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ABSTRACT: Electron energy-loss spectroscopy (EELS) is becom-
ing an important tool in the characterization of polymeric materials.
The sensitivity of EELS to changes in the chemical structure of
polymeric materials dictates its applicability. In particular, it is
important for compositional analysis to have reference spectra of
pure components. Here, we report the spectra of the carbon K-edge
of six polymers (polyethylene, polypropylene, polybutylene tereph-
thalate, and polylactic acid) including copolymers (styrene
acrylonitrile and acrylonitrile butadiene styrene), to be used as
reference spectra for future EELS studies of polymers. We have
successfully decomposed the carbon K-edge of each of the polymers
and assigned the observed peaks to bonding transitions. The spectra  wiemsn
have been acquired in standard experimental conditions, and
electron beam damage has been taken into account during
establishment of spectral—structural relationships. We found that the more commonly available low-energy resolution spectrometers
are adequate to chemically fingerprint linear saturated hydrocarbons such as PE, PP, and PLA. We have thus moved a step closer
toward creating an atlas of polymer EELS spectra, which can be subsequently used for chemical bond mapping of polymeric
materials with nanoscale spatial resolution.
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1. INTRODUCTION

The applications of polymers are widespread in today’s world.
In order to meet the requirements of growing applications,
chemical and morphological modifications are being carried
out for next-generation polymeric materials. For example,
inclusion of nanosized domains (e.g, in the form of fillers and
reinforcements) in a polymeric matrix is a common method for
producing multifunctional polymeric materials. In such
applications, the study and understanding of nanostructured
interfaces play a key role in determining, and consequently
influencing, the material’s properties.

Transmission electron microscopy (TEM) is a well-
established tool to study materials at the nanoscale. Polymeric
materials, however, present great challenges for TEM due to
factors such as radiation damage and low contrast. One of the
traditional solutions involves selectively incorporating heavy
elements (such as ruthenium and osmium) in the sample, i.e.,
staining. Staining offers low versatility, unreliable quantitative
information, and high toxicity, thereby posing difficulties in
using this method for studying polymers in the TEM. Detailed
characterization and imaging via TEM/electron energy-loss
spectroscopy (EELS) provides a method for tackling this
problem since EELS can reveal the rich electronic structure
provided by polymers."
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EELS involves spectroscopic analysis of inelastic electron—
matter interactions. When incoming electrons pass through a
thin sample within a TEM, they undergo energy-loss. This
energy-specific energy-loss is measured, resulting in an EELS
spectrum.” In particular, the energy-loss near-edge structure
(ELNES) within the EELS spectrum contains peaks that are
characteristic of the bond types present in the sample.
Consequently, ELNES has been utilized to identify character-
istic peaks in pure polymer EELS spectra, thereby producing
chemical fingerprints of polymers.” The complex covalent
bonding of carbon atoms in polymers provides a particularly
rich and detailed ELNES of the carbon K-edge. Investigations
of carbon K-edge ELNES are therefore well-suited to study
polymers.* Additionally, as it is a TEM-based technique, EELS
has potential subnanoscale spatial resolution, allowing
potentially the mapping of different polymeric species at the
nanoscale.”
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X-ray absorption spectroscopy (via NEXAFS; near-edge X-
ray absorption fine structure) has also been exploited as a
fingerprinting tool for polymer analysis.”” The NEXAFS data
in XAS is analogous to ELNES data in EELS,® although it lacks
the high spatial resolution of EELS, and requires synchrotron
radiation. This synchrotron-based high-energy resolution
technique is, however, a useful starting point for polymer
identification using bond assignments.

Despite its advantages, EELS, as a characterization technique
to study polymeric materials, remains largely under-utilized.
One of the major reasons is the high beam sensitivity of
polymeric materials. Polymers are prone to damage under an
electron beam either by chain scission or cross-linking.’
However, standard experimental conditions such as a low
electron dose, STEM (scanning transmission electron
microscopy) mode, and cryo-TEM are employed widely to
minimize beam damage.'” It then becomes more important to
understand the spectral features due to beam damage on the
EELS spectra under standard experimental conditions while
minimizing beam damage. Despite this, beam damage is,
however, still likely to be observed in any EEL spectra
collected using relatively standard TEM/EELS instrumenta-
tion. This does not preclude the use of EELS as a
characterization technique but rather requires full character-
ization of polymer spectra including identification of loss
peaks, which result from radiation damage to the polymer
itself, and accurate knowledge of experimental parameters.
This will ensure greater applicability of EELS as a mapping
technique for identification of polymers at the nanoscale.

