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AFM is a technique widely applied in the nanoscale characterisation of polymers and their surface
properties. With nano-FTIR and IR-sSNOM imaging an optical dimension is added to this technique that
allows for straightforward high resolution characterisation and spectroscopy of polymers. As the volume
sampled by these near-field techniques depends mostly on the radius of the cantilever tip, typically
10 nm, it is orders of magnitude smaller than in conventional techniques. Nevertheless, comparability of
nano-FTIR near-field spectra and data from macroscopic methods has been shown. Some relevant
polymers such as polystyrene however, prove to be more difficult to detect than others. Furthermore,
the small sampled volume suggests lower signal quality of nano-FTIR data and proof of its suitability for
a reliable library search identification is lacking. To evaluate the techniques especially towards automatic
and higher throughput identification of nanoscale polymers, for example in blends or environmental
samples, we examined domain distributions in a PS-LDPE film and spectral responses of foils of the most
relevant commercial polymers. We demonstrate the successful library search identification of all samples
with nano-FTIR data measured in less than seven minutes per spectrum with a free IR spectra database
in combination with established commercial OPUS 7.5 software and the recently released freeware
siMPle. We discuss aspects affecting the accuracy of the identification for different polymers and show

that the small spectral range of 1700-1300 cm™*

. 4 6th 3 2019 already leads to similar success in differentiating
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Accepted 16th Septerber 2019 between polymer types with near-field data as with conventional far-field FTIR spectroscopy. Even
a polymer sample weathered in the environment can be identified without prior cleaning, proving wide

DOI: 10.1039/c9ay01193e fields of applications for characterisation and identification of diverse polymer samples. Finally, we

rsc.li/methods propose measurement and analysis strategies for known and unknown samples with this novel technique.

chemical identification by infrared spectroscopy. By directing
the laser beam to the metallic AFM tip a nanofocus is created,"

Introduction

Fourier-Transform Infrared (FTIR) spectroscopy nowadays is
a common tool for polymer characterisation and identification
in research and industrial contexts. Macroscopic film samples
are quickly analysed by attenuated total reflection (ATR)-IR.
With this technique, the samples are pressed to the surface of
a crystal and the spectrum, the chemical fingerprint of the
material, is derived from the reflection of the infrared beam at
the interface. By easy steps, the spectra are then compared with
a spectrum library and within minutes the identification is
complete. The limit of resolution is set by the diffraction limit of
light. A novel technique that moves the spatial resolution of IR-
spectroscopy from micrometres in ATR to the nanometre range
is nano-FTIR. The combination between a scattering-type near-
field optical microscope (s-SNOM) and a mid-infrared
continuum laser joins the local resolution of AFM with
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whose diameter is only limited by the dimension of the tip.
Thus, a local spectroscopic resolution of up to 20 nm is
possible.> Within this focus, near-field (NF) interactions
between probe and sample occur, which are controlled by the
wavenumber (w)-dependent dielectric function e¢(w) of the
sample and thus its absorption/reflection properties.>™*
Measurements are conducted in AFM tapping mode, so that the
intensity of sample and background signal vary with the motion
of the tip. The optical signal is recorded by interferometric
detection in an asymmetric Michelson configuration, which
differs from conventional interferometers as sample and tip
replace the stationary mirror at the end of one of the four arms.
In the adjacent arm a second mirror controlled by a piezo drive
moves along the axis of the beam in the arm to provide inter-
ferograms in the form of the intensity of the optical signal as
a function of distance. The ratio of light backscattered at the tip-
sample system to the incident light is described by the complex
valued scattering coefficient o(w) = su(w)el”® with NF-
amplitude s, and NF-phase ¢,. With higher orders n of the
tapping frequency Q of the metallic cantilever tip, background
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interference is reduced. Fourier transformation of the detected
optical signal at n = 2 results in NF-amplitude and NF-phase
spectra, which translate to the local reflection and absorption
of the sample, respectively.® The mirror of the interferometric
detection unit can be adjusted to the white light position (WLP),
where both optical paths have the same length and the intensity
of the interferogram is at its maximum. This setting does not
provide spectral resolution but a 2D NF-amplitude scan iden-
tifies regions with different reflective properties in the spectral
region of the incident beam. In a next step, point spectra of
different spots on the sample and a reference spectrum are
obtained by Fourier transformation of the corresponding
interferograms with a moving mirror. The reference is usually
measured on a reflective and non-absorbing, sample-free spot
on the substrate or clean Si or metal surfaces. Before further
analysis, the spectra have to be normalised to the reference by
dividing the obtained amplitudes s,/s, . and subtracting the
phase of the reference ¢, — @, rer. For comparison of near-field
with conventional far-field FTIR-spectra, it has been shown that
the nano-FTIR absorption a,(w), the imaginary (Im) part of the
near-field contrast a,(w) = Im[o(w)] = s(w)sin[g,(w)], may
correlate better to the reference data than only ¢,,>*” depending
on the thickness of the sample.®

