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A B S T R A C T   

In this work, a reliable and time-saving protocol for the measurement of polymers using photothermal-induced 
resonance (AFM-IR) at the nanoscale was developed and applied to 4 industrially relevant polymers: a 
polypropylene-based reactor thermoplastic polyolefin (rTPO), linear low density polyethylene (LLDPE) for 
molding and two recycled post-consumer polypropylene/polyethylene blends. In addition to the morphology 
obtained through AFM, we were able to identify and image the major components of each polymer, including the 
mineral fillers (talc and calcium carbonate) present in each blend using nanoscale spatial resolution infrared 
imaging. The protocol developed allows the quick analysis and identification at the nanoscale of the major 
components of a blend without having previous knowledge of the sample composition, a major advantage when 
compared to other traditionally used imaging techniques such as TEM and SEM.   

1. Introduction 

Synthetic polymers are a success story: in a little over a century and a 
half they have gone from a curiosity in the chemistry labs to being 
omnipresent in day-to-day life [1]. This takeover was driven by the 
advantages these materials have over traditional ones, such as their 
lower price, lighter weight, versatility, and durability. Nowadays, in 
addition to improving performance of polymer materials, polymer 
recycling and recyclability have gained in importance. For example, the 
European Union (EU) considers polymer recycling as an important piece 
of the circular economy action plan, a key element for the success of the 
European green deal [2] as a way to both reduce the production of new 
polymers and the percentage of already existing polymers that become 
waste. In contrast to recycling of inorganic materials polymer recycling 
poses some additional challenges: there is a limit to the amount of 
recycling cycles a polymer can go through before it becomes waste, and 
the presence of contaminants can lead to undesirable blends [3,4]. 

The nano- and microscale structure and chemical composition of a 
polymer has great influence on its macroscale properties [5]. It is 
therefore of great importance, to have methods that allow us to probe 
into this nano realm and obtain as much information as possible. This 
information could provide valuable insights into the improvement of 
recycling and manufacturing processes. The structure of polymers can 

be analyzed by a variety of methods including mass spectrometry (often 
hyphenated with chromatographic techniques) [6–8], X-ray diffraction 
[9,10], transmission electron microscopy (TEM) [11,12], scanning 
electron microscopy (SEM) [13–15], atomic force microscopy (AFM) 
[16–18], Raman spectroscopy [19,20], and FTIR [21–23]. Although 
these techniques provide a great deal of information, they cannot pro
vide explicit chemical analysis at the nanoscale. 

AFM-IR, also called PTIR, is a recent technique that allows for 
infrared spectroscopy to be performed at the nanometer spatial resolu
tion scale [24], a huge advantage when compared to the 
diffraction-limited mid-IR microscopy which only achieves micrometer 
spatial resolution [25]. AFM-IR uses the thermal expansion of the 
sample area underneath the AFM tip caused by the absorption of radi
ation from a pulsed wavelength-tunable IR laser to achieve spatial res
olution significantly below the limit of diffraction. 

For the chemical spectroscopist one of the most attractive features of 
AFM-IR is that it provides spectra that compare well to conventional 
FTIR absorption spectra, because both the FTIR and AFM-IR signals are 
proportional to the wavelength dependent absorption coefficient of the 
sample [26]. The thermal expansion is proportional to the absorbed 
energy and causes changes in the deflection signal of the AFM cantilever. 
The signal is thus detected in the near-field, which permits lateral res
olutions of up to 20 nm in contact mode and ≈10 nm in tapping mode 
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[26,27]. The recent invention of tapping mode AFM-IR makes the 
method more attractive for polymer analysis [28], as tapping mode 
AFM-IR is better suited for the analysis of soft and heterogeneous sam
ples (such as polymers), due to the cantilever resonance frequencies 
being less susceptible to changes in the mechanical properties of the 
sample when compared to resonance-enhanced contact-mode AFM-IR 
[29]. This has enabled the application of AFM-IR to various types of 
samples such as aerosol particles [30,31], semiconductors [32], drug 
nanocarriers [27,33], metal organic frameworks (MOFs) [34], oil paints 
[35], viruses [36,37], and cells and intracellular proteins [38–40]. 
Studies on polymers and their properties have also been reported, 
namely on polymer structure [41–43], degradation [44–46], and 
polymer-metal interfaces [47,48], among others. 

