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Because of their potential for use in advanced electronic, nano-
mechanical, and other applications, large two-dimensional, car-
bon-rich networks have become an important target to the scien-
tific community. Current methods for the synthesis of these
materials have many limitations including lack of molecular-level
control and poor diversity. Here, we present a method for the
synthesis of two-dimensional carbon nanomaterials synthesized
by Mo- and Cu-catalyzed cross-linking of alkyne-containing self-
assembled monolayers on SiO; and SizNs. When deposited and
cross-linked on flat surfaces, spheres, cylinders, or textured sub-
strates, monolayers take the form of these templates and retain
their structure on template removal. These nanomaterials can also
be transferred from surface to surface and suspended over cavities
without tearing. This approach to the synthesis of monolayer
carbon networks greatly expands the chemistry, morphology, and
size of carbon films accessible for analysis and device applications.
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n contrast to carbon nanotubes, fullerenes and various derivatives

(1-3), the synthesis of large 2D sheets such as graphene (4),
graphyne, and graphdiyne (5, 6) extending over micrometers in
lateral dimensions is either in its infancy or has significant limita-
tions. In fact, the synthesis of 2D carbon networks has been
recognized as an outstanding challenge in materials chemistry (7).

Graphene, the simplest of the 2D conjugated carbon nano-
materials, is produced by micromechanical cleavage of bulk
graphite (HOPG) or by thermal decomposition of silicon carbide
(8, 9). However, these approaches lack the molecular-level
control necessary to define the chemical makeup of these
systems. Scholl coupling reactions on oligophenylene precursors
(10) produce small (<15 nm) 2D graphene fragments with
improved molecular diversity, and radiation induced modifica-
tions of self-assembled (11, 12) or Langmuir-Blodgett (13)
monolayers create larger sheets, but with reduced control of the
chemistry. Polyelectrolytes (14) represent a different class of
chemistry that can form 2D (15) and 3D (16) nanomaterials.
These films are formed through deposition of separately syn-
thesized polymers, often in layer-by-layer assemblies, in the form
of relatively thick (typically >5 nm) films governed by electro-
static interactions. These limitations, together with those asso-
ciated with the planar, radiation-cross-linked monolayers, mo-
tivate the need for alternative approaches to these classes of
materials.

A potential solution to the formation of large 2D conjugated
carbon nanomaterials would employ a two-step procedure in-
volving the formation of self-assembled monolayers (SAMs)
with highly functionalized monomers followed by chemical cross-
linkage of the SAMs to form linked monolayers. Fig. 1 shows the
overall process beginning with the formation of SAMs of suitably
designed carbon precursors on solid supports, followed by chem-
ical cross-linking to yield covalently bonded networks with
monolayer thicknesses. Not only could these materials adopt the
geometry of the support, but they could also be transferred by
using printing-like techniques to other substrates or lithograph-
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ically patterned into desired geometries. This article introduces
the use of synthetic organic methods to create linked carbon
monolayers and monolayer membranes in forms ranging from
planar or structured films and membranes, to spherical coatings,
balloons, tubes, and other complex topologies.

Results

Aryl alkynes are attractive monomers for this chemistry because
they are a chemically diverse class of molecules that are already
highly conjugated, contain primarily carbon by mass, and can be
chemically linked through a variety of methods including alkyne
metathesis (17), oxidative Cu coupling (18), and Pd-catalyzed
cross-coupling (18). Di-functional monomers (1 and 2) and a
hexa-functional monomer (3) were synthesized with triethoxysilyl
groups attached by a carbamate group to the aryl core (Fig. 1B)
[supporting information (SI) Text]. SiO»- or SizN4-coated substrates
or quartz/glass slides were immersed in monomer solutions (=15
mM monomer, ~10 mM triethylamine, 90-100°C, 24 h, toluene)
creating SAMs that exhibited similar advancing contact angles
(74-80°) for all three monomers (Table S1). Two different cross-
linking chemistries were used to form linked monolayers from these
SAMs. Mo(IV)-catalyzed, vacuum-driven alkyne metathesis (17)
linked the dipropyne SAMs derived from 1. Cu-catalyzed Hay-type
coupling conditions (18) created linked monolayers from SAMs of
monomers 2 and 3. The advancing contact angles consistently
decreased by 6, 11, and 20° for the dipropyne (1), diacetylene (2),
and terphenyl (3) chemistries, respectively. After exposing the
SAMs to the linkage conditions, it was found that very little residual
metal remained on the substrate.

