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M
ethods to obtain single sheets
of layered inorganic materials
(graphene, MoS2, etc.) are, e.g.,

micromechanical cleavage of the layered
crystals1 or chemical vapor deposition
(CVD) on heated surfaces.2 Even though
thermolytic synthesis can result in large
sheets,3 it lacks the control of an organic
synthesis approach, in particular in terms of
functionality on themolecular level. Bottom-
up synthesis of large one-repetition-unit
thin sheets is challenging, and doing it
in a controlled fashion would open up
new possibilities to tailor their properties
for different purposes, e.g., as molecular
sieves,4 pressure sensors,5 or 2D scaffolds
for molecular ordering. The first experimen-
tal realizations were based on photochemi-
cal solid-state polymerization in preordered
monomer crystals.6,7 Because synthetic mo-
lecular sheets obtained after delamination
from these crystals are not larger than a
few micrometers, the synthesis of more

extended covalent monolayers requires
another approach. Recently, it was demon-
strated that this can be accomplished by
anthracene dimerization of compressed
amphiphilic monomer units (see Figure 1)
at an air�water interface.8�10 The proce-
dure can be carried out at room tempera-
ture and results in extended free-standing
sheets. However, compared to the crystal
approaches, suitable analytical methods to
investigate the internal structure of these
individual sheets are scarce. Powerful meth-
ods such as high-resolution transmission
electron microscopy,6 scanning probe
microscopy,6,11,12 X-ray diffraction,6,11,12

solid-state nuclear magnetic resonance
spectroscopy,12 infrared spectroscopy,7,11,12

and Raman spectroscopy11 that can be used
for crystal analysis are normally not suitable
for the analysis of single molecular sheets.
Some dedicated methods with single-sheet
sensitivity exist, such as, e.g., grazing inci-
dence X-ray diffraction (GIXD) and infrared
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ABSTRACT Synthetic covalent monolayer sheets and their subclass, two-

dimensional polymers are of particular interest in materials science because of their

special dimensionality which renders them very different from any bulk matter.

However, structural analysis of such entities is rather challenging, and there is a clear

need for additional analytical methods. The present study shows how tip-enhanced

Raman spectroscopy (TERS) can be performed on monomer monolayers and the

covalent sheets prepared from them by [4 þ 4]-cycloaddition to explore rather complex structural and mechanistic issues. TERS is a surface analytical

method that combines the high lateral resolution of scanning probe microscopy (SPM) with a greatly enhanced Raman scattering intensity. The high spatial

resolution (<60 nm) and the significantly improved sensitivity (contrast factor of >4000) compared to confocal Raman microscopy provides new insights

into the formation of this new and exciting material, namely significant consumption of the reactive units (anthracenes) and exclusion of the alternative

[4 þ 2]-cycloaddition. Moreover, due to the high lateral resolution, it was possible to find a first spectroscopic hint for step growth as the dominant

mechanism in the formation of these novel monolayer sheets. In addition, TERS was used to get first insights into the phase behavior of a comonomer

mixture.
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reflection�absorption (IRRA) spectroscopy;13�15 how-
ever, these methods only provide limited lateral
information. Electron microscopy and scanning probe
microscopy are powerful methods to visualize struc-
tures that are far beyond the resolving power of an
optical microscope. However, these methods do not
give much information on the chemical composition.
Moreover, the molecularly thin organic sheets are
particularly sensitive to electron beam damage,
restricting the acquisition of high-resolution transmis-
sion electron microscopy images. Confocal Raman
spectroscopy can give detailed spectroscopic informa-
tion with a lateral resolution down to approximately
200 nm at optical frequencies. Unfortunately, the
typically low Raman cross-sections of most materials
require strong laser irradiation and/or very long mea-
surement times, which in the cases of molecularly thin
sheetsmakes it almost impossible to obtain a spectrum
at all. Enhancement of the Raman scattered light by
metallic nanostructures (as in surface enhanced Raman
spectroscopy, SERS) solves this issue. Our implementa-
tion (TERS) utilizes a scanning tunnelling microscopy
(STM) tip as the enhancing nanostructure. This ap-
proach combines the enhancement with a greatly
increased lateral resolution below the optical diffrac-
tion limit.16,17 This gives the possibility of obtaining
Raman spectra from very few or even single mole-
cules18 and to localize nanometer sized structural
differences (e.g., defects in single-layer graphene) with
high precision.19

