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a,b

Complex biomolecules, including carbohydrates, frequently have molecular surface footprints larger than those in broadly 
utilized standing phase alkanethiol self-assembled monolayers, yet would benefit from structured orientation and clustering 
interactions promoted by ordered monolayer lattices. Striped phase monolayers, in which alkyl chains extend across the 
substrate, have larger, more complex lattices: nm-wide stripes of headgroups with 0.5 or 1-nm lateral periodicity along the 
row, separated by wider (~5 nm) stripes of exposed alkyl chains. These anisotropic interfacial patterns provide a potential 
route to controlled clustering of complex functional groups such as carbohydrates. Although the monolayers are not 
covalently bound to the substrate, assembly of functional alkanes containing an internal diyne allows such monolayers to 
be photopolymerized, increasing robustness. Here, we demonstrate that, with appropriate modifications, microcontact 
printing can be used to generate well-defined microscopic areas of striped phases of both single-chain and dual-chain 
amphiphiles (phospholipids), including one (phosphoinositol) with a carbohydrate in the headgroup. This approach 
generates hierarchical molecular-scale and microscale interfacial clustering of functional ligands, prototyping a strategy of 
potential relevance for glycobiology. 

Introduction
Interfaces with precisely constructed chemical environments at 

micrometer and nanometer scales are required for applications 
ranging from the design of electronic devices to the controlled 
display of complex biomolecules.1 Increasingly, the goals of 
controlling interfacial structure may include not only positioning 
functional groups on the surface, but also controlling their 
orientation, clustering, or placement relative to other functional 
groups, mimicking complex structures such as those in cell 
membranes. 

Monolayers of molecules such as alkanethiols have been broadly 
utilized to structure interfacial chemistry, particularly on coinage 
metals.2 In  alkanethiol monolayers,  ordered lattices of alkyl chains 
position terminal functional groups with nearest-neighbor distances 
~0.5 nm, tilted at angles influenced by the bond between the thiol 
and the substrate.2 Lattices displaying simple functional groups (e.g. 
carboxylic acids) influence further assembly at the interface (e.g. 
selecting for specific crystal facets of calcite); microcontact printing 
enables geometrically patterned assembly over microscopic (or large 
nanoscopic) areas.3-5 

Controlling presentation of more complex, biologically relevant 
functionalities raises new challenges. In biological environments, 

polysaccharides, peptides, and other entities are presented in 
controlled orientations, with both nanoscale and microscale spatial 
ordering. To mimic elements of these environments for applications 
such as high-throughput screening of biomolecular interactions,6-7 it 
would be useful to present microstructured areas of surface 
containing nanostructured clusters of specific ligand chemistries, 
enabling multivalent binding similar to molecular recognition events 
in the glycocalyx.8-17 

     However, even monosaccharides occupy interfacial footprints 
substantially greater than that of an alkyl chain in an alkanethiol 
monolayer (~0.25 nm2). Thus, creating simple lattices of these larger 
moieties becomes less straightforward. Designing complex clusters 
of functional groups at biologically relevant scales—with linear 
dimensions large relative to alkyl chain nearest neighbor distances in 
standing phases (>0.5 nm) but small relative to those typically 
achieved through microcontact printing (significantly < 100 nm)—
becomes especially challenging. 

One complementary strategy for clustering structures with larger 
footprints arises from a transformation to the monolayer structure.1 
Since at least the 1960s, it has been known that long-chain alkanes 
can adopt lying down orientations on graphite and other layered 
materials such as MoS2 and WS2.18-19 More recently, the surface 
chemistry of 2D materials (particularly graphite and graphene) has 
been regulated using striped phases of functional alkanes,18-23 in 
which the alkyl chains extend horizontally across the substrate.  
Scanning probe microscopy studies18-23 have shown that this 
arrangement produces nm-wide stripes of headgroups with 0.5 or 1-
nm lateral periodicity along the row (for single-chain and dual-chain 
amphiphiles, respectively), separated by wider (~5 nm, dependent 
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on chain length) stripes of exposed alkyl chains. Assembly of 
functional alkanes containing an internal diyne allows the monolayer 
to be photopolymerized, creating a conjugated ene-yne polymer 
backbone that has been studied extensively in the context of 
molecular electronics.21,23-24 Polymerization also stabilizes the 
noncovalently adsorbed monolayer, increasing potential utility of 
patterns of functional groups displayed at the interface.25-27

