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Abstract: Fluid interfaces provide an advanced platform for directed 

self-assembly of organic composites and formation of supramolecular 

polymers (SPs). Intermolecular interactions govern the 

supramolecular polymerization processes, with hydrogen bonding (H-

bonding) as a key interaction in supramolecular chemistry and biology. 

Two purposefully designed supra-amphiphiles for assessing the role 

of H-bonding were designed and their supramolecular polymerization 

(SP) at the air/water interface was compared. H-bonding was 

confirmed by in situ experimental and computational techniques as 

the required intermolecular interaction for attaining SPs with well-

defined molecular arrangement. Control of H-bonding as opposite to 

traditionally considered interactions, e.g., π-π stacking is proposed as 

a successful strategy for SP at fluid interfaces.  

Introduction 

Supramolecular chemistry at interfaces allows a delicate interplay 

between intermolecular interactions.[1,2] A broad array of two-

dimensional (2D) materials can be obtained via interfacial self-

assembly.[3–5] Air/liquid interfaces are highly relevant in this sense, 

allowing a high degree of conformational freedom and 

intermolecular interactions between the molecules located at the 

interface.[6,7] In this regard, supramolecular polymers (SPs) are 

highly versatile materials with multiple applications.[8] While 

solid/liquid and liquid/liquid interfaces have been used for 

obtaining SPs at interfaces, whereas air/liquid interfaces remain 

a promising platform in this sense.[9–12] 

Hydrogen bonding interactions (H-bonding) are commonly used 

directional non-covalent forces for directing self-assembly 

processes, both in solution and in bulk conditions.[13–15] In addition, 

H-bonding at the air/water interface has been successfully applied 

to monolayers of surfactants with complex headgroups for 

sustaining the 2D crystalline structure.[16] For instance, urea 

groups have been included in derivatives of phospholipids for 

promoting the formation of intermolecular H-bonds, thus reaching 

a new condensed phase.[17] 

Hydration effects are widely known to have a large impact on 

supramolecular self-assembly.[18,19] We thus envisaged the 

confinement of amphiphilic monomers for supramolecular 

polymerization (SP) at a hydrophobic/hydrophilic interface, i.e., 

air/water interface, as a relevant strategy to control hydration, self-

assembly, and H-bonding.[20] Moreover, such interfacial self-

assembly should provide high predictability of the formed SPs, 

given that the process would be exclusively triggered by 

mechanical stimulus.[21] Note that supramolecular polymerization 

involve reversible, non-covalent intermolecular interactions and 

ordering of the monomers, as opposed for classical 

polymerization in which covalent bonds are formed between 

monomers. Hydrophilic PEGylation of exclusively one phenyl ring 

and substitution with hydrophobic alkyl chains of the opposite 

phenyl ring are reported strategies to obtain amphiphilic 

monomers for self-assembly.[22–24] 

Results and Discussion 

In this work, we examine the role of directional H-bonding 

interactions in SP at the air/water interface. To this end, we 

designed two discrete amphiphilic derivatives 1 and 2 that differ 

in the absence or presence of H-bonding synthons (Figure 1A, for 

synthesis and characterization, see the Supporting Information 

(S.I.) and the report from Percec et al.[25]). The trisubstitution of 

the peripheral benzene rings with alkoxy or ethylene glycol chains 

is a common structural element of multiple examples of 

monomers undergoing SP. For both derivatives, solvophobic 

interactions and π–stacking[26,27] are expected to play an 

important role at the air/water interface. While derivative 1 

features an alkyne spacer between the two aromatic rings, 

derivative 2 comprises an amide group included to promote self-

assembly into well-defined SPs via H-bonding. Note that 

alternative chemical groups, e. g., ester group or methylated 

amide groups might also be of relevance for studying the 

intermolecular H-bonding. 
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Figure 1. (a) Molecular structure of amphiphilic derivatives 1 and 2. (b) Surface 

pressure-molecular area isotherms of 1 and 2 at the air/water interface. (c) In 

situ UV-vis reflection spectra of 2 at the air/water interface. The area values per 

molecule are noted in the inset. 

