ignored.




2.9. Self-Assembled Patterns of Thienophenanthrene Derivatives at the Liquid/HOPG Interface


Self-assembly of thienophenanthrene (TP) derivatives of 6,9-DBTD and 5,10-DBTD (Scheme 1k and Figure 14a) with triangle π-conjugated cores were investigated at the n-tridecane/HOPG interface by varying the solution concentration (from 10−3 to 10−6 M) [86,87]. A well-ordered lamellar structure of 6,9-DBTD (Figure 14e) is observed. It is obviously displaying that two TP π-cores form a dimer and arrange in a head-to-head style through two pairs of type-II Br···Br XBs and H···Br bonds, while adjacent dimers are bonded by a pair of C−H···O−C and H⋯Br HBs. Besides, the side chains arrange in a tail-to-tail style and are vertical to the rows (Figure 14j). When decreasing the solution concentration (1.6 × 10−5 M), the co-adsorbed linear pattern of 6,9-DBTD (Figure 14f) is observed. In one row, two TP π-cores form a dimer via a pair of C−H⋯O−C HBs with an antiparallel arrangement, while adjacent dimers form type-I Br···Br interactions (Figure 14k).



The 5,10-DBTD molecules (Figure 14b) self-assemble into a large organized domain with a vertebra-like pattern (Figure 14g) at a saturation concentration. Two TP π-cores arrange in a joint-like motif with an angle-to-angle style by intermolecular bifurcated Br···O−C and Br···S XBs. The adjacent 5,10-DBTD units are connected via C−H⋯Br and C−H···O−C HBs, which further strengthen this motif. Two rows of molecules are packed in an anti-parallel fashion and form the vertebra-like pattern, leading to the minimized polarity of the adlayer [88]. Therefore, 5,10-DBTD exhibits a distinct and nonidentical XB. With decreases in concentration, the hexagonal network of 5,10-DBTD with a 6-fold ring elementary structural motif is encompassed by two pairs of molecules and two single molecules (indicated by triangles) (Figure 14h). Two TP π-conjugated cores appear in pairs with anti-parallel orientations in dimer via type-I Br⋯Br interactions, marked by triangles with the same color. Besides, the TP π-cores marked by blue triangles form type-I Br···Br contacts with the molecules in the adjacent hexagonal ring (Figure 14 m), respectively. When further diluting the concentration (8.2 × 10−5 M), the typical STM image of the 5,10-DBTD adlayer shows the formation of a linear pattern (Figure 14i). The molecules take an anti-aligned arrangement, and their side chains stretch into one side of rows and vertical to the rows. Therefore, all the carboxyl group orientations might pack toward the conjugated TP core formed Br···O−C XBs, which play key roles in determining the structural formation. Besides, the adjacent TP cores are connected via a single type-I Br···Br interaction.



The halogen–heteroatom interactions can also tune the formation of 2D supramolecular networks at the liquid/solid interface. The 5,10-DBTD and 5,10-DITD molecules are investigated by combinations of STM observations and DFT calculations [89]. This experiment focuses on how the orientations of the ester substituent for 5,10-DBTD and 5,10-DITD affect positive charge distribution of halogens by DFT, which plays a key role in determining the formation of intermolecular XB and various self-assembled arrangements.



To confirm the formation of XB, different concentrations and substituted halogen atoms (Br and I) are adopted. Under saturated solution, a large organized domain with a vertebra-like motif of 5,10-DBTD (Figure 15c) is observed by STM at the 1-phenyloctane/HOPG interface. Two π-cores of 5,10-DBTD arrange in an infinite joint-like motif through bifurcated Br···O−C and Br···S XBs, as the red rectangle indicates in Figure 15c. The 5,10-DBTD molecules are connected by C−H···Br and C−H···O−C HB interactions, which further reinforce this ribbon pattern (Figure 15c). Because of the alkyl substitution in aromatic compounds with halogen atoms, the XBs and vdW forces dominate the formation of a self-assembled network on the HOPG surface. In this arrangement, the orientation of the side chains directly determines the orientation of carboxyl, leading to the formation of intermolecular Br···O−C XBs. The direction of Br···S XB is along the C−Br bond toward the positive charge region of the sulfur atom [70,90]. Thus, 5,10-DBTD exhibits distinct and nonidentical XBs that vary as a function of halogen identity. With decreasing solution concentration, an alternate vertebra-like structure is formed (Figure 15d), in which all the carboxyl groups orient to the π-conjugated cores (Figure 15h). The Br···O−C XBs play significant roles in controlling the formation of this pattern, except for the interchain vdW interactions.