The utility of a characterization technique such as EELS
depends strongly on the sensitivity of EELS to the specific
chemical structure of the polymer. The only fully analyzed
polymer EELS carbon K-edge spectra to date are those of
polystyrene (PS),"" polymethylmethacrylate (PMMA),">"?
polyethylene terephthalate (PET),"* polytetrafluoroethylene
(PTEE)," polyvinyl acetate (PVAc),” and polycarbonate
(PC).* Therefore, a comprehensive atlas and catalog of the
various polymers of importance and their corresponding
carbon K-edge spectra with bond assignments are a
prerequisite for the full exploitation of EELS as a polymer
characterization and mapping tool.

Toward this goal, here, we report a set of spectra from six
common polymers that represent a range of functionalities.
Each reference spectrum reported here shows a unique spectral
signature that can be used as a fingerprint for compositional
analysis. The EEL spectra are collected using relatively
standard and therefore accessible TEM/EELS instrumentation.
As a consequence of this, chemical information obtained
includes that related to beam damage, and spectral peaks
resulting from beam damage are analyzed and reported. In this
work, available information from the XAS/NEXAFS was
utilized to corroborate the observations in our EELS results.
We present EEL spectra of the polymers polyethylene
(HDPE), polypropylene (PP), polybutylene terephthalate
(PBT), polylactic acid (PLA), styrene acrylonitrile copolymer
(SAN), and acrylonitrile butadiene styrene copolymer (ABS).
This selection of polymers encompasses pure hydrocarbons
(polyolefins) as well as oxygen-containing polymers and
styrenic polymers. We conclude by discussing the core-loss
spectra of styrenic copolymers SAN and ABS. We find that the
same bonding transition occurs at different energies, as the
polymer structure changes, due to a change in the local
chemical environment. This leads to a range of energy values

23935

for any bonding transition. While this may lead to high
probability of peak overlap, we find that detecting the presence
of a heteroatom in an unknown polymer may be possible via
the carbon K-edge ELNES. The energy resolution used could
be reliably used to study linear saturated hydrocarbons, viz.,
PE, PP, and PLA.* The reported spectra can potentially be
employed to understand interfacial properties (such as
interfacial width and interfacial composition) at the nanoscale
in polymeric materials,'® where a change in bonding occurs
over nanolength scales.

2. RESULTS AND DISCUSSION

We begin this section with the energy-loss spectra of simple
hydrocarbon chain polymers such as the polyolefins PE and
PP. Further, the effects of adding an oxygen-containing
pendant group to the polymer backbone on the EELS carbon
K-edge are discussed using the examples of oxygen-containing
polymers such as PLA and PBT. Our results for the EELS
chemical fingerprint of PET, which agree with previous EELS
studies,'”*" are also mentioned here for comparison. Finally,
the core-loss spectra of styrenic copolymers SAN and ABS, as
well as their comparison to the pure PS spectrum, are
discussed at the end of the section.

2.1. Polyolefins. The polyolefins polyethylene (high-
density) (HDPE) and polypropylene (PP) are fully saturated
and are therefore expected to have relatively simple EEL
spectra consisting of electronic transitions to empty 7* and o*
orbitals. These two polymers differ structurally via the presence
of a methyl (—CHj;) group on every alternating carbon.

EELS results of PE and PP, showing the processed spectra
decomposed into individual Gaussian peaks, are depicted in
Figure 1a,b, and the energies of the transitions are reported in
Table 1. Electronic states and electronic excitations of
polyethylene have been previously studied by EELS, but its
carbon core-loss region has not been explored.'®"’ Three
peaks are apparent for each of the polyolefins. The peak at
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Figure 1. Carbon K-edge EELS spectra of (a) polypropylene (PP)
and (b) polyethylene (PE), deconvolved into different Gaussian peaks
using Tenailleau’s model.
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Table 1. Bond Assignments for the Decomposed Carbon
Edge of PE and PP

peak PE (eV) PP (eV) proposed assignments
1 285.0 + 0.1 285.0 + 0.1 C Is—*cc
2 286 + 1 2867 + 0.4 C Is—0%c_yy
3 292.0 + 0.3 292.1 + 0.6 C Is—0%c_c