An attractive way to examine material distributions and
interfaces of samples with known components is IR-sSSNOM
imaging, where a monochromatic source is coupled in for the
optical trace. In this case, excitation close to absorption bands
of the components can be employed to differentiate between
materials with high resolution, e.g. 40 nm for a PMMA-PC
sample.” The reflected beam undergoes pseudoheterodyne
detection with successive deconvolution at n = 2 for Q.” Anal-
ogous to nano-FTIR, optical amplitude and phase intensities
indicate regions of reflection and absorption of the now
monochromatic radiation. Both amplitude and phase are
recorded on separate channels, so that 2D scan data of both is
collected in addition to the usual topographic and phase maps
derived from AFM scans. On a standard polymer blend sample,
we here combine nano-FTIR and IR-sSNOM-imaging and show
phase distributions and spectral transitions between the
domains in a line scan.

There are studies including near-field point spectroscopy
and hyperspectral imaging, where a 3D data cube with spectra
taken for each pixel is obtained.>'* However, a correlation of
near-field spectroscopy with a library spectrum search routine,
as for example applied in the identification of unknown
samples, is lacking. Furthermore, the widely distributed poly-
mers polyethylene and especially polystyrene are more difficult
to detect by near-field spectroscopy than others are.'® For this
reason, we here examine the applicability of near-field spectra
with minimum post-treatment in a library-based identification
of a selection of relevant polymer samples.

Experimental
Materials

Polymer samples. A PS-LDPE-12M reference sample was
obtained from Bruker. Commercial polymer foil samples were
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of different sources: PP (400 um, Dr Dietrich Miiller GmbH), PA
(1000 pm, Dr Dietrich Miiller GmbH), PLA (300 pm, Folienwerk
Wolfen GmbH), PE (high density, 99 pm; low density, 99 um
Orbita Film GmbH), PS (Ergo.fol, 190 um, Norflex GmbH), PVC
(210 um, Leitz), styrene acrylonitrile SAN (Ergo.fol, 90 pm,
Norflex GmbH), PMMA (pellet, cut, Bayreuth University), PEUR
(LPT 4802 T 050 natural, Bayer), PET (175 um, Piitz GmbH + Co.
Folien KG). The samples were cut to pieces of <1 cm > and
cleaned by wiping with HPLC grade ethanol (Merck) on a lint-
free paper and blowing off dust and fibre fragments. A weath-
ered PET bottle was collected at the Siidstrand on Heligoland
(54.1801, 7.8898); the new equivalent was purchased in a local
supermarket. Both samples were analysed without prior
cleaning.

Spectroscopy

All experiments were carried out in ambient atmosphere with
a neaspec neaSNOM system coupled with two different infrared
light sources. Measurements were conducted in tapping mode
with metal-coated cantilevers at resonance frequencies of 50-
250 kHz. Scan data was levelled and line corrected with Gwyd-
dion 2.49."

Nano FTIR. The laser source for spectroscopic measure-
ments was a neaspec nano-FTIR mid IR super continuum laser
with ranges of 610-1400 cm ™" (A), 700-1720 cm™ " (B), 1000~
2000 cm ™! (C), 1200-2200 cm ™' (D) and 1450-2200 cm " (E),
a bandwidth of approximately 700-800 cm ™' and tuneable
output in the spectral range of 2000-670 cm ™' with powers of
0.05-1.0 mW.