Just as clustering of functional groups at biological active sites 
creates unique chemical environments to promote specific 
interactions, precise positioning of functional groups in striped 
phases also creates unique chemical environments (Fig. 1). We have 
observed that striped phases of diyne phospholipids26 exhibit distinct 
characteristics in comparison with striped phases composed of other 
amphiphiles.28 Phospholipids can adopt a ‘sitting’ orientation in 
which the terminal amine in the headgroup protrudes a few 
Ångströms from the interface.26 The phosphate and ester functional 
groups create a tailored chemical environment around the amine. 
Both head and chain structures influence nano- and micro-scale 
assembly of striped phases,27,29-30 and chain elements including the 
position of the polymer backbone can be used to modulate solvent 
availability of the polar headgroups.28 Flexible 1D zwitterionic arrays 
formed by the striped phase also impact further assembly of 
inorganic and organic nanostructures at the interface.31-32 More 
broadly, the striped phospholipid polymer architecture represents a 
potential means for flexible yet controlled presentation of ligands at 
the interface.

Microcontact printing of striped phases (Fig. 1d) has the potential 
to combine microscopic geometric control over surface chemistry 
with molecular-scale control over ligand presentation, a capability of 
potential use in glycobiology. However, the strong focus on 
molecular-scale structure in noncovalent striped-phase monolayers 
on highly oriented pyrolytic graphite (HOPG) has meant that such 
monolayers are typically ordered and characterized at length scales 
<100 nm.33-35 Recently, we have shown that some amphiphiles order 
into striped phases with edge lengths >10 µm,27 scales relevant to 
controlling interactions with biological entities, and that monolayer 
ordering can be characterized by scanning electron microscopy 
(SEM), making it possible to characterize surface functionalization up 
to mm scales.29-30,36 Some noncovalent monolayers can also be 
robust enough to survive vigorous solution processing and other 
environmental interactions.27,31 

Here, we demonstrate microcontact printing of striped phases of 
amphiphiles on HOPG, utilizing both diyne amphiphiles (e.g. diynoic 
acids, diyne phospholipids) and a saturated phosphoinositol. This 
approach generates hierarchical molecular-scale and microscale 
interfacial clustering of functional ligands, including carbohydrates, 
prototyping a strategy of potential relevance for controlled 
presentation of carbohydrates at interfaces.   

Fig. 1. Illustrations of: (a) striped phase of diynoic acids on HOPG, showing 
0.47 nm distance between functional groups along stripe direction; (b) 
striped phase of diyne phospholipids, showing 0.94 nm distance between 
functional groups along row; (c) multiple rows of striped phase, showing 
lamellar periodicity, a route to nanoscale ordering of complex functional 
groups; and (d) illustration of poly(dimethylsiloxane) (PDMS) transfer of 
amphiphiles to HOPG to form striped phases.

Results and Discussion
Preparation of striped monolayers on HOPG. Striped monolayers of 
both single-chain amphiphiles (e.g. 10,12-pentacosadiynoic acid ( 
PCDA), Figure 2a,b) and dual-chain amphiphiles (e.g. 1,2-bis(10,12-
tricosadiynoyl)-sn-glycero-3-phosphocholine (diyne PC), Figure 2a,c)  
are typically prepared via drop-casting or Langmuir-Schaefer (LS) 
conversion,23,26-27,31,37-38 then polymerized via UV irradiation and 
characterized by atomic force microscopy (AFM) (Figure 2d,e). In 
AFM images, striped lamellar patterns are oriented at 120° angles, in 
epitaxy with the HOPG lattice; each stripe represents a row of lying-

Page 2 of 8Faraday Discussions



Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

down molecules. SEM images of striped phases (Fig. 2f–i) typically 
exhibit brighter areas representing the molecular domains, against a 
darker background of HOPG. Long linear features along the image 
diagonals in Fig. 2f,g represent step edges in the HOPG substrates. 
Higher-resolution SEM images (Fig. 2h,i) reveal linear defects within 
the ordered molecular domains, highlighting the directionality of the 
molecular rows.29 Use of this combination of techniques enables us 
to characterize both microscopic and nanoscopic ordering in striped 
phases, including those with carbohydrate headgroups (vide infra).

