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and Spatially Resolved Vibrational
Analysis - A Review

Timo S. G. Niepel, Yashashwa Pandey, and Renato Zenobi*

Abstract: Two-dimensional polymers comprise a novel class of macromolecules with promising mechanical and
chemical properties that have recently become accessible under mild synthetic conditions. As nanometer-sized
holes and defects are likely to influence these materials’ properties, there is a need for analytical methods to
spatially and chemically characterize them down to the nanoscale. In this article, we compare tip-enhanced
Raman spectroscopy to common methods in nanoanalysis for the investigation of defect sites in molecularly
thin 2D-polymer sheets and briefly present measures to meet the challenges arising from tip-induced degrada-

tion processes.
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1. Introduction

Over the past decades, the rapid advances in synthetic polymer
chemistry have made available many techniques and reaction de-
signs for macromolecules of various physicochemical properties,
architectures and dispersities.l2l Many modern approaches to
engineer a macromolecular material showing the desired thermal
and mechanical behavior make use of branching sites at which
orthogonal functionalities of the monomeric units act as anchors
for the growthl3! or the attachment!*! of side chains.l3! It is these
branching sites, induced by the presence of multiple reactive
centers on a monomer molecule, %! that enable the formation of
macromolecular covalent networks in two and three dimensions;
the resulting three-dimensional materials enjoy widespread ap-
plications in everyday life.[%] Just like materials extending in three
dimensions which consist of one-dimensional polymer molecules
would be seen as 1D-materials, two-dimensional polymers may
also stack vertically yielding a bulk crystal of 2D-material extend-
ing in three dimensions.

The key feature that distinguishes a two-dimensional poly-
mer from other two-dimensional covalent networks and covalent
(metal-)organic frameworks is the two-dimensional constitutional
repeat unit that seamlessly tiles the plane. A 2D-polymer is thus
by definition a monolayer and crystalline, though a small number
of defects may be tolerated as long as they do not dominate the
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macromolecule’s overall physicochemical properties. On the con-
trary, 2D-materials may be devoid of repeat units, perhaps even be
composed of multiple layers of considerable overall thickness, as
long as their sheet-like constituents are not chemically intercon-
nected.

Prominent examples for these multi-layered 2D-materials in-
clude graphite, phyllosilicates, chromium(1ir) halides and transi-
tion metal dichalcogenides such as MoS,. Individual two-dimen-
sional monolayers (e.g. graphene) have been obtained from them
inter alia via exfoliation and solvothermal processes.!"]

Rather new is the bottom-up synthesis based on an in-plane po-
lymerization of an isolated monolayer of multifunctional organic
monomers. These novel two-dimensional polymer sheets are
conveniently prepared on the air—water interface of a Langmuir-
Blodgett trough,® where the monomers are first compressed to a
monolayer and then polymerized by the addition of areactant or by
irradiating the surface.l®l Examples for such structures are shown
in Figs. la—-d. The corresponding multi-layered 2D-materials
can also be synthesized in bulk from their monomers and they
have been well characterized,['%] however, only small coherent
2D-polymer sheets could be obtained from their bulk crystals
by exfoliation. Despite the attractive ease of creating crystals of
stacked layers in this way, what drives research on regular cova-
lent monolayers is their promising mechanical properties which
render them intriguing new candidates for homogeneous nano-
porous membrane materials. In that sense, the interfacial synthe-
sis is vastly superior for the generation of 2D-polymers of sizes
needed for their potential industrial applications. Process control
now calls for procedures to characterize these ultra-thin films both
spatially and chemically. This review will hence focus on ana-
Iytical methods suitable for the study of fully synthetic organic
two-dimensional polymer monolayers, with an emphasis on those
that have been successfully applied on samples of 2D-polymers
synthesized using surface film techniques.