The applied settings were: interferometer centre 400 pum,
interferometer distance 500 pum (total available path length:
800 um), 10 cm™* spectral resolution, 2048 pixels and an inte-
gration time of 10 ms per pixel with 20 scans averaged per point.
The set point was 80%, while the free tapping amplitude was set
to 100 nm, resulting in an amplitude of approximately 70 nm in
approached tapping state. After the measurements, the spectra
were normalized to a reference measured on a Si wafer, phase
corrected and underwent a manual five point moving average
treatment within the instrument software. Spectra obtained
from combining multiple range (A, B, D) spectra were manually
joined at points of spectral overlap of the phase component
with neaplotter software.

IR-sSNOM imaging. The source of monochromatic irradia-
tion was a Daylight solutions MIRcat laser with tuneable
wavenumbers between 1872 and 903 cm™'. Qutput powers were
tuned to approximately 1 mW. The pixel time for the scans was
7 ms.

Data analysis

Library search identification of polymer films. For each
sample, three spots were measured with the same settings and
the obtained nano-FTIR spectra were averaged. Analogous to
established procedures for ATR-IR and p-FTIR based identifi-
cation of polymers, the resulting spectrum was then compared
to the group's open access database of polymer spectra for
automated analysis with the software OPUS (OPUS 7.5, Bruker
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Optik GmbH)." In case of the wider spectral ranges our in-
house database for manual identification was applied (the
range of the database for automated analysis is 3600-
1250 em ™). The library search was carried out for spectral data
based on vector normalization and the first derivative of the
curve."»® Hit qualities were determined without and with
individual concave rubber band background correction (64
baseline points, number of iterations: PA 1700/1800-1070 cm "
=1,2000-670 cm ! = 21; PLA, PEUR = 5; PP, PET, PMMA = 10;
PVC, PS, PET bottles = 21, PE, SAN = 51) and exclusion of water
bands between 1600 and 1500 cm ™!, as indicated. As a freeware
alternative to OPUS we carried out searches with siMPle (Aalborg
University, Denmark and Alfred Wegener Institute, Germany)*
and the same database, choosing the first derivative and default
settings for the correlation.

Hierarchical cluster analysis. ATR reference spectra under-
went a hierarchical cluster analysis using the Primer 6 software
equipped with the Permanova+ package (PRIMER-E) in the
range of 1700-1300 cm ™. For this, all spectra were offset cor-
rected starting from 0. The data was normalised to percentage
to exclude effects from different concentrations and varying
contacts between diamond crystal and material during the ATR
measurement. Prior to cluster analysis, the Hellinger distance
of the different spectra was calculated.

Results and discussion
Nano-FTIR spectroscopy on an LDPE-PS polymer blend

Nano-FTIR and IR-sSNOM-imaging combine surface charac-
terisation and optical spectroscopy at the nanoscale. In addition
to topographical and mechanical phase data, local optical
information of the surface of a sample is accessible.

Fig. 1 illustrates this by the example of a standard polymer
blend sample with spherical low density polyethylene (LDPE)
domains in a polystyrene (PS) matrix (Bruker PS-LDPE-12M). A
white light nano-FTIR scan was conducted with incoming
broadband infrared radiation of 2000-1000 cm ™ *. Apart from
topographic (z, Fig. 1a) and mechanical phase (¢y, Fig. 1b) scan
data, an optical NF-amplitude signal Fig. 1c, deconvoluted at
the second order of the tapping frequency, was obtained. Clear
phase and optical contrasts are visible, in which phase shifts
represent differences in energy dissipation between tip and
sample, while a higher NF-amplitude indicates a stronger local
reflection. Spectral differences between the domains become
visible by interferometric detection of the optical trace as in the
line scan across an LDPE domain in (Fig. 1d). We recorded NF-
phase spectra with a spatial resolution of 20 nm along
a distance of 2 pm. Sharp changes occur between the domains
and their optical signatures. These differences can be under-
stood by comparing with point spectra recorded inside the
spherical LDPE domain and the surrounding PS matrix with the

'. Plots in Fig. le
-1

same incident radiation of 2000-1000 cm™
show the relevant spectral region between 1700 and 1300 cm
The positions of characteristic peaks for LDPE at 1460 cm ™
(CH,-bend) and for PS at 1601 cm ™' (aromatic ring stretch),
1486 cm ™! (aromatic ring stretch), 1445 (CH,-bend) deviate only