Fig 2. (a) Structures of PCDA and diyne PC. (b,c) Molecular models of 
striped phases of (b) PCDA  and (c) diyne PC on HOPG. (d,e) AFM images of 
striped phases of (d) PCDA and (e) diyne PC, illustrating lamellar pattern. (f–i) 
SEM images of striped phases of (f,h) PCDA and (g,i) diyne PC, illustrating long-
range ordering.

Preparation of patterned striped monolayers on HOPG by 
microcontact printing. Microscopic patterns of striped phase 
monolayers were prepared on HOPG by microcontact printing,14 as 
shown in Fig. 3. Stamps used for microcontact printing of alkanethiols 
on gold are commonly prepared with a 10:1 ratio of elastomer base 
to crosslinker, resulting in a nominal elastic modulus of ~2.6±0.02 
MPa at commonly used curing conditions (65 °C, 1 h).39 For transfer 
to HOPG, which has relatively low local surface roughness, we often 
found that stamps prepared with a 10:2 ratio of base to crosslinker 
(nominal elastic modulus 3.6±0.1 MPa)39  improved transfer fidelity, 
while still enabling conformal contact.

A number of studies have previously examined factors relating to 
ink delivery to the substrate, with the goals of limiting diffusion of 
the ink outside the stamp contact area,40-42 and limiting delivery of 
impurities from the PDMS stamp.41,43 Delivering a controlled amount 
of diyne amphiphile to the substrate is especially important in 
assembling noncovalent monolayers; screening several possible 
methods for controlling diyne amphiphile delivery, we found that 
immersing the stamp in a solution of amphiphile in carrier solvent 
(1.1 mM for PCDA and single-chain amphiphiles, 0.55 mM for diyne 
PC and dual chain amphiphiles, maintaining the concentration of 
alkyl chains) generally maximized coverage of striped phase inside 
the contact area while minimizing coverage outside the contact area.

Fig 3. (a) SEM image of microscopic areas of PCDA striped phases 
assembled on HOPG by microcontact printing. (b) Higher-resolution SEM 
image illustrating coverage in square interior and small fractional coverage of 
molecular domains assembled outside stamp contact area. AFM image (inset 
in (b)) shows striped phase structure.
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Ink concentrations used here are similar to those typically 
utilized for assembly of standing phases of alkanethiols on Au (1–10 
mM),2 although fewer molecules are required to fill a given area of 
the surface: the molecular footprint of an alkyl chain in a lying-down 
phase (1.5 nm2 for PCDA) is much larger than for a standing phase 
(~0.25 nm2). Fig. 3a and b show SEM images of a pattern of squares 
transferred to HOPG using the stamp preparation and inking 
conditions described above. Fig. 3b shows a higher-resolution image 
of the square pattern. High coverage is observed within the squares; 
AFM is used to verify that molecular coverage is comprised of striped 
domains (Fig. 3b, inset, and Supporting Information). Areas between 
the square stamp contact areas (channel regions) contain low 
number densities of long, narrow molecular domains characteristic 
of submonolayer island nucleation and growth under conditions of 
low surface monomer concentrations.44 Areas between squares also 
contain material that appears in dark contrast in SEM images. Similar 
features appear on substrates brought into contact with stamps 
wetted with the carrier solvents in the absence of amphiphile (see 
Supporting Information). Deposition of impurities is also common in 
microcontact printing of alkanethiols on gold. Previous studies 
suggest that the deposited material is the oligomeric PDMS 
crosslinker, in which hydrosilyl groups undergo oxidation to form 
more polar species exhibiting increased solubility in the ink or carrier 
solvent.43,45

Transfer characteristics of single-chain amphiphiles based on chain 
length. In using a striped phase to pattern functionality at an 
interface, shorter chain lengths correspond to smaller stripe pitch 
values, and thus shorter distances between linear clusters of 
functional groups on the surface (Fig. 4a). However, chain length also 
impacts dynamics in the self-assembly process. In previous 
demonstrations of microcontact printing to form standing phases 
(e.g. alkanethiols on Au), others have observed that molecular 
diffusion around the stamp contact area increases for molecular inks 
with shorter chains.46-48 Here, we tested transfer and assembly of 
10,12-diynoic acids with chain lengths from 21 to 29 carbons to form 
noncovalently adsorbed striped phases to better understand the 
range of pitches that can reasonably be established, and the fidelity 
of patterning (Fig. 4b-d). In the figure, areas exhibiting linear defects 
typical of striped phases (similar to those in Fig. 2h) have been 
colored yellow as a guide to the eye. Image segmentation was used 
to estimate the average distance over which each amphiphile spread 
outside the stamped area in areas with good stamp contact (Fig. 4d, 
see Supporting Information for example AFM images used for 
segmentation). The average band through which molecules diffuse 
decreases in width from ~600 nm for HCDA to ~50 nm for NCDA. For 
all four carboxylic acids, the number density of domains is 10–20 per 
µm2 within the contact area, which is reasonable given that the 
monomer concentration in the ink solution was the same for each 
molecule.