285.0 €V in both the polymers is due to the C ls—m*c_c
transition. The unsaturated bonds are introduced as a result of
electron beam damage during irradiation.'® The second peak
occurs at 286 + 1 and 286.7 + 0.4 eV in PE and PP,
respectively. Since the feature of C 1s—o*._y is expected to
occur around this energy,”'"'>'* the second peak in both the
polyolefins is attributed to the C 1s—o*_y transition. The low
intensity peak at around 292.0 eV, in both the polymers, is
ascribed to the C 1s—o*-_c transitions. This assignment
agrees with the NEXAFS literature of HDPE and PP where the
C };SZEG*C_C transitions occur in the range of 291.8—293.1
eV.”

High-resolution NEXAFS spectra of both the polyolefins
show a minor difference, within errors, in the peak energies of
the same bonding transitions. There is only one report that
indicates different NEXAFS spectra for PP when compared to
PE, which shows the presence of an additional shoulder in
polypropylene NEXAFS spectra at 287.2 eV' due to the
presence of methyl groups along the hydrocarbon chain. In the
present study, an instrumental energy resolution of 1.2 eV
limited the detection of this minor difference between PP and
HDPE. However, it is clear from the NEXAFS literature, > as
well as EELS results, that the additional methyl group has only
a weak influence on the EELS spectra of the polyolefins.

Polyethylene is often cross-linked using radiation to improve
its properties and be used in applications such as food
packaging. However, the dose of radiation required to achieve
cross-linking is far higher than that in an electron micro-
scope.”!

At low radiation doses, PE degrades by chain scission.””
Thus, the degradation mechanism followed by PE under a
TEM involves unsaturation and hydrogen liberation rather
than cross-linking,'®'¥*""** Moreover, PP is prone to oxidative
degradation due to the presence of tertiary carbon atoms.”’ In
the absence of oxygen, however, electron beam exposure
causes scission and cross-linking to similar extents.”

Finally, in both the polyolefins, the 285 eV peak, attributed
to unsaturation, is a result of chain scission occurring during
beam damage.

2.2. Oxygen-Containing Polymers. Polylactic acid
(PLA) is an oxygen-containing polymer having an ester
group within the main chain. Polybutylene terephthalate
(PBT) has a relatively complex structure with both an
aromatic group and a carbonyl group in the main chain. The
presence of oxygen in PLA and PBT leads to an increase in the
number of peaks when compared to a saturated polyolefin.

The carbon K-edge of PLA was decomposed into five peaks
as displayed in Figure 2a. The energy-loss peak values obtained
for each transition in PLA are shown in Table 2. In addition to
the C 1s—7*_c peak due to radiation damage, a loss peak was
observed at 288.5 eV, which was assigned to the C 1s—n*c_q
transition in accordance with the PLA NEXAFS literature.”"*
The peak at 286.8 eV in PLA energy-loss spectra is ascribed to
the C 1s—o*c_y bonding transition since this transition is
observed to be within the 286.7—287.2 eV energy range for all
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Figure 2. Carbon K-edge EELS spectra of (a) polylactic acid (PLA)
and (b) polybutylene terephthalate (PBT), deconvolved into different
Gaussian peaks using Tenailleau’s model.

the homopolymers studied until now.”""'*'* The energy-loss
peak at 289.6 + 0.5 eV is assigned to the C ls—c*_ g
transition in agreement with the reported 2peak energy of 290
eV, for the same transition in NEXAFS.”* Similarly, the last
discernible peak in PLA energy-loss spectra at 294 + 1 eV is
assigned to the C 1ls—o*c_¢ transition, very close (within
error) to the reported value of 293.3 eV by NEXAFS.”"*

The generally accepted radiation damage mechanism in PLA
involves the formation of free radicals, which ultimately leads
to chain scission.”””” The major reaction intermediates are the
radicals formed due to homolytic scission at the polymer
backbone C—C (reactants in Figure 3).

The unsaturation, as identified by the 285 eV peak, is
possibly due to the rearrangement of the free radicals (Figure
3).