Both 1 and 2 derivatives displayed amphiphilic character, forming 

monolayers at the air/water interface (Figure 1B). Each molecule 

formed a monolayer film and was compressed and expanded 

using the mechanical stimulus provided by the Langmuir 

technique with no significant hysteresis (see Figures S3, S4). 

Compounds 1 and 2 formed stable films at the air/water interface, 

with a collapse surface pressure above 40 mN·m-1. Remarkably, 

significantly different areas per molecule were obtained. The 

isotherm for 1 showed a lower than expected limiting area of ca. 

0.1 nm2 per molecule, while a final value of 0.6 nm2 would be 

expected for a completely upright conformation of the three alkyl 

chains.[28] Thus, some loss of molecules to the subphase after 

spreading and prior to compression is expected, given the full 

recovery in the isotherms (Figure S3). In contrast, the limiting area 

in the isotherm of 2 by extrapolating the linear region of the 

isotherm at high surface pressure to the intercept at 0 mN/m was 

ca. 0.6 nm2 per molecule, in full agreement with the expected 

value considering a tight packing of 2 at the air/water interface. 

The extent of aromatic interactions was monitored by in situ UV-

vis reflection spectroscopy at the air/water interface.[29] Amide 

derivative 2 displayed a UV-vis reflection peak centered at ca. 295 

nm (Figure 1C). The UV-vis reflection signal increased with 

decreasing available surface area per molecule, indicating the 

persistence of molecules of 2 at the monolayer on the air/water 

interface and further confirming the amphiphilic character of 2. 

Similar results were obtained for 1, with a UV-vis reflection peak 

at ca. 303 nm (Fig. S5). The comparatively low UV-vis reflection 

signal of 1 might originate from a certain non-ordered aggregation 

of the monomers of 1 into the subphase upon completion of a 

monolayer, which is highly stable and reproducible according to 

the isotherms in Figure S3 as mentioned above. A certain fraction 

of 1 was dispersed into the water subphase, probably as 

aggregates with the poly(ethylene glycol) providing the outer 

hydrophilic surface. Once the stable amount of 1 is present at the 

air/water interface after spreading, the monolayer is highly stable. 

The UV-vis reflection data also provided insights on the 

aggregation of the aromatic rings through variations in the 

maximum value of the reflection intensity (ΔRmax) at different 

values of surface concentration (Figure 2A,C). While 1 displayed 

an increase of the intensity with a maximum value at early stages 

of compression, a steady and lineal growth of the intensity was 

observed for 2 up to a limiting value of ΔRmax = 0.13. 

 

 

Figure 2. (a) Maximum value of the UV-vis reflection spectra of 1 at the air/water 

interface at different surface concentrations. (b) Values of normalized UV-vis 

reflection spectra (ΔRnorm = ΔR·A) of 1 at the air/water interface at different 

surface concentrations. Relevant values of the orientation factor (forient) are 

included for reference. (c) Maximum value of the UV-vis reflection spectra of 2 

at the air/water interface at different surface concentrations. (d) Values of 

normalized UV-vis reflection spectra (ΔRnorm = ΔR·A) of 2 at the air/water 

interface at different surface concentrations. Boundary values of the orientation 

factor (forient) are included for reference. 

From equation (1), the normalized UV-vis reflection intensity 

(ΔRnorm) could be obtained: 

 

ΔRnorm = ΔR·A   (1) 

 

where A is the area per molecule. The variation of ΔRnorm with the 

surface concentration of the derivatives (1/A) provided 

information on the relative orientation of the transition dipole of 

the aromatic core of the molecules with respect to the water 

surface, according to equation (2): 

 

ΔRnorm = 5.41·106·forient·ε   (2) 

 

where ε is the molar extinction coefficient ε = 5.41·106 M-1·cm-1 

from the UV-vis reflection spectra at high values of area per 

molecule of 2, in agreement with the bulk UV-vis spectrum. forient 

is the orientation factor. Values of the orientation factor forient = 1.5, 

1.0, and 0.5 correspond to parallel, random, and perpendicular 

orientations of the transition dipole of the aromatic core with 

respect to the water surface, respectively. 