In the present study, TERS was used to probe the
internal structure of novel covalent monomolecular

sheets produced at the air�water interface by
photoinduced anthracene dimerization between
trifunctional monomers (see Figure 1). High-quality
vibrational spectra from single/few layers of synthetic
covalent monomolecular sheets are obtained. The
spectra indicate that a significant fraction of the
anthracene is consumed and potential side reactions
can be excluded (e.g., [4 þ 2] cycloaddition between
anthracene and alkyne). The spatial information
from the TERS imaging experiments indicates that
the remaining Raman intensity from unreacted anthra-
cenes cannot be attributed to islands of unreacted
monomers but is more or less homogeneously distrib-
uted (down to a lateral resolution of approximately
100 nm). Moreover, a first attempt was made to
investigate mixed monolayers in two dimensions by
this method.

RESULTS AND DISCUSSION

In order to evaluate the expected changes in the
vibrational fingerprint spectrum upon polymerization,
density functional theory (DFT) calculations of two
model compounds were carried out (see Figure 2).
The obtained theoretical spectra are in good agree-
ment with the experimental Raman spectra from simi-
lar model compounds shown recently by Kissel et al.6 A
strong Raman band close to 2200 cm�1 corresponding
to the triple bond stretching vibrations is observed for
both model compounds but is omitted for better
visibility of the spectral range below 1800 cm�1.
Raman bands that could be used for clear spectro-
scopic differentiation are marked with dashed lines. It

Figure 1. Amphiphilic and shape-persistent trifunctional monomer 1 (a) and monomer 2 (b). The photochemically reactive
sites (anthracene moieties) are ideally positioned at an angle of 120� with respect to each other. The reaction scheme
(c) shows the reversible photochemical anthracene dimerization (UV radiationwith λ1 = c/ν1 > 300 nm leads to dimerization,
whereas UV radiation with λ2 = c/ν2 < 300 nm leads to photodissociation).20,21
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is apparent that the two most prominent peaks in the
Raman spectrum for the unreacted monomer model
compound (Figure 2a) at 1362 and 1546 cm�1 can be
assigned to anthracene CdC stretching vibrations,
whereas these modes are absent in the spectrum of
the dimer model compound. In addition, the other
indicated modes at 817, 1027, and 1433 cm�1 are
dominated by anthracene vibrations. All these modes
are clearly absent in the Raman spectrum of the dimer
model (Figure 2b) and are therefore expected to dis-
appear upon polymerization.
The differential interference contrast (DIC) micros-

copy image in Figure 3 shows the typical surface
coverage of the covalent monolayer on gold after
3-fold deposition (see the Methods). It is possible to
discern the covalent monolayers because of the clear
contrast at the edges. The surface coverage is fairly
high, and large sheets with a size in the range of a few
hundred micrometers are observed. Few areas with a
slightly darker appearance most likely indicate multi-
layers. Similar surface coverages were observed in the
case of unreacted monomer layer deposition.
Confocal Raman spectra from single/few layers of

themonomer on 300 nm SiO2/Si substrates before and
after irradiation only exhibit weak spectral features,
even for an acquisition time of 30 min at 1.7 mW using
632.8 nm excitation, which does not allow any spectro-
scopic differentiation of the sheets before and after
reaction because anthracene vibrational modes are
almost completely missing in both cases (see Figure S1,
Supporting Information). However, with a freshly
prepared sharp silver tip in close proximity to the
sample surface (maintained by STM feedback), Raman
spectra exhibiting the characteristic peaks (including
anthracene vibrational modes) were observed with
a much lower laser power (30 μW) and a collection
time of only 3 s. Figure 4 shows a typical tip-enhanced
Raman spectrum from a nonirradiated monomer
monolayer obtained after 3-fold deposition on gold.
Direct comparison of the intensity of the triple-bond
stretching vibration in a representative tip-enhanced
Raman and a confocal Raman spectrum taking the

different laser powers and acquisition times into ac-
count gives a contrast factor of >4000.
By scanning the tip across extended areas of the