UV-visible (UV-vis) absorption spectra of the SAMs on UV-
grade fused quartz closely matched spectral features of the mono-
mers in solution (Fig. S1). The linked monolayer of 1 on quartz
possesses a new shoulder at 330 nm (Fig. 24). Because this new
shoulder is small it suggests incomplete polymerization or the
formation of oligomers (19, 20). Similarly, the linked monolayer
from 2 on quartz possesses a broad new peak at 370 nm (Fig. 2D)
that matches the absorbance of poly(1,4-phenylene-1,3-butadiy-
nylene) derivatives (20, 21). This has been described as a delocalized
7 — m* transition in molecules comprised of multiple 1,4-
diphenylbutadiyne chromophores (20). The appearance of these
lower-energy peaks suggests an increased delocalization of elec-
trons on oligomerization/polymerization resulting from increased
conjugation (21). The spectrum of the linked monolayer of 3 is
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Fig. 1. Schematic illustration of linked monolayer formation. (A) Self-assembled monolayers (SAMs) are synthesized on a substrate, then cross-linked to form
linked monolayers. This approach is applied to the formation of 3D topologies (i), structured sheets (ii), and membranes (iii). The box above iii provides an
idealized view of the chemical structure for a linked monomer network formed from monomer 3. (B) Chemical structures of monomers 1-3.

significantly broadened compared with that of the original SAM
(Fig. S2). No polymers have been synthesized previously from
monomers structurally similar to 3, but the broadening of the
absorbance spectra is likely a result of the extensive cross-linking
that is possible with this monomer (for an idealized network, see
Fig. 1).

Methanol suspensions of SAMs of diacetylene (2) coated on
330-nm nonporous SiO; spheres exhibit dramatic changes in
fluorescence emission on conversion to linked monolayers. A
SAM from 2 primarily has a large emission at 315 nm (A% = 275
nm; Fig. 2F, blue curves) similar to that of the monomer in
solution (Figs. S3-S5). On cross-linking, the emission at 315 nm
(A*x = 275 nm) weakened significantly and a new emission
appeared at 405 nm when excited at 370 nm (Fig. 2E, red curves).

Raman spectroscopy provided a convenient means to deter-
mine the conversion of SAM 2 to a linked monolayer. Raman
spectra of SAM 2 on SiO,(300 nm)/Si showed a peak at 2,101
cm™1, corresponding to the C=C stretching mode in terminal
phenyl acetylenes (Fig. 2F) (22, 23). On exposure of the SAM to
cross-linking conditions, the peak at 2,101 cm~! shifts to 2,204
cm~! corresponding to the C=C stretching mode in phenyl
diacetylene (24, 25). The disappearance of the peak from the
terminal phenyl acetylene indicates nearly complete conversion
of the monomers in the SAM to the corresponding linked
monolayer. A variety of conjugated polymers have been previ-
ously synthesized that resemble these linked monolayers (20, 21,
26, 27). The spectroscopic changes observed in the monolayer-
supported systems are similar to those seen in the literature
examples. However, direct comparisons are difficult because the
electronics of these polymers are significantly different and very
few examples of poly(1,4-phenylene-1,3-butadiynylene) exist
(similar to linked SAMs of 2 and 3). Collectively, the changes in
the UV-vis, fluorescence, and Raman spectra provide strong
evidence that the SAMs undergo the desired reaction to form
linked carbon monolayers Figs. S6 and S7).

In addition to spectroscopic measurements, SAMs and linked
monolayers were patterned into 5-um lines/5-um space by
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simple oxygen-reactive ion etching through a layer of photoresist
patterned by photolithography. By atomic force micrographs
(AFMs), the linked monolayers formed from 1 exhibited only a
slight increase in film thickness compared with their SAM
precursors (e.g., 1.1-1.4 nm; Fig. 2 B and C). MM2 molecular
geometry optimization of 1 gives a monomer height of ~1.5 nm,
depending on the torsion angle of the aryl rings. The SAM and
linked monolayer thicknesses are also similar to those measured
for other related system of similar molecular sizes (13, 28). These
data indicate that the unlinked and linked SA Ms consist of single
layers of monomers aligned approximately perpendicular to the
surface. The small increase in thickness on cross-linking may be
caused by either a change in the orientation of the benzene rings
or by the increased average roughness (0.18-0.27 nm). AFM
measurements on patterned linked monolayers from 2 and 3
indicate similarly small increases in thickness of 0.5 and 0.3 nm,
respectively, relative to their SAMs (Figs. S8-S10). Unlike the
films associated with 1, for which only monolayers form, SAMs
from 2 and 3 form multilayers (2.8 and 4.7 nm, respectively)
presumably by thermal polymerization during deposition of
these reactive multifunctional monomers.