AFM-IR has also been applied previously to polymers by Tang et al. 
[49] in their first analysis of the nanodomains present in impact pro
pylene copolymer (IPC) in 2016. In 2018, the researchers complemented 
this analysis by concluding that the composition of the core in the 
core-shell rubber particle morphology typical of this polymer is depen
dent on the polymerization conditions, and can be PE or PP [50]. Despite 
all of these studies, which are typically focused on answering highly 
specialized research questions there is still no established protocol for 
routine reproducible AFM-IR measurements of polymers, a knowledge 
gap that this work intends to fill. We compiled a five step protocol that 
include guidelines from sample preparation to interpretation of results. 
This protocol is then applied to a range of common commercial poly
mers of the most produced polymer group in Europe in 2019, polyolefins 
[51]. These include a reactor thermoplastic polyolefin (rTPO), LLDPE, 
and two recycled PP/PE blends. 

Reactor thermoplastic polyolefins (rTPOs), also known as impact 
copolymers or heterophasic copolymers, consist of a hard semi- 
crystalline PP or PE matrix and a soft component such as ethylene- 
propylene rubber (EPR) [52]. rTPOs are produced by 
co-polymerization of different monomers in several reactors, resulting in 
a polymer alloy with smaller size of evenly distributed rubber crystals 
and improved impact strength when compared to those produced by 
melt compounding [53,54]. It is important to find balance between 
improving the impact strength and other potentially desirable properties 
such as stiffness, heat deflection temperature and toughness. One way to 
achieve this is through the addition of mineral fillers, which can be 
further fine-tuned by adjusting the concentration and particle size [55]. 
rTPOs are commonly used in the automotive industry as bumpers and 
battery cases [56]. 

Linear low density polyethylene (LLDPE) has a long linear backbone 
and randomly distributed short side chain branches [52]. LLDPE has 
higher tensile strength, impact strength, tear resistance, and puncture 
resistance than low-density polyethylene (LDPE) and has found wide
spread use in injection molding and blow molding, as well as in films, 
packaging, cable insulation, and tubing, among others [57–59]. 

In this work, we take a systematic approach to the analysis of poly
mers using AFM-IR and present a protocol that leads from an unknown 
polymer sample to knowledge of its general nanoscale characteristics in 
one measurement. Care is taken to ensure that the chemical images 
obtained are not affected by topographic cross-talk. We demonstrate the 
validity of our protocol by applying it to four commercially available 
samples and obtaining the chemical distribution of not only its phase 
domains (when present) but also of the distribution of the mineral fillers 
and other components. In the recycled post-consumer polymers 
analyzed it was possible to characterize in detail various phases present. 

2. Experimental 

2.1. Materials 

Hifax CA 7442A from LyondellBasell, a commercially available 
polypropylene rTPO, and LL 6101 from ExxonMobil, a commercially 
available LLDPE were provided by Omya. Furthermore, two 

commercially available recycled PP/PE copolymers containing different 
mineral fillers from the Skyfil product line were provided by PreZero 
Polymers: Skyfil 1 (06MT05C15) and Skyfil 2 (06HH06T10). 

2.2. ATR-FTIR measurements 

ATR FTIR measurements were performed on a Bruker Tensor 37 
equipped with a Platinum ATR accessory. The spectra were collected by 
averaging 8 spectra with 2 cm− 1 resolution. 

2.3. Sample preparation 

The samples were ultra-cryomicrotomed at − 100 ◦C on a Leica EM- 
UC7 equipped with a Leica EM FC7 cryochamber or on a PowerTome PC 
with CR-X cryosectioning system (Boeckeler Instruments), and the 
resulting sections were placed on ZnS substrates (13 mm diameter × 1 
mm thickness from Crystran). 

2.4. AFM-IR measurements 

All AFM-IR measurements were carried out using a Bruker nano-IR 
3s coupled to a MIRcat-QT external cavity quantum cascade laser 
array (EC-QCL) from Daylight Solutions. Spectra covering the range 
from 910 cm− 1 to 1650 cm− 1 were obtained using AFM-IR in tapping 
mode with a heterodyne detection scheme. The measurements were 
obtained while driving the cantilever at its second resonance frequency 
(f2 ≈ 1500 kHz) and demodulating the AFM-IR signal at the first reso
nance frequency (f1 ≈ 250 kHz) using a digital lock-in amplifier (MFLI 
from Zurich Instruments). The laser repetition rate was set to fL = f2− f1 
≈ 1300 kHz. The cantilevers used were gold coated with nominal first 

Fig. 1. Protocol for AFM-IR measurements of unknown polymer samples. Steps 
3. and 4. can be repeated, if necessary, to obtain optimal chemical imaging. 
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free resonance frequencies of 300 ± 100 kHz and spring constants be
tween 20 and 75 N/m (Tap300GB-G from BudgetSensors). The laser 
source operated at 10% duty cycle and 14.8% power (before beam 
splitter). For each location, 3 spectra were recorded at 1 cm− 1 spectral 
resolution. The instrument and all beam paths were purged with dry air 
generated by an adsorptive dry air generator. 