sample surface, spectroscopic images of the trans-
ferred monomer layers can be obtained. Figure 5a
shows the sum of 1024 spectra from a 16 μm � 16 μm
TERS map performed on a nonirradiated monomer
layer on gold. The spectrum shows a high resemblance
with the theoretical Raman spectrum (see Figure 2).
The high abundance of the peaks at 1383 and
1562 cm�1 corresponding to anthracene vibrations
indicate that the tightly packed monomers carry intact
anthracene moieties.
This result is in conflict with the results of the above-

mentioned confocal Raman measurements, where the
anthracenemodes were hardly observable. The reason
could be that the high incident power and long
acquisition time required to obtain the confocal Raman
spectra alters the sample. It could, for example, be that
despite the fact that the excitation wavelength of
632.8 nm is far away from the absorption band of the
monomer,8 the high energy flux leads to an anthracene
dimerization or possible side reactions (e.g., reaction
with dioxygen22). This finding is a clear indication
that TERS is a less invasive analytical method for

Figure 3. Differential interference contrast microscopy im-
age of a covalent monolayer sheet after 3-fold deposition
on a gold substrate. Individual layers can be recognized due
to the clear contrast at the edges. The scale bar indicates
100 μm.

Figure 4. Tip-enhanced Raman spectrum from the mono-
mer layer on gold (3-fold deposition). The observed spectral
features correspond well to the theoretical spectra pre-
dicted by DFT calculations (see Figure 2).

Figure 2. Theoretical Raman spectra of the indicatedmodel
compounds for the monomer molecule with intact anthra-
cene moieties (a) and the covalent monolayer with dimer-
ized anthracene moieties (b).
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investigation of covalent monolayers than confocal
Ramanmicroscopy. In other words, TERS does not alter
the specimen asmuch as Ramanmicroscopy does, and
consequently allows to probe these delicate molecule
layers in a state close to native. Various examples
where the applied analytical technique can cause
changes in the investigated sample are known.23,24

Moreover, the peaks at 1004 cm�1 (benzene ring
breathing mode) and 2207 cm�1 (triple bond stretch-
ing) indicate integrity of the transferred molecules.
Dimerization of neighboringmolecules was induced

by irradiation of a packed monomer monolayer with a
455 nm LED for 18 h directly on the Langmuir trough.
This was followed by transfer to a gold substrate (see
Figure 3). Raman imaging experiments on the sheets
were performed the same way as for the unreacted
monomer layers. The accumulated tip-enhanced
Raman spectra (1024 individual spectra) from two
different sample positions are shown in Figure 5b,c.
A significant decrease in relative peak intensity for
the characteristic anthracene bands at 1383 and
1562 cm�1 was observed (indicated with arrows in
Figure 5). Additional changes include a decrease in
relative peak intensity for the anthracene ring breath-
ing mode at 833 cm�1, the anthracene C�H scissoring

mode at 1040 cm�1, and the anthracene C�H rocking/
CdC stretching vibration at 1450 cm�1. These observa-
tions are in agreement with the expected changes
highlighted in the calculated spectra (see Figure 2). The
residual intensity for the anthracene vibrational modes
indicates the presence of unreacted anthracene units
within the formed sheets. Payamyar et al. recently
observed complete disappearance of the red-shifted
anthracene fluorescence after 2 h irradiation at λ =
373 nmbased on in situmeasurements at the air/water
interface.8 This discrepancy ismost likely caused by the
2 orders of magnitude lower photon flux used in the
present study resulting in an incomplete photochemi-
cal reaction even after 18 h irradiation. A well-known
competitive reaction to anthracene dimerization is its
oxidation through a [4 þ 2] photoaddition. With the
evidence that netpoint formation even occurred at
high oxygen levels, Payamyar et al. showed that the
oxidation product is not competitive with photo-
dimerization.8 Spectroscopic analysis would in princi-
ple allow a more quantitative evaluation of the dimer
to oxide ratio. For TERS, a spectral signature of the
oxidation product is expected at approximately
1650 cm�1 (CdO stretching vibration) and was not
observed. However, it could be obstructed by the
broad peak at 1595 cm�1 (benzene CdC stretching
vibration). The possible competing light-induced
[4 þ 2] cycloaddition between anthracene and the
alkyne functionality6 can be excluded because the
relative triple bond peak intensity is essentially un-
changed after irradiation. The preference for the [4þ 4]
cycloaddition is most likely of steric nature and caused
by the close stacking of the anthracenemoieties on the
Langmuir trough (supported by the observation of
excimer fluorescence8). No vibrational modes related
to the newly formed bonds between the two anthra-
cene moieties (expected at 892 and 841 cm�1) were
observed. One reason could be that the sheets formed
are amorphous, which would imply that no discrete
vibrational mode for the newly formed C�C bonds
would be expected. Another reason could be that
the vibrational modes of these newly formed bonds
oriented parallel to the sample surface are not as
effectively enhanced as modes that are oriented per-
pendicular to the surface and thus more prominent in
the spectra. A similar finding was recently reported on
single-layer graphene imaged with the same TERS
configuration.19