15,16

1

slightly from reference spectra in our library and literature,
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Fig.1 Nano-FTIR scans with (a) topography (z), (b) mechanical phase
(pm) and (c) NF-amplitude (n = 2) signals of a standard polymer blend
sample with spherical LDPE domains in a PS matrix. (d) NF-phase (n =
2) of a line-scan with a resolution of 20 nm through an LDPE domain.
(e) Nano-FTIR NF-phase point spectra of the different materials in the
same spectral region (1700-1300 cm™2). (f) and (g) Zooms of spectra
recorded in the upper (A) and lower (B) transition zones. The lower NF-
phase peak shifts from 1445 cm™* to 1460 cm™~* from PS to LDPE.

7 cm~ ' at the most. The transition between the materials is
almost immediate and occurs within one to two intermediate
steps (Fig. 1f and g). Changes in the relative intensity of the peak
at 1486 cm ™! are accompanied by a shift of the stronger peak
from 1445 cm™' in PS to 1460 cm ' in LDPE. The highly
resolved transition in the absorption indicates the existence of
a thin phase with both signals present.

Imaging of domain distributions

Another possibility to gather chemical information on a nano-
scale is IR-sSNOM imaging of the sample surface at defined
mid-IR wavenumbers. Pseudo-heterodyne deconvolution of the
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optical signal at higher orders of the resonance frequency of the
cantilever reveals clear NF-phase contrasts close to vibrational
bands observed in the nano-FTIR mode.

Fig. 2 is a presentation of optical amplitude and phase
images of the LDPE-PS standard sample, recorded at different
incident wavelengths. Close to the CH,-bend vibration of LDPE,
at 1467 cm™ ', the spherical LDPE domains are characterized by
low NF-amplitudes (reflection) and high NF-phase (absorption)
intensities. The image inverts when moving the excitation to
1640 cm ™', close to the aromatic ring stretch vibration band of
PS, while at 1710 cm ™~ neither compound absorbs strongly so
that the contrast is weak. With measurement times of around
three to ten minutes per image this technique allows for a fast
and clear imaging of phase distributions in multicomponent
polymer materials. Important to mention is that the original
condition of the soft matter sample is not affected by the
imaging process as the measurements are based on standard
tapping-mode AFM technology.

Library search

In Fig. 3, NF-amplitude and -phase spectra of polylactic acid (PLA)
are plotted together with the real and imaginary parts of the data,
which result from deconvolution at n = 2 of the tapping
frequency. We measured point spectra at three different spots on

NF- Amplitude

NF-Phase
-

3y . ® &
= (Y

© @\;; 2um |

1710 cm™

min ) max min M max

Fig. 2 IR-sSNOM imaging of an LDPE-PS sample at different wave-
numbers, close to the CH,-bend/aromatic ring stretch vibrations of
LDPE (1467 cm™), the aromatic ring stretch vibration of PS
(1640 cm ™) and far from resonances of the two (1710 cm™2). Intensity
distributions in amplitude and phase spectra demonstrate the switch
from low reflection (amplitude) and high absorption (phase) to the
opposite when changing from one material's resonance to the other's.
All data are deconvoluted at n = 2.

5198 | Anal. Methods, 2019, 11, 5195-5202

Paper
a)
— Sn
S
© Re
Py
‘D
c
o
£ fn
Im

T T T T T T T
1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber [cm™]

O
~

—— ATR-IR
—— Nano-FTIR

Intensity [a.u.]

1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber [cm™]

Fig. 3 (a) Amplitude (s,), real part (Re), NF phase (¢,) and imaginary
part (Im) plots of NF spectra and (b) comparison of Im, labelled nano-
FTIR, and ATR-IR spectra of PLA bands observed in the nano-FTIR
mode.

the sample and averaged these into one. Each measurement took
6:42 min, while earlier work reported more than 16 min.> We
applied a minimum smoothing by five point moving averaging
the data. Due to the lower laser intensity towards the rims of their
spectral range, fluctuations in the background are more prom-
inent there and only data between 1800 and 1050 cm™ ' was
considered. As mentioned earlier, amplitude spectra and real part
are related to the reflection at the nanofocus, while phase and
imaginary part carry the information about the local infrared
absorption of the sample. Confirming previous studies, phase
spectra and imaginary part show slight differences in peak posi-
tion and relative peak intensity (Fig. 3a).” A close match occurs in
direct comparison between the imaginary part spectrum and the
ATR-IR reference of the same sample (Fig. 3b). This underlines
the suitability of imaginary part spectra or nano-FTIR absorption
for library searches.