Fig 4. (a) Molecular models of diynoic acid striped phases with the longest 
(29 carbon) and shortest (21 carbon) chains utilized in these experiments. (b–
d) SEM images of 10,12-diynoic acids: (b) nonacosadiynoic acid (NCDA, 29-
carbon chain), (c) pentacosadiynoic acid (PCDA, 25-carbon chain), (d) 
henicosadiynoic acid (HCDA, 21-carbon chain). (e) Average domain number 
density per µm2, N, and average distance molecular layer extends outside 
stamped area, d, for chain lengths from 21–29 carbons.

Transfer of dual-chain amphiphiles. Commercially available diyne 
phospholipids have two alkyl chains and a zwitterionic headgroup, 
which would be expected to modulate molecular transfer and 
spreading on the substrate in comparison with the single-chain 
carboxylic acids transferred above. Here, we test the transfer 
behavior of two diyne phospholipids, 23:2 diyne phosphocholine 
(diyne PC, Fig. 5) and 23:2 diyne phosphoethanolamine (diyne PE, Fig. 
6). The phospholipid structures are identical with the exception that 
the bulky terminal quaternary ammonium in the PC headgroup (Fig. 
5a) limits molecular packing in comparison with PE, which has a 
smaller terminal primary amine.

Transfer conditions similar to those optimized for single-chain 
amphiphiles result in a large fraction of standing phase formation 
(bright areas in square centers) (Fig. 5b, highlighted in yellow as a 
guide to the eye; also see Supporting Information). This is reasonable 
given the large number of alkyl carbons per molecule, promoting 
interchain interactions leading to standing phase formation. To 
mechanically destabilize interchain interactions (e.g. standing 
phases) on the stamp, and to initiate domain growth from a limited 
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area (to increase post-transfer molecular alignment), we tested 
molecular delivery by rolling the stamp along the HOPG surface (Fig. 
5c,d, see Supporting Information for more experimental detail 
regarding rolling procedure). Testing transfer from stamps prepared 
with both 10:1 and 10:2 PDMS elastomer base:crosslinker ratios, we 
found that rolled contact increased the percentage of molecular 
transfer that produced striped phases (to near 100% for 10:2 stamps 
with rolled contact, Fig. 5e). Flat contact typically resulted in 
underfilling of the stamp contact area, while rolled contact resulted 
in average coverage zones extending nearly 1 µm outside the stamp 
contact area (as visible in Fig. 5d). In some cases (again, see Fig. 5d), 
rolled contact produced molecular alignment across the stamp 
contact areas (i.e., lamellar axes aligned from upper left to lower 
right in Fig. 5d).  Using other contact geometries, we have not 
observed this behavior, so with further optimization, rolled contact 
may represent a means of achieving long-range molecular alignment 
in printed striped phases, for applications in which such alignment is 
desirable. 

Fig. 5. (a) Structure of diyne PC. (b–d) SEM images of 0.5 mM diyne PC in EtOH 
transferred to HOPG using (b) 30 s flat contact and (c,d) rolled contact (stamp 
prepared at 10:2 base:crosslinker ratio). (e) Comparison of % striped phase 
(vs standing phase) molecular transfer with flat and rolled stamp contact, and 
fill of contact area, for PDMS stamps prepared with 10:1 and 10:2 
base:crosslinker ratios.