2. Methods and Results

Traditionally, a number of orthogonal analytical techniques
are applied to a given sample in order to characterize it chemi-
cally and either determine or confirm its identity. This is also the
case for thin films, where certain methods such as optical micros-
copy, electron microscopy, diffraction, scanning probe micros-
copy (SPM) and tip-enhanced Raman spectroscopy (TERS) have
become established standards. Though theoretically possible and
potentially useful, not all varieties of these methods have, as of
yet, been applied to synthetic 2D-polymer samples. The follow-
ing sections will briefly discuss the aforementioned techniques’
specialties, strengths and weaknesses and assess what information
they can provide on samples of 2D-polymers.

2.1 Optical Microscopy

Known since the 18" century and probably one of the most
common and easy-to-use techniques, optical microscopy allows
one to view samples enlarged by the magnification of a lens, with
typical length scales ranging from fractions of a millimeter to
larger areas, centimeters across. As monolayers are close to invis-
ible in an upright incident light microscope due to their extremely
small thickness, this method can usually only serve as a swift con-
trol for the exclusion of large or colored contaminants or visible
mechanical damage to the sample (e.g. scratches). Nonetheless,
efforts have been made to adapt optical microscopy to the inves-
tigation of thin layered sheets, improving the contrast by making
use of the sample’s fluorescent properties or interference effects
(cf. Fig. 2a).1151 Related techniques such as frequency dependent
transmittance and reflectance,!'9! picometrology,!!'”] spectroscop-
ic ellipsometry imaging,!!8] spatial light interference microscopy
(SLIM),!9 quadriwave lateral shearing interferometry (QLSI),[20]
optical path density measurements (OPD) and Brewster angle mi-

Q= 2zn*

Q = Fe?, Co*, Pb2*

Fig. 1: Prominent synthetic pathways for two-dimensional polymers.['"!
a) Dialdehydes condense with triamines forming an imine network in
2D.[' b-c) The monomer’s three anthracene moieties undergo a pho-
tochemical [4 + 4]-cycloaddition. These amphiphilic monomers can be
dispersed at an air-water interface, with the alcoholic functions prefer-
ably pointing downwards, into the aqueous phase.® d) Hexafunctional
terpyridine ligands chelate and exchange heavy metal cations at the
liquid boundary."

croscopy (BAM) have been applied to thin films. Among these,
OPD offers a high sensitivity and is capable of visualizing sam-
ples with thicknesses down to the sub-nanometer range.?%! This
performance makes it comparable to the profile information avail-
able from scanning probe methods, however with a diffraction
limited lateral resolution. For the study of 2D-polymers, BAM has
found an application in determining the size and relative arrange-
ment of sheet fragments.l®) BAM measurements can be carried
out in real time, which allows for observing structural changes in
thin films during their preparation. Schliiter and coworkers[® have
used BAM to record the contraction and ‘tearing’ of a Langmuir
film of monomer molecules upon irradiation with light, which
they interpreted as a sign of polymerization.

2.2 Electron Microscopy and Diffraction

Because of its versatility and high lateral resolving power
even below 50 pm, electron microscopy!?3 has become a popular
tool for the investigation of miscellaneous surfaces. In the study
of thin samples, high-resolution transmission electron micros-
copy (HRTEM)24l is often combined with the acquisition of the
electrons’ diffraction pattern (selected area electron diffraction,
SAED), allowing to reveal regular lateral patterns in the sample.
This is of high interest for crystalline 2D-materials since the reg-
ularity of their repeat units would be expected to yield distinct
reflections from which structural information can be extracted.
However, TEM/SAED of 2D-polymers presents a significant
challenge. Ultra-thin samples of low thermal and electrical con-
ductivity suffer from rapid degradation, if not outright destruction,
when exposed to the electron beam, even under cryogenic condi-
tions (c¢f. Fig. 2b).151 In an effort to reduce radiative damage to
the sample and enhance its resilience, Algara-Siller ez al.[>5] have
encapsulated a two-dimensional polymer between two sheets of
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Fig. 2: A 2D-polymer sheet (cf. Fig. 1a) was examined using various mi-
croscopic techniques.?'?? a) By optical microscopy, the polymer mono-
layer is distinguishable from the bare substrate by a slight difference

in color. b) The SEM image shows that the 2D-polymer sheet is sturdy
enough to span the gaps in a TEM grid, but suffers damage from the in-
cident electron beam. c,d) A much higher lateral resolution is achieved in
AFM, which reveals that the covalent sheet is a monolayer.