To illustrate the versatility of this approach, we describe
methods to release the linked monolayers from their growth
substrate and transfer the resulting monolayer membrane to
other substrates. These film manipulations made it possible to
examine the structural integrity of the monolayer membranes
and compare their behavior with the corresponding SAMs. To
accomplish this, photoresist is uniformly spin cast onto the
SAMs or linked monolayers followed by patterning if desired,
and liftoff by selective etching of the support (i.e., bulk SiO, or
thin films of SiO; or SizN4 on other materials) with concentrated
HF. The photoresist/SAM or photoresist/monolayer membrane
hybrid films are transferred to other substrates and sonicated in
acetone to remove the photoresist.

Spectroscopic measurements were performed to examine the
possibility of chemical changes in the transferred film induced by
exposure to HF, liftoff, and transfer. The U V/vis spectrum of the
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Spectroscopic data and AFMs of SAMs, linked monolayers, and transferred monolayer membranes. (A) Absorption spectra of a SAM (blue), a linked

monolayer (red), from 1 on quartz. (B and C) Tapping-mode AFM of a SAM and a linked monolayer, respectively, from 1 patterned into stripes by
photolithography and oxygen-reactive ion etching. The averaged line cuts show a step height of 1.1 nm for the SAM and 1.4 nm for the linked monolayer. (D)
Absorption spectra of a SAM (blue), a linked monolayer (red), and a transferred monolayer membrane (green) from 2 on quartz. (E) Fluorescence spectra (A®*
= 275 nm, Left; \* = 370 nm, Right) of a SAM (blue curves), a linked monolayer (red curves), and an etched monolayer membrane from 2 (green curve) on
330-nm-diameter SiO; spheres. Peak heights were normalized to the 315-nm emission of the SAM from 2. (F) Raman spectra of a SAM (blue), linked monolayer
(red), and transferred monolayer membranes on a Si wafer with 300 nm thermal SiO; (green) from 2.

monolayer membrane from 2 transferred to a UV grade quartz
slide reveals a small shift of the absorbance peak at 275 nm, but
the absorption of poly(1,4-phenylene-1,3-butadiynylene) chro-
mophores at 365 nm remains unchanged (Fig. 2D, green curve).
When the monolayer membrane from 2 grown on silicon oxide
beads were etched with aqueous HF, the fluorescence spectra
(Fig. 2E, green curve) showed a slight increase in intensity, but
no change in the overall peak signature (A** = 370 nm). Finally,
when a sample of monolayer membrane from 2 was transferred
to a Si wafer with 300 nm thermal SiO,, no change in the Raman
peak at 2,204 cm ™!, corresponding to the C=C stretching mode
in diphenyl diacetylene, was observed (Fig. 2F, green curve).
Together, these results suggest that the chemical nature of the
monolayer membrane remains unchanged after HF etching and
transfer.