The orientation factor of 1 suggested gradually varying orientation 

at almost any surface concentration, with most of the UV-vis 

reflection spectra a random orientation with values of forient 

scattered around 1 (Figure 2B). In contrast, the molecular 

ordering of 2 increases upon decreasing the available surface 

area (see Figure 2D), starting from a parallel arrangement with 

respect to the water surface, at forient = 1.5, and reaching a 

perpendicular arrangement when highly compressed at forient = 0.5. 

This perpendicular arrangement of the aromatic groups with 
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respect to the air/water interface was in agreement with the 

molecular area observed for 2 (see Figure 1B). Despite that the 

variation of the orientation of 1 and 2 with compression is similar, 

the arrangement of 1 shows a significantly more scattered shift of 

the UV-vis reflection peak, in contrast to the well-defined shift for 

2. These UV-vis spectroscopy results suggest aggregation and 

local modification of the dielectric environment for 1 and a well-

defined process of SP for 2 (Figure S6).[30] The values of the tilt 

angle of the transition dipole of the aromatic core were calculated 

from the values of the orientation factor, further confirming this 

behavior (Figure S7). Therefore, the formation of SPs of 2 with 

well-defined molecular arrangement at the air/water interface was 

supported by the UV-vis reflection spectra.  

The morphology of the aggregates was observed in situ at the 

air/water interface by Brewster Angle Microscopy (BAM).[31] The 

BAM pictures for molecule 1 remained rather homogenous during 

the compression process (Figure S8); only some bright small dots 

appeared, probably corresponding to solid-like aggregates of 1, 

in agreement with the UV-vis reflection data. The BAM pictures 

for the monolayer of 2 displayed a completely homogenous 

morphology during compression at large values of area per 

molecule (Figure S9). However, twisted and spiral-like 

aggregates with sizes of several microns appeared at reduced 

surface area values of ca. 0.3 nm2 per molecule (Figure 3). The 

aggregates of 2 were composed of anisotropic ordered molecules 

forming the SPs.[32] 

Figure 3. (Left) FTIR spectra of 32 monolayers of 2 transferred onto a CaF2 

substrate showing the CH2 stretching region (right) and the C=O stretching band 

(left). (Right) Brewster Angle Microscopy picture of SPs of 2 recorded at the 

air/water interface. The value of the surface pressure and area per molecule is 

noted in the inset. 

The formation of these SPs is promoted by the amide group of 2, 

given the absence of any SP in 1. Note that, with successive 

cycles of compression and expansion, the SPs at the interface 

formed grain-like domains of comparatively smaller sizes for the 

second cycle, while only a small fraction of bright dots was 

observed during the third cycle (Figure S10). This morphological 

change might point to a certain memory effect of the SPs even 

after disassembly promoted by the H-bonds in 2. The ordered 

structures at microscopic level were observed exclusively in the 

first cycle and might contain solid-like nuclei that persisted as the 

observed bright dots during the second and third cycles. The 

compression to the quasi-collapse region of the monolayer 

required to obtain the observed SPs might indicate a 

thermodynamic barrier that can be surmounted by applying a 

mechanical stimulus to the film formed by 2.[33] 

The formation of H-bonds was confirmed by ex-situ FTIR spectra 

(Figure 3). Thirty-two monolayers of 2 were transferred onto a 

CaF2 solid substrate at 30 mN·m-1 to obtain adequate signal-to-

noise ratios. Note that this region of the isotherm shows highly 

packed structures. This packing avoids collapse of the film 

disrupting the LS transfer by local perturbation in the monolayer 

induced by the transfer process. Therefore, the LS transfer for ex-

situ FTIR measurements was performed at 30 mN/m. 