The applied broadband laser contains five separately acces-
sible spectral ranges for irradiation of the sample. These are
between 610-1400 cm™ ' (A), 700-1720 cm " (B), 1000-
2000 cm ™" (C), 1200-2200 cm ™' (D) and 1450-2200 cm " (E).
Based on the individual intensity profiles of the excitation
spectra, the width of finally obtained sample spectra is about
700-800 cm ™" per range.

The majority of relevant signals which differentiate carbon
based polymers within the fingerprint region lies within range C

This journal is © The Royal Society of Chemistry 2019
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with output spectra between 1800 and 1050 cm ™' (C=O0 stretch,
aromatic stretch, CH,-bend, C-N stretch and C-O stretch
vibrations), so that this range is best suited for a straightforward
general differentiation between polymers at the nanoscale. The
intensity of infrared bands depends on the magnitude of the
change in the dipole moment due to the vibration or rather
their oscillator strength. Functional groups with carbon and
oxygen or nitrogen heteroatoms as in ester groups of PLA often
give rise to higher signal intensities than those containing only
carbon and hydrogen. For samples with strong signals in the
regions towards 1800 and 1100 cm ™', the range can be broad as
in the case of PLA. With polymers only containing C-H-
vibrations and of these very few such as polyethylene (PE)
fluctuations of the signal are even more noticeable in the
regions of lower laser intensity, which effectively reduces the
range of analysable spectral data. For this reason, the region
between 1700 and 1300 cm ™ was chosen for a general library
search identification of some of the most ubiquitous polymers.
The range covers characteristic aromatic and bending bands of
C-H groups that are relevant for identification. In order to
evaluate the chance of differentiation between polymers within
this range, we carried out a hierarchical cluster analysis based
on our open access polymer reference library that is applied in
the identification of microplastics.”> The library contains 326
spectra of common commercial polymers and co-polymers as
well as natural polymers such as cellulose.

Similar to the adaptable database design'* the Hellinger
distance of the spectra was calculated with PRIMER 6 software
followed by hierarchical cluster analysis. We identified 112
differentiable clusters in the spectral range of 1700-1300 cm ™"
(for details see Experimental section and ESIt). This number is
very close to the 107 clusters obtained in the same way for the
wider range validated and applied in microplastics analysis
(3600-1250 cm™ ). The analysis predicts in both cases that some
relevant and spectrally similar compounds cannot be distin-
guished and thus belong to a common cluster. Examples for the
clusters are: high + low density polyethylene, polyether/
polyester polyurethane, polyester including polyethylene tere-
phthalate, polyalkyl methacrylates, and polystyrene + styrene
acrylonitrile. A dendrogram with the results is shown in
Fig. S1.T These results indicate a comparable identification
success by near- and far field spectroscopy, with polymer types
as a reliable result rather than exact compounds.

As mentioned earlier, the intensity of the irradiating laser is
reduced towards the rims of the range. To assess which polymer
spectra are affected to which degree, we further analysed the
obtained spectral data within the range of 1800-1300 cm *,
including C=0 bands, and in the widest range of 1800-
1070 cm ™.

Subjects of our examination were the following polymers: pol-
ylactic acid (PLA), polyamide (PA), polyethylene (PE), polystyrene
(PS), polyvinyl chloride (PVC), polypropylene (PP), polyethylene
terephthalate (PET), styrene acrylonitrile (SAN), polymethyl meth-
acrylate (PMMA) and a polyether urethane (PEUR).