graphene and restricted themselves to low electron doses. In this
fashion, they were able to preserve the polymer’s internal struc-
ture and record TEM images and a SAED pattern showing several
rings composed of weak but clear lattice reflections.

Another interesting approach to the structural elucidation of
2D-materials has recently been presented by Hofer er al.l'9. They
directly polymerized single crystals of a suitable monomer by ir-
radiating them with light and confirmed the conversion to the cor-
responding layered polymer sheets by means of X-ray diffraction
followed by a structure refinement. Although no 2D-polymers
were isolated in this study, the authors were able to conclude that
mechanical strain due to a smaller lattice constant in the poly-
mer sheets does influence the kinetics of polymerization, in good
agreement with the familiar ‘tearing’ observed in Langmuir-
Blodgett films of monomers upon their photopolymerization.L©!

2.3 Scanning Probe Microscopy

The backscattering of photons, electrons and other particles is
not the only way of creating an image of a sample. The topography
of conductive surfaces, for example, can be studied with excellent
accuracy by means of scanning tunneling microscopy (STM).[20]
This technique, which was invented by Binnig and Rohrer at
the beginning of the 1980s at the IBM Zurich Research Lab in
Riischlikon, Switzerland, relies on a minute current of electrons
tunneling through a gap between the sample surface and a sharp
tip that is very strongly distance dependent. Sweeping this tip over
the surface line by line yields a topographical image with down
to nanometer resolution — shortly after, Binnig and Rohrer were
awarded the Nobel Prize in Physics for their invention, together
with Ruska for his development of the electron microscope.

Since the tunneling process of electrons is not particularly
hindered by a nanometer-thin spacer of non-conductive material,
two-dimensional polymers on conductive substrates such as gold
have successfully been imaged topographically by using STM
imaging.[%]

Quite similarly, atomic force microscopy (AFM)[27] relies on
the interaction of a scanning tip with the sample surface. Instead
of measuring a tunneling current, it detects the weak attractive and
repulsive forces created by the interaction of the molecular orbit-
als of the analyte with an approached probe. AFM is thus often

employed to measure profiles of miscellaneous non-conductive
samples, including two-dimensional materials (c¢f. Fig. 2¢,d). The
resolving power and the stability of both STM and AFM setups
are sufficient to measure material thicknesses below 1 nm even at
ambient conditions. However, these measurements do not provide
any information on the chemical nature of the analyte.

2.4 Tip-enhanced Raman Spectroscopy

While the more traditional far-field optical microscopy’s spa-
tial resolution is limited by the diameter of tightest focus (typi-
cally 200-300 nm),28! methods which circumvent this limitation
have by now established themselves in the analytical sciences.
These typically make use of the confinement of light in the opti-
cal near field of an emitter, the illuminated area being over two
orders of magnitude smaller than what is achievable with confo-
cal techniques. This emitter may either be a small aperture, but
also antennas of opaque materials have proven viable for scanning
near-field optical microscopy (SNOM). Since surface plasmon
resonances on nanoparticles and nanometer-sized structures can
enhance Raman scattering of molecules located within their near
field — a phenomenon known from surface-enhanced Raman spec-
troscopy (SERS) — a useful technique has been developed about
20 years ago that promised to combine the high spatial resolution
of SNOM with the chemical information available from SERS:
tip-enhanced Raman spectroscopy (TERS).[2°1 TERS has been
employed to optically visualize nanometer- and sub-nanometer-
sized features, even as small as individual molecular orbitals
based on their vibrational activity. This has so far only been reli-
ably demonstrated in ultra-high vacuum (UHV) and at cryogenic
temperatures.30]