For PBT (Figure 2b), peak decomposition and assignment
are challenging due to the complexity of its chemical structure,
despite the availability of the NEXAFS literature.”®*’ The
bond assignments of PBT were thus carried out using
previously reported PBT NEXAFS data and EELS results of
structurally similar PET."* Our results of the PET carbon K-
edge along with the bond assignments are largely consistent
with the literature'® (for details, see the Supporting
Information, Figure S2 and assignments). However, a deviation
from reported peak energy was observed for the C 1s—o*_g
transition in PET. This deviation, however, matches closely
with the value of 291.4 eV, possibly corresponding to a special
excitation of C=O0O, as a result of electron irradiation
damage.'"*” Detailed bond assignment of PET is given in
the Supporting Information. In the carbon K-edge spectrum of
PBT, the first and most prominent peak at 285 eV is assigned
to the C Is—z%c_ transition in the phenyl ring. Similar to
PET, it is possible that the unsaturation occurring as a result of
beam damage also contributes to the intensity of the 285 eV
peak in the PBT carbon K-edge. The second and third peaks at
286.8 and 288.2 eV, respectively, are assigned to the C
1s—o*-_y and C ls—7z*;_( transitions, consistent with the
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Table 2. Bond Assignments for the Decomposed Carbon Edge of PLA, PBT, and PET

peak PLA (eV PET (eV) PBT (eV) proposed assignments
this work literature'*
1 285.0 + 0.1 285.0 + 0.1 285.0 285.0 + 0.1 C Is—m*c—c
2 286.8 + 0.1 286.9 + 0.2 286.4 286.8 + 0.1 C Is—0%c_y
3 288.5 + 0.1 288.5 + 0.3 288.7 2882 + 02 C Is—m¥c_o
4 289.6 + 0.5 291.9 + 0.1 293.3 2922 + 03 C Is—0%c_o
5 294 + 1 297.0 + 0.6 296.7 b C 1s—6%¢_¢
6 b 302.5 + 0.9 302.1 b C Is—6%c_o
7 b 303.6 + 0.2 304.1 b C Is—0%c—_c

“This peak was due to electron beam degradation and corresponds to a special excitation of C=0 transition. The data was too noisy within the

expected energy range to be able to extract peaks for these transitions.

Figure 3. Proposed rearrangement of free radicals formed during
radiation exposure to form carbon—carbon double bonds in PLA.

PET EELS data'* and the PBT NEXAFS literature."”' The
broad peak at 292.2 eV is ascribed to the C 1s—o%c_¢
transition also supported by PET EELS results.'* However,
the chemical complexity of PBT and the limitations of energy
resolution suggest that there are potential signals from other
transitions that affect this peak. Concurrent with PBT
NEXAFS results,” our findings suggest that the broad peak
at 292.2 eV may have signals from the C 1s—7*_ transition
of the phenyl ring as well.

Not surprisingly, as the structure of a polymer becomes
increasingly complex, the limits of instrumental energy
resolution decrease the accuracy of the chemical fingerprint
of the polymer.9 With a highly complex chemical structure,
limited energy resolution, and additional conjugation effects
produced by the presence of phenyl groups, the assignment of
spectral—structural relationships in PBT was complicated.

2.3. Styrenic Polymers and Copolymers. Polymer-
ization of styrene results in the homopolymer polystyrene.
Addition of the monomer acrylonitrile to styrene polymer-
ization forms the copolymer SAN. Inclusion of a third
monomer, butadiene, to the structure produces the copolymer
ABS. However, ABS is essentially composed of a matrix of
SAN havin% polybutadiene (PB) rubber particles cross-linked
with SAN.”

The EELS spectra of the carbon K-edge of PS have been
reported previously, and our results are consistent with these
(see the Supporting Information, Figure S1 and assign-
ments).'' The EELS carbon K-edges of PS (Figure Sl1),
SAN (Figure 4,ba), and ABS (Figure 4c) show an intense
feature at 285 eV, a signature of the 7* resonance in the phenyl
pendant group.”'"***" Small differences in the chemical
structure of these materials lead to the overlap of signals
from different bonds, making the spectral interpretation
complex. In order to improve the integrity of the peak
assignment for complex polymeric structures, the SAN carbon
edge was also acquired at high-energy resolution (Figure 4b).
Well-separated peaks can be seen in Figure 4b, although the
data is relatively noisy. This noise may have come from an
excessively thick sample under an 80 kV electron beam or from
instrument/power issues that could not be definitively
determined. We note that after processing the low-energy
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Figure 4. Carbon K-edge EELS spectra of the styrene acrylonitrile
copolymer (SAN) at (a) low-energy resolution and (b) high-energy
resolution; (c) carbon K-edge EELS spectra of the acrylonitrile
butadiene styrene copolymer (ABS). All the spectra have been
deconvolved into different Gaussian peaks using Tenailleau’s model.