Diyne PE (Fig. 6a) has a smaller terminal amine group that 
enables stronger lateral interactions between headgroups in 
standing phases, in comparison with the PC headgroup (which is 
bulky enough to limit packing). Importantly, the primary amine can 
also act as a functional handle for further coupling reactions, of 
potential utility in elaborating headgroups for glycobiological 
applications. Microcontact transfers of diyne PE in the conventional 

flat contact geometry also produced large areas of molecules 
assembled in standing phases (Fig. 6b). For transfer of diyne PE, the 
highest percentages of striped phase were observed for transfers in 
which the stamp surface hydrophilicity was increased by treatment 
with UV ozone plasma (a process which has been used previously to 
transfer hydrophilic molecules to create standing phase self-
assembled monolayers (SAMs)). While multiple factors may 
contribute to the observed improvement in striped phase assembly 
during transfer, one possibility is that the hydrophilic stamp enables 
PE to assemble with polar headgroups oriented toward the stamp 
surface, with tails oriented favorably to mediate the initial stages of 
adsorption to HOPG for striped phase assembly. The differences in 
transfer behavior observed for molecules as structurally similar as 
diyne PE and diyne PC suggests a need to carefully balance molecule–
stamp, molecule–molecule, and molecule–substrate interaction 
strengths for transfer of complex amphiphiles such as those relevant 
to glycobiology.

Fig 6. (a) Structure of diyne PE. (b–d) SEM images of 0.5 mM diyne PE in EtOH 
transferred to HOPG using (b) 30 s flat contact and (c,d) flat contact with 
stamp hydrophilicity increased with UV ozone (stamp prepared at 10:2 
base:crosslinker ratio). (e) Comparison of % striped phase (vs standing phase) 
molecular transfer with flat contact, rolled contact, and flat contact with UV 
ozone, and fill of contact area, for PDMS stamps prepared with 10:2 
base:crosslinker ratios.

Striped phases from carbohydrate-conjugated lipids. The 
procedures developed above are also useful for microcontact 
printing of phospholipids incorporating carbohydrates in the 
headgroups. Here, we demonstrate that 1,2-distearoyl-sn-glycero-3-
phosphoinositol (18:0 PI, Fig. 7a), a phospholipid with an O-linked 
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Fig 7. (a) Structure of 18:0 phosphoinositol (18:0 PI). (b–d) Minimized 
molecular models of striped phase of 18:0 PI on HOPG, illustrating: (b) 
lamellar width, (c) projection of inositol rings, in side view, (d) spacing of 
inositol rings (45 ° tilted view).  (e–h) SEM images of PI striped phases formed 
using (e,f) rolling contact and (g,h) UV ozone-treated stamps for microcontact 
printing. (i) AFM image of PI striped phase, and line scans illustrating (j) 
domain height and (k) lamellar width.

monosaccharide appended to the phosphate, can assemble into 
striped phases through microcontact printing (Fig. 7b–d, models; Fig 
7e–h, SEM). As with other phospholipids, bringing the stamp into flat 
contact with the HOPG substrate resulted in assembly of standing 
phases (see Supporting Information), while rolling contact or stamps 
treated with UV ozone produced striped phases with domain lengths 
in some cases >2 µm (Fig. 7f). Characterization of domain structure 
based on SEM images is more challenging for these amphiphiles, 
since they lack the polymerizable diyne group, and thus do not 
exhibit cracking defects under the electron beam. However, AFM 
images (Fig. 7i) reveal lamellar structure consistent with that 
predicted by molecular models, with average peak domain heights of 
~0.8 nm (Fig. 7j, corresponding to inositol headgroup ridges), and 
measured lamellar widths of 5.7 nm (Fig. 7j), similar to the modeled 
values of 5.3 nm.

Conclusions
Here, we have demonstrated that it is feasible to use 
microcontact printing to create microscale striped patterns of 
amphiphiles. Stripes were printed using diynoic acids with chain 
lengths from 21–29 carbons, diyne phospholipids with 
phosphocholine and phosphoethanolamine headgroups, and 
phosphoinositol with 18-carbon saturated chains. The lamellar 
structures assembled in this way present 1-nm-wide stripes of 
functional headgroups with pitches from 5–10 nm determined 
by alkyl chain length. In the cell membrane, amphiphiles with 
diverse headgroup chemistry, including pendant 
carbohydrates, are used to mediate interactions with other cells 
and the extracellular matrix.  Our findings point to the 
possibility that similarly diverse headgroup chemistries could be 
installed in striped phases, either directly through Langmuir-
Schaefer conversion, or through post-assembly modification 
using common coupling chemistries. Overall, this illustrates a 
new route for controlled molecular-scale clustering of complex 
ligands such as carbohydrates at interfaces. 
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