TERS measurements carried out in air and at room tempera-
ture have not yet reproducibly shown the spatial resolution nec-
essary to chemically map sub-nanometer-sized structures. A rig-
orous proof of spatial resolution must always contain multiple
coherent pixels showing similar spectral features independent of
the probe scanning direction. Unfortunately, the spatial prolonga-
tion of signals stemming from contaminants on the tip, which
are ‘dragged’ along the scanning coordinate, may inaccurately
suggest oblong features on the sample, the locations of which are
naturally irreproducible. Similar artefacts include rapidly and un-
controllably changing spectra, a common occurrence in ambient
TERS with bare tips, where the enhancing metallic nanostructure
is exposed to the environment. These unwanted signals may stem
from changes in the tip geometry or from adsorption of organic
volatiles to the probe and their degradation; both artefacts cause
fluctuations and sudden changes in spectral intensity.[3!321 This
calls for great caution when interpreting such data. Last but not
least, instrument drift may impede the recording of large high-
resolution TERS images at ambient conditions. Localizing and
resolving nanodefects in two-dimensional polymers with ambient
TERS therefore still remains challenging.

These problems could be addressed by performing the TERS
experiment in an ultrapure aqueous solution of an electrolyte with
external control of the electrical potential applied to the substrate
and the tip, respectively. The relatively high thermal conductivity
of water compared to air decelerates tip degradation processes
originating from a heat-induced structural transformation of the
enhancing site.[33! Furthermore, coating this enhancing nanostruc-
ture on the SPM tip with a thin layer of a dielectric material (e.g.
SiO,) exhibiting a high refractive index may help to protect the ac-
tive nanoantenna from any exposure to ambient contaminants.34

After the first rational synthesis of a 2D-polymer at the air—wa-
ter interface had succeeded in 201 1,351 Schliiter and coworkers pre-
pared a monolayer of a trianthracene monomer which they photo-
polymerized macroscopically in a Langmuir-Blodgett trough (see
Fig. 1b,c).[13] In this study, Opilik ef al. demonstrated the viability
of ambient TERS imaging as a tool to investigate molecularly thin
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covalent sheets by mapping an edge of the 2D-polymer with a pixel
size of 125 x 125 nm? and explaining the preferential formation of
dianthracene bridges via [4 + 4]-cycloadditions from the resulting
spectra.l!3l Several subsequent reports from our laboratory have
strengthened the view that ambient TERS is indeed suitable for the
chemical identification and characterization of monolayers, includ-
ing covalently bound sheets such as 2D-polymers,[12:22.36.37] where
the appearance of characteristic bands in the Raman spectrum hints
at the formation or absence of covalent bonds between monomer
molecules (see Fig. 3). Although the direct quantification of TERS
spectra was deemed inapplicable due to the aforementioned fluc-
tuations in intensity, peak ratios, averaged over large sample ar-
eas, can be employed to estimate the overall conversion within the
polymer sheet (e.g. 90%0371). The architectures of accessible, large
polymer sheets differ widely and range from imine linkages formed
by condensation (loss of water, see Fig. 1a)l'222 and polycyclic
moieties arising from electrocyclic reactions (see Fig. 1b,c)!!336.37]
to macromolecular planar coordination complexes (see Fig.
1d),l14.351 although the latter have, to our knowledge, never been
examined with TERS. Further notable observations from ambient
TERS studies on these systems include the reproducible, spatially
localized increase in signal intensity of a 2D-polymer sheet on an
Au(111) step edge indicating a certain degree of pliability in that
material; and a spatial variability in signal intensity reflecting the
structural differences in a monomer layer on gold related to its
method of preparation.??) There is significant experimental evi-
dence, supported by theoretical considerations, that the orientation
of the enhanced field along the tip axis relative to the polarizabil-
ity of the analyte’s normal modes of vibration plays an important
role in determining which modes are subject to enhancement while
others are suppressed. This argument is based on TERS ‘surface
selection rules’ and helps to explain the above-mentioned observa-
tions (cf. Fig. 3).[221