resolution data, the peak energy values obtained match closely
with the high-resolution values; indeed, these are within the
experimental error (shown in Table 3).

For PS, SAN, and ABS, a peak at around 287 eV is present,
although these are due to different structural features of the
polymers. For PS, the peak at 287.1 eV is due to the C
1s—o0%*c_y transition in agreement with the previously reported
value of 287.4 eV.'' However, in SAN and ABS, the peaks
around 287 eV are considered to be due to a combination of
signals from the C 1s—7*_y and the C 1s—6%_y transitions.
This assignment is based on the EELS results of PS" (see
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Table 3. Bond Assignments for the Decomposed Carbon Edge of the SAN Copolymer (High- and Low-Energy Resolution),

ABS, and PS
peak SAN (eV) ABS(eV) PS (eV) proposed assignments®
low res. high res.” this work literature''
1 285.0 + 0.1 285.0 285.0 + 0.1 285.0 + 0.1 285.0 C Is—m¥c_c
2 2869 + 0.1 2872 286.8 + 0.1 287.1 + 0.5 287.4 C Is—0*c_y [+ C Is—m*c_y]
3 291.8 + 0.3 291.0 291.8 + 0.2 291.6 + 0.2 293.3 C Is—o*¢_¢
4 295 + 1 203.1 3024 + 0.4 303.0 C Is—c*c_c [+ C Is—o%c_¢]

“Square brackets indicate an additional contribution from other transitions for copolymers SAN and ABS. hHigh—resqution data is reported from

only one sample region; therefore, no error is reported.

Table 4. Binding Energies along with Their Bond Assignments for All Polymers under Consideration”

S.No. Proposed PE PP PLA PBT SAN ABS pPS11b PET14b PMMA12b PVAc3c PC3¢c
assignments
1. C 1s-m*C=C 285.0+£0.1 | 285.0+0.1 | 285.0+0.1 | 285.0+0.1 285.0+0.1 285.0+0.1 285.0+0.1 | 285.0+0.1 285.0+0.1 285.0+0.1 | 285.0x0.1
285.0 285.0 285.0 285.0 285.0+£0.2 | 285.0%0.1
2. C1s-0*C-H 286+1 286.7+04 | 286.8+0.1 | 286.8+0.1 287.1+0.5 | 286.9+0.2 287.10.1 286.6+0.4 | 2869x0.1
287.4 286.4 287.2-287.5 | 286.8+0.1 | 286.9 0.1
3. C 1s-m*C=N 286.9 0.14 286.8 £ 0.14
287.2d
4. C1s-m*C=0 288.5+0.1 | 288.2+0.2 288.5+0.3 288.4+0.1 287.6+0.6 | 290.4+0.1
288.7 288.2-288.6 | 287.6£0.2 | 290.3£0.2
5. C 1s-0*C-0 289.6+£0.5 | 292.2+0.3 29190.1 291.10.1 292303 | 292003
293.3 290.6-291.0 | 291.0+0.2 | 292.0 0.2
6. C1s-0*C-C 292.0£0.3 | 292.1£0.6 294 +1 291.8+0.3 291.8+0.2 291.6+0.2 | 297.0+0.6 292.60.1 295+1
291.0 2933 296.7 292.0-293.0 2951
7. C1s-06*C=0 302.5+0.9 304%1
302.1
8. C1s-0*C=C 295 + 1d 302.4+04 | 303.6%0.2
293.1d 303.0 304.1

“Shaded cells indicate the original data presented within this manuscript. White cells indicate data available in the literature.>" ' ~* Values in bold,
in the original data and from the literature, were obtained from high-energy resolution (0.5—0.7 eV) EELS data. ®The shaded cells indicate the
original data presented here, which are largely consistent with the literature.''~"* Details are provided in the Supporting Information. “Authors’
previously published work.’ “These peaks are a combination of signals from multiple bonding transitions.