We carried out library searches with commercial OPUS 7.5
(©Bruker Optik GmbH) or free siMPle** software and our
aforementioned library. With OPUS, applying the “standard”

This journal is © The Royal Society of Chemistry 2019
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search algorithm based on peak position, relative intensity and
half-width of the peaks was not successful. It frequently led to
low similarities between measured and returned reference
spectra indicated by “hit qualities” (HQs; 0-1000, 1000 =
identical spectra) and misidentification of the polymer in
agreement with an earlier study on transmission FTIR spectra.*®
Thus, we applied a routine with search parameters set to vector
normalization of the spectra and comparison of the first
derivative, analogously to procedures validated earlier.”® In
addition, we conducted a concave rubberband correction (RB)
to account for residual background in the spectra. All polymer
identifications were correct, only in one case another
compound within the same cluster group was returned (for
exemplary spectra and library search results see ESI Fig. S2ft).

Freeware siMPle carries out single spectra searches based on
the Pearson correlation. We chose the first derivative for the
comparison and otherwise default settings. It correctly identi-
fied all polymer types and returned Pearson coefficients (r; 0-1,
1 = identical spectra) that indicate higher identification
certainty than what was found with the OPUS search, even
without additional background correction. Table 1 provides
a shortened comparison of obtained values for both search
types. The full tables of search results including uncorrected
spectra are included in the ESI.T Apart from acknowledging the
influence of post processing and search routines on the results,
several conclusions can be drawn from the obtained values for
measurements carried out with comparable settings.

PS is identified with the lowest certainty, which fits with the
observation that this polymer is more difficult to detect by near-
field spectroscopy in the relevant region compared to others.*
PA and PLA on the other hand, are identified with high Pearson
coefficients and HQs well above the limit of 700 for the classifi-
cation as high quality data applied in far-field ATR-IR spectros-
copy where spectral interference by the atmosphere is almost
completely excluded and microns of penetration depth into the
samples are reached.” When discussing hit qualities in near-field
spectroscopy it has thus to be taken into account how extremely
small the probed volume in the nanofocus is (sphere with the
diameter of the cantilever tip, approx. 5 x 10~>* m?). Moreover,
three factors have a stronger impact than in other, larger scale
methods: individual probe-sample interactions, small-scale
changes on the surface or unknown coatings and environ-
mental conditions. Electrostatic charging on the surface of poly-
mers or unknown coatings may influence the interaction with the
probing tip, a known phenomenon in atomic force microscopy,
which may affect NF-interactions and spectra. It can be mitigated
by controlling air humidity and/or grounding the sample, e.g
with silver paste. Multiple point spectra from different spots
should be averaged. As measurements are carried out under
ambient conditions, water vapour may be visible in the detected
spectra. The latter can be addressed by excluding respective
regions from the analysed range, as reflected in Table 1.

In general, the intensity of recorded IR-spectra depends on
the (local) refractive index of the sample as well as the oscillator
strength of the respective vibration. In the case of nano-FTIR,
which relies on scattering, the refractive index of the sample
determines the efficiency of the backscattering process and thus

Anal. Methods, 2019, 11, 5195-5202 | 5199
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Table 1 Polymer types, formula unit, OPUS hit qualities (HQ) and Pearson coefficient r from siMPle for database comparison in the ranges of
1700-1300 cm™, 1800-1300 cm~* and over the complete accessible range 1800-1070 cm ™. RB: additional concave rubberband background

correction; H,O excl.: exclusion of water bands between 1600 and 1500 cm

-1

OPUS hitqualities (HQs)

SIMPle Pearson coefficient r

1700— 1800- 1800- 1700-
1300 cm ! 1300 cm™* 1070 cm™ 1300 em~ ! 1800~ 1800-
1300 cm™* 1070 cm™*
Polymer  Formula unit RB H,O0 excl. RB RB H,O0 excl.
s
PP CH—CH2>~ 693 717 655 601 0.8005  0.8301 0.7487 0.6087
n
H Q
PA N-CH,-CH,-CH,-CH,-CH,~C 797 ¢ 788 697 0.9345 ¢ 0.9262 0.8325
n
(‘.“,I
PVC {cwmz} 705 ¢ 579 492 0.6415 “ 0.5730 0.4423
n
o
PLA (m—ﬁ-o% 768 791 710 614 0.8850  0.9063 0.8458 0.7182
(o] n
PE ‘<CH2‘CH2>“ 591 648 572 514 0.6623  0.7168 0.6110 0.4590
n
CH—CH,
PS 441 469° 423 333 0.4724  0.5063° 0.4450 0.3640
n
CH,-CH CHT(‘:Hj
CN’ p
SAN © 615 632 610 544 0.7393  0.7494 0.7101 0.4639
n
o] 0o
\\ 4
PET ,C@C\ J—} 542 551 772 716 0.6880  0.7025 0.9420 0.8700
o O
N n
&
0.0
PMMA ¢ 592 621 801¢ 739 0.4917  0.5437 0.8321 0.7821
CHp~C CH,4
CH; "n
C-NH-RL-NH-C—0—R%-0
PEUR 3 3 463 “ 494 447 0.5760 “ 0.5643 0.5564