When substituted halogen atoms are changed from a Br atom to an I atom, 5,10-DITD forms a honeycomb-like network composed of two zigzag lines (Figure 15e) at a saturated concentration. In each line, all the π-conjugated cores of 5,10-DITD arrange in an angle-to-angle style by successive intermolecular bifurcated I···O−C and I···S XBs (Figure 15i). All the side chains stretch into different directions. With further decreases in the solution concentration, an alternate-I pattern is formed (Figure 15f). The molecular packing in the zigzag line is the same as that in the honeycomb-like pattern. In the dimers, the side chains have the same stretching direction as those in the zigzag structure (Figure 15j), indicating that only the type-I I···I contact bond is formed. This work gives a deep insight into the role of ester orientation and concentration on the formation of halogen-heteroatom contacts, which proves relevant for identification of multiple XBs in 2D crystal engineering.



In addition, the concentration-dependent self-assembly of 5,10-DITD was investigated at the 1-octanic acid/graphite interface by STM [91]. Three chiral arrangements and 2D assembled structural transformation mainly controlled by XBs are clearly revealed. At high concentrations, the molecules self-assemble into a honeycomb-like chiral network (Figure 16c,d). Except for the interchain vdW forces, this nanostructure is stabilized by intermolecular continuous C−O···I···S XBs in each zigzag line. At a moderate concentration, a chiral kitelike motif (Figure 16e,f) is observed, in which the C−O···I···S and I···O−C XBs, along with the molecule–solvent C−O···I···H XBs are the dominated forces to determine the structural formation. At low concentrations, the molecules form a chiral cyclic network (Figure 16g,h) by molecule–molecule C−O···I···S XBs and molecule–solvent C−O···I···H XBs. The above results reveal that the type of intermolecular XBs and the number of the co-adsorbed 1-octanic acids determine the formation and transformation of chirality.



Based on the TP core, an asymmetric M1 molecule (Figure 17a) was designed and synthesized to investigate C−Br···π XB-induced molecular self-assembly at the n-hexadecane/solid interface [92]. According to the self-adaption principle of molecule geometry in 2D supramolecular self-assembly, three types of self-assembly dimers are predicted (Figure 17c), which are confirmed by STM experiment and DFT calculations. Three nanostructures (‘‘N’’ type, “tail-to-tail”, and discrete structures) are observed by continually decreasing concentrations (Figure 17d,f,h). Among the three nanostructures, the relative location of two molecular cores in dimer I is maintained, and the difference is only in the arrangement of alkoxy chains. The results demonstrate that dimer I not only has a high binding energy derived from the collaboration of C−H···Br···π bonds and the rigid directionality of C−Br···π XBs, but also has support from vdW forces generated from the suitable lengths of the side chains and n-hexadecane molecules.



Generally, changing the shape of the molecular π-conjugate core and varying the position, type, and number of halogen substituents of the molecules could modify the intermolecular interactions. The results indicate that these methods are efficient to further investigate XBs on surfaces, and these factors play significant roles in controlling the arrangement of nanostructures.