Supporting Information) and NEXAFS results of PAN, which
show the 7* signature of —CN at around 286.8 eV.>*

In both the copolymers, the peaks at 291.0 eV in SAN and
291.8 eV in ABS are ascribed to the C 1s—o*_¢ transition
from the PS units. The feature at higher energies in SAN
(293.1—295 eV) is a broad peak due to the ¢* transition. This
broad peak may have a contribution from both the C
Is—c*c_c and the C 1s—o*_ transitions.’”

The electron beam damage mechanism is established for PS
but not for SAN and ABS. When considering the radiation
chemistry of the copolymers SAN and ABS, we must take into
account the radiation damage mechanisms of their respective
homopolymers. PS damages under an electron beam by cross-
linking via the phenyl ring."' The damage effect will be seen in
spectral features related to C—C and C=C o¢* transition
values. Furthermore, PAN and PB are damaged under y-
radiation, within vacuum, predominantly by cross-linking.**
Acrylonitrile and butadiene units are more radiation-sensitive
than styrene units.” However, styrene-containing polymers,
such as SAN and ABS, are known to undergo damage under y-
radiation via the formation of phenyl radicals. Essentially, the
styrene units protect other susceptible units (such as AN)
through electron transfer.”> The electron beam damage
mechanism of the copolymers, SAN and ABS, would then
proceed in a similar manner to that of polystyrene electron
beam degradation. The damage signature in the EELS spectra
of ABS and SAN would be similar to PS and is, in fact,
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exhibited by the presence of a peak at around 291 eV. The
bond assignments for each of the polymers are tabulated in
Table 4, including those obtained from high-resolution data.
The table also summarizes, for comparison, the chemical
fingerprints previously published for PS,'" PET,"” PMMA,"*
PVAc,” and PC.” This table can be used to identify signature
peaks of a polymer or to differentiate peaks within a group of
polymers. Electron energy-loss spectroscopy-spectrum imaging
(EELS-SI) may potentially be employed by selecting a
“differentiating energy range” to carry out chemical bond
mapping in multiphase materials.

It can be seen from the table that the same bonding
transition occurs at different energies, as the polymer structure
changes, due to a change in the local chemical environment.
Examples are the transitions related to carbon—oxygen bonds.
The C 1s—0*_ transition occurs in all the oxygen-containing
polymers (PLA, PBT, PET, PMMA, PVAc, and PC). In
PMMA and PVAc, the carbonyl group is isolated in the side
chain of the polymer, while in other polymers, the carbonyl
group is either present within the polymer backbone chain or is
directly attached to it. The result is a change in binding energy
of the C 1s—o*_g transition from a lower value of around
291.0 eV in PVAc to higher values of 293.7 eV in PBT.

Although the peak energy for a given bonding transition can
spread over a wide range, the detection of a heteroatom in an
unknown polymer may be possible using the carbon K-edge
fine structure. As is evident from Table 4, the range that covers
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energies for the C Is—o*c_o bonding transition is 291.0—
293.7 eV. However, the energy range for the C ls—a*c_y
transition is 286.8—287.2 eV. The signature peaks of each of
the heteroatoms (nitrogen and oxygen) are, therefore, in
different energy ranges, making it possible to clearly identify
the heteroatom. Nevertheless, a complete EELS chemical
fingerprint of the polymer, including the low-loss region as well
as ELNES of the core-loss edges of all the elements present, is
likely to be required while differentiating among polymers.
An example where energy for a given transition is relatively
invariant across a number of polymer structural classes is the C
1s—0*_y transition. This bond occurs in all the hydrocarbons,
but its value mostly stays within a narrow range of 286.8—
287.5 eV for the polymer classes of polyolefins, PS, and
oxygen-containing polymers (PLA, PMMA, PET, PBT, PVAc,
and PC). However, for nitrogen-containing copolymers (SAN
and ABS), the binding energy value of the C ls—o%._y
transition is within the energy range of 286.8—291.8 eV.
Finally and as mentioned earlier, the 7* transitions occur at
lower energies than o™ transitions. It is noticeable from Table
4 that the error values are higher for peaks corresponding to o*
transitions as compared to the errors on 7* transition-related
peaks. This is due to the broad nature of peaks for o*
transitions in contrast to the narrow peaks for z* transitions.