2.5. Data processing 

Recorded AFM-IR spectra were averaged by location, normalized to 
the maximum value in the range between 1400 cm− 1 and 1500 cm− 1 

and smoothed using a Savitzky-Golay filter (9 points, first order). 
The shift between chemical images was corrected using sub pixel 

registration via phase cross correlation based on their simultaneously 
recorded topography counterparts as reference. Calculations were per
formed using the phase cross correlation implementation in the scikit- 
image package for Python 3 [60]. 

3. Results and discussion 

Key to reproducible and routine AFM-IR polymer characterization is 
a protocol that can be applied to a wide range of polymer samples. The 
protocol developed in this study is presented in Fig. 1. 

3.1. Bulk ATR spectra (step 1) 

The first step of this protocol entails gaining a general mid-IR spec
troscopic understanding of the sample. In this study, we chose to take 
single bulk ATR spectrum to get an overview of the bands present in 
each material. However, if there are other established sources of infor
mation (prior experience, band assignment tables, reference spectra) 
they can be used instead. Taking a new spectrum of each material is thus 
optional but recommended, The information obtained will also prove 
useful in the final optimization steps necessary to start an AFM-IR 
measurement when using an EC-QCL array, where knowledge of ab
sorption bands in different regions of the spectrum (one for each EC-QCL 
chip used) is necessary for the final alignment of the mid-IR laser source. 
Due to the vastly different spatial resolutions achieved in far field IR and 
AFM-IR, we have found no advantage in taking care to image the same 
sample area using a far field IR microscope. 

3.2. Topography (and phase) images (step 2) 

Sample preparation is a critical step to ensure a successful mea
surement. The polymer samples should be cut with an ultra-(cryo) 
microtome below their glass-transition temperature (to avoid smearing) 
into sections with a submicron thickness, as in thicker sections signal 
saturation may occur [61]. Furthermore, the choice of a reflective sub
strate (e.g., gold) will have a wavelength-dependent influence on the 
spectra obtained [61], therefore, we recommend the use of 
non-reflective IR transparent substrates, such a CaF2 or ZnSe. These 
substrates are available commercially as optical windows. The initial 
part of an AFM-IR measurement is a topographic AFM measurement. For 
polymer samples tapping mode is preferred over contact mode, since it 
reduces the possibility of sample damage due to weaker tip-sample in
teractions [62]. 

3.3. Full range AFM-IR spectra (step 3) 

Once a region of interest is chosen and an AFM image is obtained, the 
next step is to obtain several AFM-IR spectra in a grid. In this work we 
have used 4 × 4 grids covering the 10 μm × 10 μm areas imaged, an 
example of which can be found in Appendix A. This allows us to quickly 
estimate whether certain bands are present everywhere or only in 
certain locations. If there are further points of interest visible in the 
topography, additional spectra can be obtained before selecting which 

wavenumbers to image. The wavelength selection process can vary 
depending on prior knowledge and sample complexity. For simpler 
samples (with only a few major components) the identification of the 
wavenumbers of interest is straightforward. Fig. 2 and Fig. 3 are ex
amples of such selections. However, more complex samples may require 
chemometric analysis such as clustering or PCA to facilitate the identi
fication of the main features. Examples of the application of chemo
metrics to the analysis of polymer samples using FTIR are abundant and 
demonstrate the versatility and usefulness of such approach [63–65]. 
Figs. 2 and 3 illustrate how the selection of relevant wavenumbers can 
be performed. In the case of LLDPE (Fig. 2, (a) and (c)) the advantage of 
AFM-IR over bulk FTIR is clearly visible, as from spectra obtained in two 
distinct locations it is possible to separately identify the polymer itself 
(orange), and CaCO3 (blue) with a peak at 1427 cm− 1, the filler. Also, for 
the rTPO (Fig. 2, (b) and (d)) it is possible to separate locations with 

Fig. 2. Comparison of bulk ATR spectra (top row) and AFM-IR spectra (bottom 
row) obtained in different locations for LLDPE (a,c) and rTPO (b,d). The AFM- 
IR spectra are normalized to the 1459 cm− 1 band intensity. 