In a next step, we used the spatial information
encoded in TERS maps. To prove that TERS imaging
on the covalent monolayers actually probes the local
chemical composition, an imaging experiment was
conducted at the edge of one of the covalent sheets.
A Raman intensity image (32 pixels� 32 pixels, 4 μm�
4 μm) evaluated for the triple-bond stretching vibra-
tion is shown in Figure 6. The distance between two
subsequent points is 129 nm. The immediate drop in

Figure 5. Accumulated spectrum from a TERS map of a
nonirradiated 3-fold deposited monomer layer on gold (a)
and accumulated spectra from two TERS maps of a 3-fold
deposited monomer layer after irradiation with a 455 nm
LED for 18 h (b, c). The arrows indicate the decrease in
relative intensity of the most abundant anthracene vibra-
tional modes. All maps have a size of 32 � 32 pixels and
were performed on 16 μm � 16 μm and 20 μm � 20 μm
areas, respectively. The spectra are offset for better visibi-
lity, and spectrum (a) was scaled in intensity with a factor of
1.5 for better comparability.
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Raman intensity at the edge (from one point to the
next) indicates that the actual lateral resolution is
below the optical diffraction limit at the used wave-
length (a spectroscopic image across the film edge
with an even smaller step size of 60 nm is shown in
Figure S2 in the Supporting Information).
In order to investigate the spatial distribution of the

residual anthracene moieties indicated by the residual
peak intensities at 1383 and 1562 cm�1 in the accu-
mulated spectrum in Figure 5b, the ratio of the two
neighboring peaks at 1562 and 1595 cm�1 was eval-
uated at every position of the map, only taking into
account peaks with an intensity above the three times
noise criterion. A well-defined Gaussian distribution
of the peak ratio of 0.75 ( 0.18 was found (for the
18 h irradiated sample), which is significantly below
the ratio of 1.29 ( 0.40 found for the nonirradiated
monomer monolayer (see Figures S3 and S5 in the
Supporting Information). This finding suggests a
homogeneous consumption of anthracene within the
sheet. To look into this in more detail, a TERS map with
a smaller step size (103 nm) was performed on a layer
(one-time transfer) that had only been irradiated for
20 min at 455 nm. The observed peak ratio distribution
was again found to be well-approximated by a Gauss-
ian functionwith a value of 0.94( 0.24 (see Figure S4 in
the Supporting Information). The fact that the anthra-
cene consumption is reflected in well-defined peak-
ratio distributions at all investigated stages of the
reaction is an indication that the formation of the
covalent sheets probably happens with a step-growth
mechanism. In the case of a chain-growth mechanism,
a less defined intensity distribution would be expected
(if the lateral resolution is high enough) with more
values at the initial peak ratio of the unreacted mono-
mer. However, a reliable examination would require
spectroscopic analysis down to the single molecule
level which has not been possible so far.
An example where the spatial information provided

by TERS imaging is of particular value is the spectro-
scopic analysis of mixed monomer monolayers. When
considering a binary mixture of monomers 1 and 2