We explored the modulus and structural integrity in two
different types of experiments. First, the transfer of narrow
ribbons of monolayer membranes to prestrained elastomeric
substrates of poly(dimethylsiloxane) (PDMS) was studied. Re-
leasing the prestrain leads to a nonlinear buckling instability that
produces a one-dimensional, sinusoidal pattern of relief. Fig. 34
shows AFM images of a ribbon of a monolayer membrane from
2 before and after releasing the prestrain. This type of buckling
response will only occur in ribbons of material with high levels
of structural integrity and moduli that are much higher than the
PDMS (29). Quantitative analysis of the buckling wavelength,
with the known modulus of the PDMS (30) and the measured
thickness of the monolayer membrane, yielded moduli between
1 and 10 GPa. These values are typical of polymers of similar
materials. They are lower than single crystals of dicarbazolyl
polydiacetylene (45 GPa) (31) and of graphene (=1 TPa) (32).
Second, to examine the structural integrity and barrier proper-
ties of SAMs, linked monolayers, and transferred monolayer
membranes, we used wet etching based chemical amplification
(33) to evaluate the area density of defects in the films. The
defect densities in linked monolayers on their growth substrates
[Si (100) with a native oxide layer] are 1.6 X 103, 1.4 X 103, and
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9.1 X 102 defects per mm? for 1, 2, and 3, respectively (Fig. 3B
Inset). Several factors could contribute to the density of defects
in the linked monolayers, such as defects on growth surfaces,
defects in SAMs formation, and defects as a result of polymer
shrinkage. Although polymer shrinkage may be an issue, espe-
cially for molecule 3, it is challenging to assess its influence
without information on packing density during the SAM for-
mation. In particular, if the initial SAMs are packed very tightly,
cross-linkage may actually result in expansion instead of shrink-
age. The densities in linked monolayers are ~10 times lower than
those of the corresponding SAMs, suggesting a linking mecha-
nism that tends to eliminate defects. The defect densities in the
linked monolayers are, in fact, only slightly higher than well
developed alkanethiolate SAMs on gold (33), which are known
to have much better order and quality than SAMs of silanes.
Similar studies performed on a monolayer membrane from 2
transferred to a substrate of Au(200 nm)/Cr(5 nm)/SiO,(300
nm)/Si indicated a ~10-fold increase in defect density compared
with the same linked monolayer on its growth substrate (Fig.
3A4). This increase is due, at least in part, to slight mechanical
damage during transfer. Release of stresses associated with
polymerization shrinkage could also contribute.

Although monolayer films are invisible on most substrates, we
found that these transferred monolayer membranes could be
visualized directly under an optical microscope when supported
by oxidized Si substrates with an oxide layer of 300 nm, similar
to observations in single-layer graphene (8). The Si wafer with
300 nm thermal SiO, was selected because the phase contrast
between the monolayer membrane and the wafer results in a shift
from violet-blue to blue (34). For all transferred films, we
observed flat, continuous films largely free of defects over areas
of several square millimeters (Fig. 3C). Near their edges, these
monolayer membranes exhibited folds, holes, and tears, which
we attribute to the transfer process.

The transferred monolayer membranes were also analyzed by
AFM and transmission electron microscopy (TEM). A folded
region of a transferred film from 1 showed clear correlations
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Fig.3. Characterization of transferred monolayer membranes. (A) AFM images of a ribbon of a monolayer membrane from 2 (width = 500 nm) on a prestrained

PDMS substrate before (Upper) and after (Lower) releasing the prestrain. (B) Image of a sample of monolayer membrane from 2 transferred to a substrate of
Au(200 nm)/Cr(5 nm)/Si02(300 nm)/Si after wet etching the Au with a ferricyanide solution in a circular region (dashed line) surrounding the membrane. The
etched areas appear as dark blue; the unetched gold region in the center corresponds to the transferred monolayer membranes. (Inset) An optical micrograph
of asilicon substrate that supports a linked monolayer, collected after exposure to KOH etchant. The arrow indicates an etched pit corresponding to a pinhole
defect in the monolayer. (C) Reflection mode optical micrograph of a monolayer membrane from 2 transferred to a Si wafer with a 300-nm thermal SiO; layer.
(Inset) High-magnification micrograph of folds in the film. (D) Reflectance optical micrograph superimposed on tapping-mode AFM image of a monolayer
membrane from 1 transferred to a Si wafer with a 300-nm thermal SiO; layer. (E) Tapping-mode AFM image and line-cut height profile showing a monolayer
membrane from 1 with regions of 1.8-and 3.3-nm height, consistent with folding on transfer to a Si wafer with a 300-nm thermal SiO; layer. (F) Low-magnification
TEM image of amonolayer membrane from 1transferred to a holey carbon-coated grid. The arrow points toward a small defect in the film created by the transfer
process. (Inset) An electron diffraction pattern with rings at 1.1 A and 2 A, but otherwise no significant in-plane ordering. (G) High-magnification TEM image

of a monolayer membrane from 1 transferred to holey carbon-coated grid showing a film largely free of pinhole defects.