Fig. 3. Comparison of bulk ATR spectra and AFM-IR spectra obtained in 
different locations for (a), (c), (e) Skyfil 1 and (b), (d), (f) Skyfil 2. (c) and (e), 
and (d) and (f) correspond to the same spectra but with different scales. The 
AFM-IR spectra are normalized to the 1459 cm− 1 band intensity. (*) The peak at 
1263 cm− 1 is present in all the samples analyzed and has been attributed to 
silicone oil contamination of commercial AFM cantilever tips [66]. 
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higher and lower PE content by comparison of the relative heights of the 
1459 cm− 1 (corresponding to the scissor vibration of –CH2 groups with 
contributions from asymmetric deformation vibrations of –CH3 groups) 
and 1376 cm− 1 peaks (corresponding exclusively to the CH3 group 
symmetric vibration band). Moreover, it is also possible to single out 
locations where talc is present (absorption at 1021 cm− 1 and 1046 
cm− 1). 

In the case of the recyclates, Skyfil 1 and Skyfil 2 (Fig. 3), the spectra 
are, as expected, more complex. These recyclates are mixtures of post- 
consumer and post-industrial materials and contain no virgin material. 
Both contain talc (1021 cm− 1) and CaCO3 (1416 cm− 1). As with rTPO it 
is possible to see differences in PE content for both. An additional band 
at 1583 cm− 1 was found in one location which is hardly visible in the 
bulk FTIR. 

3.4. Chemical imaging (step 4) 

Once a list of wavenumbers of interest has been compiled, images are 
taken at each of them (Fig. 1, step 4). Since the AFM-IR signal is trans
duced as AFM cantilever oscillations that can also be induced or 
modulated by processes independent of the infrared absorption and laser 
intensity, it is important to ensure that the AFM-IR amplitude is signif
icantly above the level of such artifacts. A facile way to ensure this is to 
collect a “mock” AFM-IR image with the laser beam blocked. An 

example of this can be found in Appendix A. Any features that appear in 
these mock images that have a magnitude similar those found in actual 
images point towards issues in the experimental setting (e.g. insufficient 
tracking of the surface). The image and image ratios obtained from the 
samples analyzed in this work are presented in Fig. 4. Steps 3 (wave
length selection) and 4 (imaging) may be repeated if some new char
acteristic is revealed during the imaging that justifies a return to step 3. 

3.5. Post-processing (step 5) 

The final step involves the interpretation of the acquired data. For 
single wavelength images, direct interpretation without preprocessing is 
possible if the signal amplitude for a given wavelength is close to zero 
everywhere except for a few spots with high absorption. If, however, the 
imaged wavelength is absorbed in large parts of the image, then eval
uation should only be performed via band ratios or multivariate che
mometric methods [38,40,67]. Otherwise, the contrast in the image 
might be dominated by changes in the contact stiffness or the local 
thermal and mechanical properties rather than absorption. Band ratios 
are calculated by dividing the pixel values in a chemical image taken at 
one wavenumber by those measured for another wavenumber. The 
result is an image that shows the relative changes of the absorption at 
both signals. The ratio should be unaffected by wavelength independent 
sample properties, as these are independent of the wavelength. 

Fig. 4. Topography and chemical maps of the analyzed samples for selected wavenumbers for each of the analyzed samples. Purple corresponds to the ratio of the 
bands corresponding to deformation vibrations of CH2 and symmetric deformation of CH3 groups; Red and blue correspond to the presence of talc; Yellow to CH2 
deformation vibrations; Green indicates the presence of CaCO3. (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 
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Multivariate methods combine information from a large number of 
wavelengths via algorithms to either find common trends (e.g., phases) 
in the data set or to perform quantitation in complex mixtures. A large 
number of such methods have successfully been applied to mid-IR im
aging data, however, the choice of method for a given problem as well as 
the required preprocessing of data and tuning of hyperparameters is 
beyond the scope of this article. In this article band ratios (Fig. 4, purple) 
will be used to aid interpretation. 

Independent of whether band ratios or multivariate methods are 
used some pre-processing is necessary. As the AFM is subject to thermal 
drift and measurement times for multiple images typically are several 
hours, images obtained in succession without intentionally moving the 
sample position show lateral shifts of the sample position. This can be 
problematic when multiple single wavelength images are combined. For 
example, band ratios offsets can result in artificially high or low values 
at the interfaces between phases. Since AFM-IR always acquires an AFM 
topography image concurrently with the chemical image, the sample 
topography can be used for correcting sample drifts. The images in Fig. 4 
were corrected/registered by using cross correlation in the Fourier 
domain to determine the shift [68] via the scikit-image python package 
[60]. 