n

% Water bands were not excluded due to the presence of sample signals
1519 em ™. ¢ Assigned to PB(uty])MA within the same cluster of spectra.

the overall detected signal, so that higher intensities are ex-
pected for polymers with a high refractive index (>1.5). The
example of PLA with a low refractive index of 1.4 but strong
characteristic vibrations,' on the other hand, emphasizes the
role of bands with high oscillator strength in the identification
of polymer samples at a small scale. PVC usually contains
a large amount of additives, which in addition to water vapour
may explain the wide signal above 1500 cm ™. Despite its strong
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in the region. * The boundaries for water exclusion were set to 1584~

spectral similarity to PS, SAN is recognized as SAN. PEUR is
identified as a polyurethane but a more specific assignment is
not possible. The reason for this and the low certainties may be
ageing of the material. For compounds with carbonyl groups, it
is beneficial to widen the range of analysis to 1800-1300 cm ™,
while added noise reduced the accuracy of all other identifica-
tions (see ESIt). Best results for PMMA, PET and PEUR were

obtained with 1800-1300 cm™'. PMMA is assigned to polybutyl

This journal is © The Royal Society of Chemistry 2019
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methacrylate in this region, which belongs to the same cluster of
indistinguishable spectra. HQs of all polymers increased,
however, when further adding a concave rubberband correction
to the routine in order to create a flattened baseline. For weaker
absorbers without spectral information in the same region,
identification values continued to increase when excluding bands
at 1600-1500 cm ', which result from water vapour in the
atmosphere (compare HQ/r of PE with and without the exclusion
of water signals between 1600 and 1500 cm™*). Overall, with three
polymer samples no modification of the analysis lead to Pearson
coefficients =0.7 within this range. These are PEUR, PVC and PS.
The first two are difficult to identify even with far-field spectros-
copy due to ageing effects and a high number of additives that are
product specific. Same as PS they have signals in the region with
the strongest water vapour signals, so that valid subtraction is
difficult. In the spectrum of PS the strongest signal is the one at
697 cm™ ', outside the laser range. When requiring more spectral
information than available in the aforementioned ranges, spectra
from three different incident ranges can be combined into one
from 2000 to 670 cm " (Fig. 4). A significant gain in accuracy
occurs with PS, reaching HQs of 698 before and 700 after rubber
band correction. The Pearson coefficient of the untreated spec-
trum returned by siMPle is r = 0.7485. For PE-type polymers
additional signals in the lower wavenumber range are compara-
tively weak and do not significantly alter the detection accuracy
with HQs for the full region of 454 and 506 with rubber band
correction or r = 0.5347. PA is less accurately identified than in
the smaller range as mostly noise and weak signals are added to
the spectrum. This results in HQs of 592 before and 601 after
rubber band correction or an r of 0.6728. Between 1300 and
1100 cm ™" a broader feature underlies the signals. This feature is
caused by a background effect that cannot be easily separated
from the signals of the sample. Reducing the analysed range to
1700-1300 cm ™ * + 800-670 cm ™', removes the feature as well as
noisier parts of the spectra and results in further improved hit
qualities/Pearson coefficients, PS: 717/0.7680, PE: 534/0.6559 and

PS

PE

Absorbance [a.u.]

PA

T T T T T T
2000 1800 1600 1400 1200 1000 800
Wavenumber [cm™]

Fig. 4 Combined range spectra between 2000 and 670 cm™* of PS,
PE and PA, concave rubber band corrected.
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PA: 648/0.7573. In conclusion, measuring a wider range is useful
if important signals are captured, otherwise increased noise or
water vapour peaks may disturb the analysis.