3. CONCLUSIONS

We have presented the energy-loss spectra at the carbon K-
edge for six polymers and copolymers. The carbon K-edge fine
structure has been assigned to the different bonding
transitions. The unique combinations of peak energy values
are the chemical fingerprints for these polymers. Table 4 shows
the bond assignments for each of the polymers taken into
consideration, including those obtained from high-energy
resolution EELS data as well as those of PET, PS, PMMA
(reproduced from the literature), PVAc, and PC. The binding
energy values from EELS results match closely to the high-
resolution NEXAFS values taken from the literature. In fact,
results from the more commonly available low-energy
resolution EELS instruments are adequate to study linear
saturated polymers such as PE, PP, and PLA. This role of
energy resolution in investigating polymers supports our
previously published chemical fingerprint of PVAc.’ By
documenting EELS spectral changes, we hope to provide an
initial “catalog” of spectra for users of EELS spectroscopy tools,
which have been collected under relatively standard EELS
conditions.

The limitation in the applicability of EELS, however, is that
all major changes in the spectra occur in a narrow energy range
between 285 and about 295 eV due to which there is a high
possibility of overlap of contributions of different chemical
moieties. Nevertheless, the latest TEM/EELS systems having
electron guns with improved energy resolution, ranging from
0.3 eV for a cold FEG to 25—100 meV for monochromated
instruments, may greatly help in overcoming this limitation.
Additionally, more sensitive detectors may allow the samples
to be characterized with much lower doses and hence before
beam damage takes place.

This study has shown that small but measurable differences
in energy and shape exist in the core excitation spectra of the
polymers with similar elemental composition. The peak energy
values can be used when employing electron energy-loss
spectroscopy spectrum imaging (EELS-SI) to spatially differ-
entiate between polymers of similar elemental make-up. By

allowing mapping of phase segregation, these reference spectra
not only provide better visualization of morphology in
polymeric materials but also give chemical knowledge about
the various domains. These can be highly beneficial to studying
polymeric materials with strong structure—property correla-
tion. Complete chemical fingerprints of the polymers can be
developed by including the edge fine structure of all the
elements present in the polymer along with these carbon K-
edge spectra. Accurate energy scales and good energy
resolution will be required.

Complementary theoretical calculations, not shown here,
should also assist with the full assignment of the loss peaks
observed in the fine structure. The complete chemical
fingerprints will make it possible to identify unknown
polymeric materials.

4. EXPERIMENTAL SECTION

4.1. Materials. HDPE (CC254-00900), PP (5707N), and
PBT pellets were supplied by SABIC, India. Polylactic acid
(4060D) was obtained from Natureworks, Australia. Copoly-
mer SAN pellets were procured from Bayer, India, and ABS
(SP 200) pellets were bought from Polimaxx, Australia. These
were all used as received. Details of polymer characteristics are
provided in the Supporting Information.

4.2. Sample Preparation. The polymers were cut into
thin slices using an EM UC—S ultramicrotome (Leica) at room
temperature. The sections were around 50 nm-thick. Molded
sheets of PE, PP, PLA, SAN and ABS, and PBT pellets were
used for ultramicrotomy. An ultrasonic diamond knife was
employed for room temperature ultramicrotomy of PP molded
sheets. The polymer sections were adequately thin for EELS
analysis since their thickness was measured to be in the range
of 0.5-0.9 inelastic mean free path. The sections were
deposited on 300 mesh lacey carbon grids, procured from
EMResolutions, and subsequently air-dried.

4.3. Energy-Loss Spectral Acquisition. EELS spectra
were analyzed from five to eight different regions of each
sample. To minimize radiation damage during acquisition of
EEL spectra,'®'” a cold stage (Gatan liquid nitrogen holder
636DT) was used in the TEM. The cold stage helped maintain
a temperature of —180 °C during the spectral acquisition. The
sample was loaded on a cryo holder at room temperature, and
after inserting it in the TEM, the temperature was reduced to
—180 °C.