(see Figure 1), the phase behavior on the Langmuir
trough will predetermine the structure of the resulting
two-dimensional copolymer.10 We made a first at-
tempt to study a binary mixture of monomers 1 and
2 in a molar ratio of 1:1 by performing a TERS imaging
experiment on a premixed monomer layer prepared
on a Langmuir trough and transferred to a gold sub-
strate by one-time transfer.
Figure 7 shows the predicted Raman spectra of the

corresponding model compounds. Spectroscopic con-
trast is given by a shift of one of the anthracene CdC
(respectively CdN) stretching vibrations to a lower
wavenumber (namely 1325 cm�1) because of strong
involvement of the nitrogen atoms. Differentiation
is also possible based on the additional peak at
1455 cm�1, which corresponds to a vibrational mode
with strong involvement of the additional methyl
group at the 9-position of anthracene.
TERS imaging on a 1:1 mixed monolayer of mono-

mers 1 and 2 was performed on a 20 μm� 20 μm area
(32 � 32 pixels), and the resulting accumulated spec-
trum is shown in Figure 8b. Direct comparison to the
accumulated spectrum from the puremonomer 1 layer
(Figure 8a) indicates a significant decrease in intensity
of the two anthraceneCdC stretchingmodes.Moreover,

Figure 7. Theoretical Raman spectra of model compounds
for the two premixedmonomers with an anthracene (a) and
an 1,8-diazaanthracene (b) moiety, respectively.

Figure 8. Accumulated spectrum from a TERS map with
32 � 32 pixels on a 20 μm � 20 μm area of a 1:1 mixed
monolayer of monomers 1 and 2 (b) compared to the
accumulated spectrumof a pure 3-fold depositedmonomer
1 layer (a). The spectra are offset for better visibility, and
spectrum a was scaled in intensity with a factor of 10 for
better comparability.

Figure 6. Raman intensity image of the triple bond stretch-
ing vibration across the edge of a covalent sheet on gold.
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additional modes are observed at 1330, 1341, and
1462 cm�1, which can be assigned to monomer 2
vibrations (see Figure 7).
It is again possible to perform a spatial analysis

similar to the one applied for the puremonomer layers.
The intensity ratio of the peaks at 1562 and 1595 cm�1

shows a well-defined distribution of 0.83 ( 0.11 (see
Figure S6 in the Supporting Information). The signifi-
cantly lower ratio compared to the pure layer of
monomer 1 can be explained by the fact that the two
monomers appear to be homogeneously mixed on the
sample surface (within the resolution limit). In the case
of a heterogeneous distribution, ratios as observed
for the pure monomer 1 layers would appear more
frequently. Interestingly, some spectra exhibit a parti-
cularly intense peak at 1330 cm�1, which can be
attributed to a characteristic vibrational mode of
monomer 2 (see above) (Figure 9). However, these
spectra did not show any significant decrease in band
intensity for the anthracene modes at 1383 and
1562 cm�1. The particularly high peak intensity of the
1,8-diazaanthracene CdC/CdN stretching vibration at
1330 cm�1 could be a result of a direct interaction of
the nitrogen lone pair with silver atoms of the tip. This
additional enhancement effect is known as chemical
enhancement in the surface-enhanced Raman spec-
troscopy literature.25 Work by Hayazawa et al. even
reported splitting of the ring-breathing mode of

adenine crystals caused by direct interaction between
the atoms of a silver tip and the nitrogen atoms.26

CONCLUSIONS

In the present study, TERS was used for the first time
to obtain high signal-to-noise Raman spectra from
single/few layers of a synthetic covalent sheet. The
orders of magnitude higher sensitivity compared to
confocal Raman microscopy allows to use acquisition
times of a few seconds and laser powers in the low μW
range, which significantly reduces invasiveness of the
analytical method in the case of susceptible samples.
A clear intensity decrease of the characteristic an-

thracene vibrations indicates successful dimerization
of neighboring monomers within compressed layers
on the Langmuir trough. The potential side reaction of
a [4þ 2] cycloaddition could be excluded on the basis
of the rich spectroscopic information. The laterally
resolved spectroscopic data shows a well-defined dis-
tribution of unreactedmonomer units within a partially
reacted layer based on individual spectra from <5000
monomers collected from sample positions separated
by approximately 100 nm. No domains were found on
the investigated length scale. Since the formation of
covalent nanosheets would be favored in the case of a
chain growth mechanism, this finding indicates that
the polymerization in two dimensions probably hap-
pens with a step growth mechanism. However, a more
reliable examination would require to push the lateral
resolution further toward the single/few-molecule level.
Moreover, a first attempt toward the high-resolution
spectroscopicmapping of two-dimensional copolymers
wasmade. The possibility to image the lateral molecular
distribution with high resolution could allow to shine
light on the processes involved in the formation of two-
dimensional molecular films, especially in the case of
copolymerization. The differentiation of gradient and
randomcopolymers, for example, is only possible on the
molecular or close to molecular level.27 A possibility
would also be to use the tip enhancement not as an
analytical tool, but to produce nanoscale covalent
sheets with a predefined shape. This could, for example,
be realized by using plasmonic silver or aluminum tips
with UV irradiation to locally induce anthracene
dimerization.