3. Conclusions


This review briefly documented the definition, research history, and essential properties of the XBs. The XB, as a “specific supramolecular interaction” has been widely used in the preparation of complex 2D self-assembly motifs. This review includes 28 molecules that were designed and home-synthesized carefully, and which were grouped by the similarity of π-conjugated cores. Those molecules within the same family are designed by changing the position and number of the halogen substituents on the aromatic conjugated cores and are used to explore the formation of XBs under different solvents and concentrations at the liquid/solid interface. STM observation and DFT calculations show that an X–X contact often is accompanied by a concomitant HB, and the two bonds act as the collaborative forces to stabilize the 2D adlayers. Moreover, varying the type, number and position of halogen substitutes on the π-conjugated cores can induce the rearrangement of the electronic density distribution of the molecules, which can give rise to new molecular arrangements on surfaces. However, to confirm the fabrication of networks driven by XBs, significant efforts need to be involved in the design of 2D crystal engineering. Furthermore, the dominant force of molecule–substrate interactions on the formation of self-assembled nanostructures is difficult to quantify in terms of the real contribution of XBs for stabilizing the supramolecular networks. Fortunately, the high-resolution STM images could support precise determination of interatomic distances (bond length) and angles (bond angle), which thus allows better insight into XBs and X–X interactions.
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Figure 1. Structural scheme for a halogen bond (XB). 






Figure 1. Structural scheme for a halogen bond (XB).



[image: Crystals 10 01057 g001]







[image: Crystals 10 01057 g002 550] 





Figure 2. Structural scheme for type-I (left) and type-II (right) halogen···halogen interactions. X = halogen atom; R = C, N, O, halogen atom, etc.; δ is surface potential. Type-II interaction is XB. 
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Scheme 1. Chemical structures of the halogenated molecules. (a) Molecules with different geometry symmetries of π-conjugated cores along C−Br bond (Br-BC16 and Br-NC16). (b) Bifunctional benzene derivatives (5-BHBA and 5-BHDB). (c) Bromine substituted coumarin derivatives (6-Br-Co16 and 6,8-Br-Co16). (d) Thiadiazole derivative (DBT). (e) Dithiophene derivative (Br-BTDBT). (f) Different halogen substituted (Br, Cl, and F) fluorenone derivatives (Br-FC15, Cl-FC15, and F-FC15). (g) Fluorenone derivatives with different positions of Br substituents (1-BFC15, 2-BFC15, and 3-BFC15). (h) Fluorenone derivatives with different terminal groups (BEDF, BCDF, and BHDF). (i) Phenanthrene derivatives with different numbers and positions of halogen substituents on the π-conjugated cores (2,7-DBHP, 3,6-DBHP, and 3−DBHP). (j) Four regioisomeric phenanthridine derivatives with different positions of halogen substituents and alkoxy chains (2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO). (k) Thienophenanthrene derivatives with different positions of halogen substituents on the π-conjugated cores (6,9-DBTD and 5,10-DBTD). (l) An asymmetric thienophenanthrene derivative (M1). All the 28 molecules are used to investigate the 2D supramolecular self-assembled nanostructures based on XBs in our group. 
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Figure 3. (a,d) Calculated electrostatic potential (ESP) maps of Br-BC16 and Br-NC16 under vacuum shown by red (positive) and blue (negative) regions. (b,e) High-resolution STM images of adlayers formed by Br-BC16 and Br-NC16 at the 1-octanoic acid/graphite interface. (c,f) Proposed molecular models for (b,e). Insets show the intermolecular interactions. The red lines show the H···Br bonds, and the green lines show the Br···Br contact. Reproduced from [71] with permission from the American Chemical Society. 
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Figure 4. (a–d) High-resolution STM images show the self-assembled T-like, dislocated, lip-like, and alternate patterns for the 5-BHBA adlayers at the 1-octanoic acid/highly oriented pyrolytic graphite (HOPG) interface by continually diluting concentration. Scanning areas: (a) 20 × 20 nm2; (b) 30 × 30 nm2; (c) 35 × 35 nm2; (d) 42 × 42 nm2. (e–h) Proposed molecular models for the assembly patterns of (a–d). Reproduced from [74] with permission from the Royal Society of Chemistry. 
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Figure 5. (a) Chemical structures of 5-BHDB and 1-BH. (b) Top and side views of the calculated 3D ESP map of 5-BHDB molecule. (c–f) High-resolution STM images showing the self-assembled linear I, linear II, wavelike, and linear III patterns for the 5-BHBA adlayers in 1-octanoic acid, 1-phenyloctane, n-pentadecane, and n-decane, respectively. (g–j) Proposed molecular models for the assembly (c–f) of the 5-BHBA. Reproduced from [77] with permission from the American Chemical Society. 
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Figure 6. (a,d) Molecular structures of 6-Br-Co16 and 6,8-Br-Co16. (b,e) High-resolution STM images of the 6-Br-Co16 and 6,8-Br-Co16 physiosorbed monolayers at the 1-phenyloctane/HOPG interface. Scanning area: 20 × 20 nm2. (c,f) Proposed molecular models of (b,e). The inset shows the possible intermolecular bonds. Reproduced from [78] with permission from the Royal Society of Chemistry. 
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Figure 7. (a,c,e) High resolution STM images of DBT adlayers in 1-phenyloctane, 1-octanoic acid, and 1-octanol, respectively. (b,d,f) proposed structure models of (a,c,e) for the DBT adlayers. Possible interactions are shown in the enlarged insets by yellow and blue dashed lines. Reproduced from [79] with permission from the Hindawi. 