between thickness determined by tapping-mode AFM and in-
tensity of the optical micrograph (Fig. 3D). The transferred
monolayer membrane from 1 has a slightly increased thickness
(1.8 nm) that likely results from a layer of water between the film
and SiO; surface (8). Additionally, a folded area has a thickness
(3.3 nm) that is approximately twice the nominal thickness for
the rest of the film (Fig. 3E). The folding ability of these
nanometer-thick films is a testament of their mechanical
strength. TEM images of a monolayer membrane from 1 trans-
ferred to a holey carbon grid revealed a tightly packed monolayer
with uniform thickness and very few pinhole defects that may
have been invisible using AFM (Fig. 3 F and G).

The low density of defects and the high structural integrity of
the linked monolayers allowed the creation of more exotic film
geometries. Transfer of a monolayer membrane from 1 onto a
substrate with an array of cylindrical holes (=440 nm diameter,
~400 nm depth) produces suspended monolayer “drumheads”
that were nondestructively imaged by AFM and scanning elec-
tronic microscopy (SEM; Fig. 4 A and B). Again, the absence of
torn regions illustrates the remarkable mechanical robustness of
these systems.
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The ability to form linked monolayers on a wide range of
planar, nonplanar, or three-dimensional substrates creates fur-
ther opportunities for fabrication of unusual structures. For
example, a linked monolayer from 1 was formed directly on a
substrate with an array of shallow voids (=35 nm), to produce a
continuous linked monolayer in the form of a 2D “pleated sheet”
(Fig. 4 C and D). On transfer of the membrane, the AFM power
spectrum shows an in-plane periodicity of the “pleats” that
matches that of the growth substrate. However, the relief is only
~1.2 nm, as might be expected from partial or complete folding
of the monolayer membrane in the regions corresponding to the
edges of relief in the substrate.

This strategy also allowed the formation of linked monolayers
on 3D objects as well. SAMs of 1 were deposited on 226 * 16
nm nonporous SiO, spheres with a procedure similar to that used
for flat substrates. After linking, the SiO, substrate was removed
by HF vapor etching to yield empty monolayer membrane
“balloons.” Fig. 4 shows TEM images of monolayer-coated
spheres (Fig. 4E) and balloons (Fig. 4F). Histograms created
from observation of many such objects show a close correspon-
dence between sphere and balloon diameters, but the balloons

Schultz et al.
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Fig.4. Imagesof “unusual’” monolayer membrane structures. (A and B) SEM and AFM images, respectively, of a membrane from 1 transferred onto a substrate
with a square array of cylindrical holes (diameters ~440 nm and depths ~400 nm) to form "“drumhead’ structures. Red arrows point to the same region of the
film that is suspended over the edge of a hole. (C and D) AFM and high-resolution AFM images, respectively, of a monolayer membrane from 1 grown on a
substrate similar to that in A, but with relief depths of ~35 nm, and then transferred to a flat Si wafer with a 300-nm thermal SiO; layer. (C Inset Upper Left)
Power spectrum of the AFM image, indicating a well defined periodicity consistent with that of the growth substrate. (C Inset Lower Right) Illustration of a
"pleated sheet.” (E and F) TEM images and diameter distributions of a monolayer membrane from 1 deposited on SiO; spheres imaged on a holey carbon-coated
grid before (E) and after (F) HF vapor etching of the SiO,. Insets are illustrations of the imaged structures. (G-/) Time-resolved reflection mode optical micrographs
of a tubular membrane from 3 filled with HF/water immediately after HF vapor etching of optical fiber, after 20 min open to the air, and after complete drying,
respectively. Insets are illustrations of the imaged structures. (J) AFM image of this collapsed tube. The line scan corresponds to an average over the area indicated

by the rectangle.

have a slightly wider distribution and smaller size (diameters,
168 = 32 nm) because of partial collapse on removal of the silica
support. A similar process was carried out with ~125-um-
diameter optical fibers by using SAMs of 3. Immediately after
the HF vapor etch, water droplets were observed within the
hollow fibers. Fig. 4 G, H, and I show time-sequential optical
micrographs illustrating evaporation of this encapsulated water.
The AFM image in Fig. 47 shows that the monolayer membrane
that remains after drying is consistent with the nominal layer
thickness (=4.5 nm center thickness), although capillary forces
induced by the contracting HF/water droplet may be responsible
for large nonuniformities near the edges. In a saturated envi-
ronment, the water-filled monolayer membrane tubes maintain
their shape for hours without tearing, providing additional
evidence of their robustness.