The carbonyl stretching band was located at ca. 1626 cm-1, with 

a shoulder at ca. 1620 cm-1. These values of frequency were in 

agreement with the participation of the amide group of 2 in strong 

H-bonding.[34] The physical state of the alkyl chains of 2 was 

assessed by the position of the IR bands corresponding to the 

methylene units. The symmetric and asymmetric vibrational 

modes of the methylene groups were found at 2850 and 2919 cm-

1, respectively. These values correspond to the alkyl chains in all-

trans conformation, confirming the tightly packed arrangement. 

Molecular dynamics (MD) simulations were performed to gain 

further insights on the self-assembly process and the final SPs.[35] 

Thirty-two molecules were placed at the air/water interface on a 

compressed scenario of 0.59 nm2 per molecule (Figures 4A and 

S11). A clearly ordered distribution in slabs of triethylene glycol 

(TEG) chains, aromatic groups, and hydrophobic chains was 

obtained (Figure 4B). The minimum in the water distribution 

indicated a relatively dehydrated region.[36] This narrow region of 

ca. 0.5 nm corresponds to the transition between the TEG chains 

and the amide group, both establishing H-bonds with surrounding 

water molecules. The local dehydration might be ascribed to the 

competition of the mentioned groups to bind water molecules. The 

MD simulations suggested that the H-bonds are directing the 

formation of well-defined SPs sustained mainly by the amide 

groups (Figures 4C and S12). Note that the formation and 

exchange of H-bonds is a dynamic process and Figure 4C shows 

a snapshot. The radial distribution function of NH-to-O atoms 

further confirmed the significant formation of H-bonding with a 

maximum at ca. 0.19 nm.[37] 
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Figure 4. (a) Snapshot of the MD simulations of monolayer of 2, side view. 

Green: TEG, blue: amide group, grey: alkyl chains. (b) Atomic distribution 

density of water, aromatic + amide groups, TEG + alkyl chain groups, and total 

atomic density in the monolayer of 2. (c) Top view of the monolayer of 2 showing 

the formation of H-bonds as dashed blue lines. Nitrogen and oxygen atoms are 

displayed in blue and red, respectively. 

A hexagonal distribution of the hydrophobic chains was observed, 

as expected for alkyl chains in a highly packed and ordered 

structure (Figure S13). This agrees with the values obtained for 

the order parameter (Pord), defined by equation (3):  

 

 

    (3) 

 

 

A value of Pord = 1.0 is interpreted as a fully perpendicular 

orientation of the alkyl chains with respect to the air/water 

interface, while a value of 0 indicates a random orientation of the 

tail with respect to the z axis (Figure S14). A high degree of order 

was obtained, in agreement with the previously observed tight 

packing of 2 molecules at the air/water interface. 

 

Conclusion 

In summary, two structurally related amphiphilic derivatives (1 

and 2) featuring nonpolar dodecyloxy chains on one molecule end 

and water-soluble TEG chains on the opposite end were 

purposefully designed for directed self-assembly at air/water 

interfaces. Our molecular design allows for multiple interactions 

upon interfacial SP, including chain immiscibility along with 

aromatic, hydrophobic interactions, and H-bonding. Interestingly, 

the presence of an additional amide group for 2, which is lacking 

for 1, allowed us to rationalize the effect of hydrogen bonding on 

SP processes at air/water interfaces. While the intermolecular 

interactions of 1 produced a stable film at the air/water interface, 

the existence of an amide group in 2 resulted in a well-defined 

supramolecular structure under mechanical stimulus. The 

obtained molecular arrangement has been comprehensively 

characterized by a combination of experimental and 

computational data, demonstrating that directional interactions 

can induce large differences in the outcome of SP at the air/water 

interface. Our strategy contributes to broaden the scope of 

applicability of amphiphilic self-assembled systems, ranging from 

interfacial self-assembly to fluid and solid interfaces and paves 

the way for further investigation including additional chemical 

groups for promoting intermolecular interactions. 

 

Experimental Section 

Experimental information, synthesis of derivative 1, surface pressure-

molecular area isotherms, UV-vis reflection spectra, Brewster Angle 

Microscopy pictures, and computational studies. 
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