After alignment, we calculate the logarithm of the ratio of CH3 (1376 
cm− 1) and CH2 (1466 cm− 1or 1455 cm− 1) groups intensity and the 
reveal the distribution of PP and PE in each sample (taking the logarithm 
ensures that doubling of the intensity in the numerator will lead to an 
equal but opposite change of the value as a doubling of the intensity of 
the denominator). 

3.6. Interpretation 

Below we apply our protocol to several commercial polymers to 
demonstrate the level of information it can provide. 

TPO. For rTPO the CH3/CH2 ratio (Fig. 4, purple) allows for a clear 
visualization of the EPR component (white) inside of the propylene 
matrix (purple). The core-shell morphology of the rubber particles 
previously described in literature is well visible with the rigid PP cores 
inside the rubber particles appearing as purple dots inside the white 

rubber [50]. Most interestingly, the distribution of the filler, talc (1021 
cm− 1 and 1046 cm− 1) is revealed which is not immediately apparent 
from the topography image: the larger filler particles in this area are 
present at or close to the interface between PP and EPR (an overlay 
image for clearer visualization is presented in Appendix A). This could 
mean that in addition to the nucleating effect and improved impact 
strength, talc also plays a role in improving the miscibility of PP/EPR 
blends. Such an effect has been previously observed for talc filled 
thermoplastic polyurethane/PP blends [69]. 

LLDPE. In the topography image of the LLDPE sample there are two 
main features: banded spherulites and a larger particle which IR analysis 
identifies as CaCO3. Unsurprisingly for a homopolymer, the 1376 cm− 1 

to 1466 cm− 1 ratio shows no large variations (note that the color bar for 
the log ratio only covers a delta of 0.2 whereas for the other samples it is 
three to four times as large) and no particular structures, with the 
exception of the CaCO3 particles which appear in white. This is due to 
the CaCO3 band being broad and thus contributing to the 1466 cm− 1 

band and not due to the presence of a different polymer as is the case for 
rTPO. This effect is identifiable by comparison of the AFM-IR spectra 
taken in these locations, as well as by comparison of the 1466 cm− 1 and 
1427 cm− 1 absorption maps, the latter being exclusively due to the 
presence of CaCO3. CaCO3 is a common filler for LLDPE to reduce melt 
processing instabilities and increase the tensile yield stress [70,71]. 

Recyclates. The main distinction between Skyfil 1 and Skyfil 2 is the 
amount of PE present (approximately 35% PE for Skyfil 1 and 20% for 
Skyfil 2 according to data provided by PreZero) which is visible when 
comparing the ratio images for the two recyclates (Fig. 4). As with the 
LLDPE, care needs to be taken when interpreting the whitest areas of the 
ratio images. These correspond to CaCO3 particles (as seen in the 1416 
cm− 1 images) and not to PE rich areas. Nonetheless it is possible to see 
phase separation between the PE and PP components in Skyfil 1. Both 
polymers contain talc, as well as CaCO3, even though according to in
formation provided by PreZero Polymers, only CaCO3 was intentionally 
added to Skyfil 1 and talc to Skyfil 2 during the manufacturing process. 
The amount of filler in recycled samples is thus dependent on the waste 
material used and may vary, potentially affecting the properties of the 
final product. For the recyclates an additional band detected in the AFM- 

Fig. 5. Topography and chemical maps for further selected wavenumbers for the two recycled samples.  
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IR spectra was imaged: 1583 cm− 1 (Fig. 5). Although the band was 
barely detectable in the bulk FTIR spectra it is widely distributed in both 
recyclates. In Skyfil 1 it is present as small spots whereas in Skyfil 2 it 
appears to have a smoother distribution. Since these materials derive 
from post-consumer plastics they may contain numerous constituents 
both from the original material (antioxidants, plasticizers, etc.) as well 
as contaminants picked up during their “former lives” making the 
identification of what causes this band a challenge. Nonetheless the 
1583 band most likely arises from C––C stretching vibration, indicating 
the presence of unsaturated compounds. 

4. Conclusion 

A protocol for the fast and reliable identification of the nanostructure 
and chemical composition of unknown polymer samples is described. 
Four different commercially polymer samples (two made from virgin 
materials and two recyclates) were analyzed using the developed pro
tocol. This allowed for the mapping of the distribution of the core-shell 
rubber particles in the rTPO and the filler distribution in LLDPE. For the 
two recyclates it was found that both contain talc and CaCO3 as fillers, 
owing to their previous presence in the waste material. Furthermore, the 
presence of unsaturated compounds was detected and mapped in both of 
them. 
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