A remaining topic of interest involves how the monolayer
membranes are being held together. Although it could be
envisioned that these membranes are being held together by
polysiloxane formation during SAM deposition, transfer of
unlinked SAMs of 1 and 2 yielded neither films nor film
fragments. For the SAM of 3, film fragments were observed but
they were smaller and contained many more defects than the
corresponding monolayer membrane. The small fragments in
this case likely result from inadvertent cross-linking by air
oxidation or by thermal polymerization under the SAM depo-
sition conditions. Additionally, if these membranes were being
held together through polysiloxanes it is highly unlikely that they
would stand up to treatment with HF. Exposure of SAMs from
1 and 2 to the linkage conditions, yields linear oligomeric/
polymer chains. Conceivably, these chains can be held together
in a woven network, although this type of geometry is not
necessary to explain the structural integrity of the films; previous
studies of related systems indicate that purely noncovalent
interactions can yield similar properties (13, 35). However,
monolayer membranes from 3 are most likely held together
because of multiple cross-linking. Both of these proposed mech-
anisms would explain the mechanical strength of the monolayer
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membranes on removal of the support and their flexibility to
adopt the geometry of the given support.

Discussion

In conclusion, we have shown that linked carbon monolayers can
be formed on a variety of solid surfaces. These linked mono-
layers are synthesized by linking three different alkyne-
containing monomers with two different carbon—carbon bond-
forming reactions [Mo(IV)-catalyzed alkyne metathesis and
Cu-catalyzed Hay coupling]. The linked monolayers synthesized
on flat surfaces have extremely large aspect ratios and are easily
transferred from the native surface by protecting with photore-
sist and etching the inorganic substrate. These monolayer mem-
branes are sufficiently robust to be suspended over 440-nm-
diameter holes without tearing. The linked monolayers were also
prepared on structured surfaces and 3D supports, and the
freestanding monolayer membranes maintained the shape of the
original support after etching. This approach to the synthesis of
monolayer carbon networks provides a powerful method to
explore the properties and device applications of a wide variety
of carbon films. Other linking chemistries and monomers are
currently being explored for the synthesis of conducting, 2D
monolayer films.

Materials and Methods

Representative Synthesis of SAMs on Flat Substrates. A freshly cleaned and
dried substrate was placed in a reaction vial containing a 0.015 M solution of
1 in toluene and TEA (10 mM) under a nitrogen atmosphere. The vial was
sealed and heated to 95-100°C for 24 h. The substrate was removed and rinsed
once with toluene, twice with dichloromethane, and sonicated for 5 min in
toluene. The rinse was repeated and the substrate was sonicated for 5 min in
methanol. The rinse was repeated and the substrate blown dry under a stream
of nitrogen.

Synthesis of Linked Monolayers by Alkyne Metathesis. In a glovebox, 5.0 mg of
trisamidomolybdenum(IV) propylidyne and 3.3 mg of p-nitrophenol were
dissolved in 3 ml of trichlorobenzene in a reaction vial. The substrate was
added, and the flask was sealed and placed under a vacuum (5 torr) for 22 h.
The substrate was removed from the vial and rinsed once with dimethylfor-
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mamide (DMF), once with a 0.1 Msolution of sodium diethylcarbamodithioate
in DMF, once with toluene, twice with dichloromethane, then sonicated in
toluene for 5 min. The rinse was repeated and the substrate was sonicated for
5 min in methanol. The rinse was repeated a third time and the substrate was
blown dry with a stream of nitrogen.

Synthesis of Linked Monolayers by Copper Coupling. In a reaction vial, 20 mg
of CuCl was dissolved in 3 ml of degassed acetone. To this suspension was
added 61 ul of TMEDA and the solution was allowed to stir under a nitrogen
atmosphere at room temperature for 30 min. At this time, the substrates were
added and the reaction vial purged with oxygen from a balloon. The mixture
was stirred under an oxygen atmosphere for 15 h. The substrate was removed
from the vial and rinsed once with DMF, once with a 0.1 M solution of sodium
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