3. Discussion

As research on two-dimensional polymers constitutes a
relatively new and promising field in synthetic and analytical
chemistry, there is scientific interest in a vast range of proper-
ties and potential applications of these unique covalent sheets.
The challenges that investigations on these intriguing materials
bring with them are, however, often only met by the most sen-
sitive, state-of-the-art analytical methods available.l38! Here, the
method of choice clearly depends on the question that needs to be
addressed. While scanning probe microscopic methods such as
ambient AFM and STM comfortably reveal the profile of such a
sample with sub-nanometer vertical resolution and quite flexible
lateral dimensions, typically from tens of micrometers down to a
few nanometers, electron microscopy of a free-standing polymer
sheet typically leads to rapid sample destruction and is much more
challenging to perform. The presence of a mechanically stable

SR
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Fig. 3: Spatial distribution of the signal-to-noise ratio of the carbon-
carbon triple bond stretching mode in an STM-TERS measurements of
a 2D-polymer sheet (cf. Figs. 1a and 2). The change in orientation of the
triple bond affects the intensity of that band (2220 cm~") according to
the surface selection rule, and thus serves as a marker for defects. Pixel
sizes: 5 x 5 nm? and 50 x 50 nm? for a) and b), respectively.?'??

thin film on a TEM grid after a suitable treatment of a monomer
monolayer is nevertheless an established indication for the pres-
ence of a covalent sheet and the practice of showing a TEM image
of the polymer is found throughout the literature, despite the diffi-
culties associated with the measurement. After all, the diffraction
pattern of the scattered electrons can hint at a structural regularity
within the thin film, while AFM and STM are suitable to identify
the presence of monolayers and to distinguish them from multi-
layered materials. Yet, neither electron microscopy nor scanning
probe microscopy alone deliver enough structural information to
characterize a thin film as a covalent sheet or even a crystalline
two-dimensional polymer. Surely this structural information may
be to some extent obtained for the bulk material by means of multi-
dimensional nuclear magnetic resonance spectroscopy, infrared
reflection absorption spectroscopy, high resolution electron ener-
gy loss spectroscopy, confocal Raman microscopy or X-ray meth-
ods, but these techniques are all lacking the spatial resolution to
simultaneously locate and characterize the size and chemical na-
ture of nanometer-size defect sites in the polymer monolayer. Tip-
enhanced Raman spectroscopy, on the contrary, has the potential
to provide both structural and chemical information, meaning that
it is conceptually suitable for insightful studies on 2D-polymers.
A good understanding of the molecular structure of these materi-
als has already been gained by employing this method (see section
2.4). Under ambient conditions, the analytical strength of TERS
imaging is still limited by the lifetime of the tip and a trade-off
between lateral resolution and spectral quality, which essentially
stems from mechanical perturbations and drift. Based on its ad-
vantages, TERS is currently the method of choice for the chemical
mapping of two-dimensional polymers at the nanoscale.

4. Summary and Outlook

The tremendous developments and improvements of analytical
methods in the study of ultrathin materials of the past years have
led to a significantly improved level of understanding regarding
the chemistry and nanostructure of 2D-polymers. Crystallinity, a
property any 2D-polymer must exhibit by definition, had initially
been difficult to prove and has now been inferred from TERS im-
ages evidencing low-defect samples that are homogeneous over
wide areas and show almost full conversion. Nanoscale defects in
the polymer sheet can be localized with TERS imaging. If carried
out in air, it currently offers a limit of detection for defects with
sizes of less than 10 nm. Today, TERS is establishing itself as an
integral part of 2D-polymer analysis. For a swift initial control
and an unequivocal characterization it should be supplemented
by common methods such as microscopy and spectroscopy that
deliver orthogonal information.
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