METHODS
A Langmuir trough (Minitrough, KSV, Finland) was used to

create monomer monolayers at the air�water interface (details
can be found in Payamyar et al.8,10). A platinum Wilhelmy
balance allowed us to monitor the surface pressure. In-plane
polymerization was induced at a pressure of 20 mN/m by
irradiating a circular area (Ø 1�2 cm) of the monolayer with a
fiber-coupled 455 nm light emitting diode (300 mW, LEDMOD
OEM, Omicron-Laserage Laserprodukte GmbH, Germany) for up
to 18 h. Two different methods were used to transfer monomer
monolayers and polymer sheets onto gold and 300 nm SiO2/Si

substrates at a surface pressure of 20 mN/m and a transfer
speed of 1 mm/min. First, samples were produced by three
consecutive vertical Langmuir�Blodgett transfers. The 3-fold
deposition is done to increase the surface coverage because the
film easily breaks apart. Second, substrates were pulled through
the molecular film on the water surface at an angle of approxi-
mately 45�, which results in almost full surface coverage with
one layer at most. Coverage of the substrate is typically checked
using a reflected light DIC microscope (DM4000 M, Leica
Microsystems). Flat gold substrates were prepared by a template-
stripping method described in more detail elsewhere.28,29

Figure 9. Tip-enhanced Raman spectra extracted from
the map underlying the accumulated spectrum in Figure 8.
Few spectra show a particularly strong peak at 1330 cm�1

(a), whereas in the other spectra (b), this peak is only
of moderate intensity. The spectra are offset for better
visibility.
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TERS measurements were performed on a combined
STM/Raman microscope (NTEGRA Spectra Upright, NT-MDT,
Zelenograd, Russia) using a 632.8 nm HeNe laser for Raman
excitation. The instrument is equipped with an electron multi-
plying charge-coupled device (EMCCD, Newton 971 UVB,
Andor, Belfast, UK). Silver tips with typical radii of curvature of
40�120 nm were prepared by electrochemical etching of a
silver wire (diameter 0.25 mm, 99.99% purity, Sigma-Aldrich).
A 2:1 (v/v) mixture of methanol (p.a., Sigma-Aldrich) and per-
chloric acid (70%, VWR) was used as etchant. Tip-enhanced
Raman spectra were collected after focusing the excitation laser
on the apex of a silver tip in scanning tunnelling feedback
(constant current mode) with the sample surface. Imaging was
performed by moving the piezo sample stage in the x, y, and z
directions while keeping the relative laser-to-tip position fixed.
An acquisition time of 3 s was used for all shown spectra. A fairly
low laser power of 30 μW on the sample stage was chosen in
order to minimize photoinduced reactions/decomposition of
the sample molecules.
Theoretical Raman activity spectra were calculated using

Gaussian 09 (Gaussian, Wallingford, CT).30 Optimization of the
molecular structures was performed by means of density
functional theory (DFT). The Becke, three-parameter Lee�
Yang�Parr (B3LYP) exchange-correlation functional with the
6-311G(d) basis set was used for all atoms. The vibrational
modes were assigned on the basis of visual inspection in
GaussView 5. All calculated frequencies were scaled with a
factor of 0.970.
Accumulated spectra from each map were fitted with a third-

order polynomial baseline fit and with Lorentzians for the main
peaks (up to 10 for the monomer mixtures) and for all other
spectral features. The spatialmaps shown are based on the peak
area determined from fits to individual spectra with the con-
straints of fixed peak positions and full width at half maxima
from the fit of the accumulated spectra. The peak heights were
determined by means of an automatic peak finder based on
Gaussian filtering of the spectra (Mathematica 10, Wolfram
Research, Oxfordshire, UK) and an individual threshold for each
spectrum (after baseline subtraction) corresponding to a three
times noise criterion. The determined peak ratios with their
uncertainties are calculated as mean ( 2 standard deviations
from the spectra that fulfill the aforementioned criterion.
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