Figure 7. (a,c,e) High resolution STM images of DBT adlayers in 1-phenyloctane, 1-octanoic acid, and 1-octanol, respectively. (b,d,f) proposed structure models of (a,c,e) for the DBT adlayers. Possible interactions are shown in the enlarged insets by yellow and blue dashed lines. Reproduced from [79] with permission from the Hindawi.



[image: Crystals 10 01057 g007]







[image: Crystals 10 01057 g008 550] 





Figure 8. (a) Chemical structure of Br-BTDBT. (b) Calculated 3D ESP map of Br-BTDBT core, note that the alkyl side chains are replaced by the methyl groups for brevity. (c) High-resolution STM image of the adlayer formed by Br-DTBDT at the 1-phenyloctane/HOPG interface. (d) Proposed molecular model of the linear structure. Inset shows the intermolecular interactions. Reproduced from [80] with permission from the Royal Society of Chemistry. 
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Figure 9. (a,b) Chemical structures of Br-FC15 and Cl-ClC15, and their calculated 3D ESP maps. (c–f) High-resolution STM images of the self-assembled lamellar and alternate-I patterns (Br-FC15), as well as alternate-II and dumbbell-like patterns (Cl-FC15) at the 1-phenyloctane/HOPG interface. Concentration: (c) 3.5 × 10−4 M; (d) 5.4 × 10−5 M; (e) 4.5 × 10−4 M; (f) 6.1 × 10−5 M. (g–j) Tentative structural models of (c–f). Intermolecular interactions are reflected in the enlarged insets. Reproduced from [81] with permission from the American Chemical Society. 
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Figure 10. (a–c) Calculated 3D ESP maps of 1-BFC15, 2-BFC15, and 3-BFC15 molecules. (d–g) High-resolution STM images show the self-assembled alternate-I (d, 1-BFC15), alternate-II (e, 2-BFC15), lamellar (f, 3-BFC15), and alternate-III patterns (g, 3-BFC15) at the 1-octanoic acid/HOPG interface, respectively. Scanning areas: 20 × 20 nm2. (h–k) Proposed molecular models of (d–g). Intermolecular interactions are reflected in the enlarged insets. Reproduced from [82] with permission from the American Chemical Society. 
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Figure 11. (a) Chemical structures of BEDF, BCDF, and BHDF. (b) Top and side views of the calculated 3D ESP map of Br substituted fluorenone core. (c–f) High-resolution STM images show the self-assembled dimer pattern (BEDF), tetramer pattern (BCDF), lamellar pattern (BHDF) and the octamer pattern (BHDF) at the 1-phenyloctane/HOPG interface, respectively. Scanning areas: 20 × 20 nm2. (g–j) Proposed molecular models of (c–f). Reproduced from [83] with permission from the Elsevier B. V. 
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Figure 12. (a–c) Molecular structures and their calculated 3D ESP maps of 2,7-DBHP, 3,6-DBHP, and 3-BBHP, respectively. (d–f) Self-assembled networks formed by 2,7-DBHP, 3,6-DBHP, and 3-BBHP at the 1-octanoic acid/HOPG interface, respectively. Scanning area: 15 × 15 nm2. (g–i) Proposed molecular models of (d–f). Reproduced from [84] with permission from the Royal Society of Chemistry. 