Fig. 5 shows a PET bottle with strong signs of weathering
found on a beach on Heligoland, Germany, and its new equivalent
from a supermarket shelf. Their nano-FTIR spectra match well
with a PET ATR-IR reference spectrum from the database and
microscopic images reveal a smooth new and rough weathered
surface. By library search both spectra are unambiguously iden-
tified as PET, with again the procedure including OPUS showing
lower certainties than the correlation coefficient determined by
siMPle (HQ, RB new: 675, old: 692; r new: 0.82; old 0.82). As the
strong CO-signal lies at 1713 cm ™' and there are only weak signals
in the central region of the spectrum, this was a case for analysing
the obtained spectra in the range between 1800 and 1300 cm .

Depending on the application and polymer diversity, we thus
propose to apply different steps. Firstly, the irradiation laser
range covering 1050-1800 cm™ " at fixed measurement param-
eters already provides substantial data for general differentia-
tion between polymers and identification. The following spectra
analysis covering the range 1800-1300 cm ' in combination
with careful post-processing of the data then identifies most of
the relevant polymers. Polymers with few and/or weak signals
such as PE are more easily identified when the spectral range
matches their most intense signals and is kept as narrow as
possible. If their identification in a sample is relevant, re-
analysis of the range 1700-1300 cm ' and/or exclusion of
water signals can be applied to increase accuracy. For identifi-
cations of unknown compounds with hit qualities in ranges
700-600 or Pearson coefficients between 0.7 and 0.6, we then
suggest to follow the guideline to further validate spectra by
expert knowledge, in accordance with ref. 19.” If hit qualities

>
(]
2

weathered

FTIR absorption [a.u.]

ATR ref,

- : : ; . : :
1800 1700 1600 1500 1400 1300 1200 1100
Wavenumber [cm™"]

Fig. 5 (a) Photo of collected new and old PET bottles of the same
brand and type. (b) FTIR absorption NF spectra (Im) of the bottles after
concave rubber band correction and ATR-IR PET reference from the
database. (c) and (d) Microscope images of new and weathered
samples.
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are lower, combining data from more than one laser range
should be considered. It is more time-consuming but justified
when important components with main peaks suspected
outside the range of general identification shall be included, as
in the case of PS. If needed, higher identification accuracies may
further be obtained when remeasuring and optimizing the
measurement parameters for the specific component.

Conclusions

Nano-FTIR and IR-sSNOM-imaging provide fast and detailed
nanoscale characterisation and identification of polymer samples
and blends through the combination of high-resolution micros-
copy and spectroscopy. Within a few minutes, the distribution of
components and their phase boundaries can be analysed with
resolutions down to 20 nm. Data obtained by nano-FTIR and
analysed with a free polymer database in combination with
commercial software OPUS or freeware siMPle correctly identifies
all the examined polymer samples. Good to high quality results
are achieved at moderate measurement times of less than seven
minutes per spectrum and with a minimum post-processing
routine. It is possible to differentiate between the most abun-
dant polymer types comparable to conventional ATR-IR spec-
troscopy, already with the spectral range of 1700-1300 cm ™. In
this range, the number of clusters of distinguishable polymer
types is very similar to those determined for ATR-IR in the range
3600-1250 cm™ ' (112 to 107). Nevertheless, there are some
peculiarities of the current state-of-the-art near-field technique
compared to far-field spectroscopy. Depending on the degree of
complexity of the sample and identification we thus propose
a step wise process to identify polymers, starting with a general
identification in the finger print region with the most relevant IR
bands for polymer identification, 1800-1300 cm™ ', then
proceeding with more detailed searches and measurements.
When high accuracies of identification are required, additional
processing of the data such as rubber band baseline corrections
may be applied, water vapour signals removed in the region 1600-
1500 cm ™" or spectral ranges increased. For materials with weak
and few signals such as PE and PS, small ranges are beneficial.

Our study proves the applicability of standard identification
tools for unknown polymer samples to nano-FTIR data. Such
a finding is of major interest, for example in the identification
of unknown polymeric nanomaterials and raises high hopes for
an unambiguous identification of nanostructured polymers and
particles in environmental samples.
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