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Figure 13. (a–d) Chemical structures of 2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO and their calculated 3D ESP maps (e–h). (i–l) High-resolution STM images of 2,9-BHP, 2,9-BHPO, 3,8-BHP, and 3,8-BHPO adlayers at the 1-phenyloctane/HOPG interface. (m–p) Proposed molecular models of (i–l). Image area: (i,j,l) 20 × 20 nm2; (k) 15 × 15 nm2. The insets in each model show intermolecular interactions. Pink: Br···N bonds; black: Br···H bonds; blue: type-II Br···Br XBs. Reproduced from [85] with permission from the American Chemical Society. 
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Figure 14. (a–d) Chemical structures of 6,9-DBTD and 5,10-DBTD and their calculated 3D ESP maps. (e,f) High-resolution STM images show the lamellar structure (1.2 × 10−4 M) and co-adsorbed linear pattern (6.2 × 10−5 M) of 6,9-DBTD adlayers at the n-tridecane/HOPG interface. (g–i) High-resolution STM images showing vertebra-like structure (2.8 × 10−4 M), hexagonal network pattern (5.7 × 10−5 M), and linear pattern (5.3 × 10−6 M)) of 5,10-DBTD adlayers at the n-tridecane/HOPG interface. Image area: (e–g,i) 20 × 20 nm2, (h) 17 × 17 nm2. (j–n) Proposed structural models of (e–i). Reproduced from [86,87] with permission from the Royal Society of Chemistry. 
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Figure 15. (a,b) Chemical structures of 5,10-DBTD and 5,10-DITD, and their calculated 3D ESP maps. (c,d) High-resolution STM images of vertebra-like (2.5 × 10−4 M) and alternate vertebra-like (9.7 × 10−5 M) patterns of 5,10-DBTD adlayers at the 1-phenyloctane/HOPG interface, respectively. (e,f) High-resolution STM images of honeycomb-like (6.6 × 10−4 M) and alternate chiral (8.2 × 10−5 M) patterns of 5,10-DBTD adlayers at the 1-phenyloctane/HOPG interface, respectively. Scanning area: 20 × 20 nm2. (g–j) Proposed structural models of (c–f). Insets show the intermolecular interactions. Reproduced from [89] with permission from the American Chemical Society. 
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Figure 16. (a) Chemical structure of 5,10-BITD. (b) Calculated 3D charge density maps of 5,10-DITD with different configurations of ester groups. (c–h) High-resolution STM images of CCW and CW honeycomb-like, kite-like, and cyclic networks formed by 5,10-DITD at the 1-octanic acid/HOPG interface (2.0 × 10−3 M; 5.0 × 10−4 M; 5.0 × 10−5 M; scanning area: 20 × 20 nm2). (i–n) Proposed molecular models of (c–h) showing R and L kite-like, kite-like, and cyclic networks. Reproduced from [91] with permission from Elsevier B.V. 
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Figure 17. (a) Chemical structure of M1. (b) Calculated 3D ESP map of the M1 conjugated core. (c) Possible self-assembly dimers of M1 containing Br···π XB (dimer I), C−H···Br HBs (dimer II), and type-I Br···Br interactions (dimer III) depicted by red, blue, and green dotted lines, respectively. (d) A high-resolution STM image of the linear structure consisted of dimer I at the n-hexadecane/HOPG interface. Some dimer II structures are excluded by the black dotted rectangle. (f,h) High-resolution STM images showing the “tail-to-tail” and discrete structures, respectively. (e–i) Proposed structural models of (d,f,h). Image size: 20 × 20 nm2. Reproduced from [92] with permission from the Royal Society of Chemistry. 
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