A JEOL JEM 2100F, a 200 kV field emission gun TEM,
equipped with a Gatan Enfina EELS spectrometer, was used in
TEM mode to acquire the spectra. The energy resolution was
measured to be 1.2 eV. The spectra were recorded from an
area of approximately 5.02 X 10° A% The data for PS, PET, and
PMMA were acquired at 200 kV accelerating voltage, and for
the remaining polymers, the accelerating voltage was 120 kV to
improve the energy resolution to 0.9 eV. An energy dispersion
of 0.05 eV/channel with an acquisition time of 0.5 s/frame,
summed over 2 frames, was used along with a current density
of 510 + 5 pA/ cm? to obtain a carbon K-edge. A lower
acquisition time of 0.05 s/frame, summed over 10 frames, was
used to get the low-loss spectra keeping energy resolution and
current density the same. The electron dose was estimated to
be approximately 310 e~ A7 High-energy resolution (0.51
eV) data was acquired using a dual aberration-corrected FEI
TITAN® 80-300, operated at 80 kV, equipped with a Gatan
Tridium 863 P image filter. The carbon K-edge was obtained
through STEM mode at an energy dispersion of 0.03 eV/
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channel with an exposure time of 2 s and a total integration
time of 40 s. To acquire the low-loss spectra from the same
region, the exposure time was reduced to 0.1 s. The electron
dose was estimated to be approximately 50 e~ A2 In general,
the low-loss spectra are acquired to allow removal of plural
scattering effects by Fourier ratio deconvolution. The energy
resolution is measured from the full width at half maximum
(FWHM) of the zero-loss peak over a hole in the substrate.

All the spectra exhibit a strong feature at 285 eV due to the
C 1s—7z*_( electronic transition, irrespective of the presence
of carbon—carbon double bonds in the polymer structure and
even for the shortest exposure times. This is ascribed in the
literature™'® to beam damage, consistent with other EEL
spectra of polymers. Electron beam damage will be discussed
for each polymer in subsequent sections. Surface adsorption of
contaminants such as hydrocarbons from the environment or
the vacuum system may also contribute to this signal. This
peak has been used to calibrate each carbon K-edge spectrum.

4.4. Spectral Processing. The spectral processing
methodology that has been earlier used for studying the
ELNES of PC and PVAc was used here.” Several post
processing steps were carried out to the recorded carbon K-
edge. A power law model was applied to perform background
subtraction, which was followed by Fourier ratio deconvolution
(to remove thickness effects), and finally, prepeak calibration
of the carbon K-edge to 285 eV was carried out.

The resulting spectra were used for extracting the edge fine
structure. The carbon K-edge was simulated using the
empirical model proposed by Tenailleau'® as given in eq 1

o (En) o[ (En — BO(E — Ey)
I(E) = Im( E ) XP[ E.(E - E) (1)

where I, and E,, are the coordinates of the maximum, E,
represents the starting point of the simulated curve and is
generally dependent on the ionization potential, and r is a
variable that depends on the width of the model. The
simulated carbon K-edge absorption peak was subtracted from
the experimental spectrum to give the energy-loss near edge
structure (ELNES). This model has been previously used for
EELS spectral decomposition of PS,'' PMMA,"* PC,* PVAc,®
and PET."

The model given by eq 1 was fit to the experimental data
within a specific energy range. The energy range for model
fitting varies according to the structure of the polymer since it
is important that no ELNES feature occurs within the energy
range taken into consideration.'* During model fitting, E,, and
I, were constrained by the maximum counts and energy values
of the experimental spectra. E; was generally constrained in the
region of 280—283 eV (the starting point of the experimental
spectrum). The parameter r determines the shape of the
model, and so, it was constrained such that the model obtains a
shape, which matches that of the experimental spectrum. In
initial literature reports, the ascending region of the
experimental spectrum only was used within this model
(289—291 eV was used for PET'*). However, the shape of the
carbon edge depends on the energy resolution,'” necessitating
the inclusion of additional data points to reliably reproduce the
shape of the edge. Due to the limitations imposed by energy
resolution and the low signal-to-noise ratio, fine-structure
features beyond 295 eV could not be identified in our
experimental spectra. Consequently, post-300 eV energies
(typically 300—310 eV) were included for refinement of the

model parameters. The fitted curve was subtracted from the
experimental data (the carbon edge) to yield an ELNES signal,
which could be decomposed into the contributing Gaussian
peaks. Due to the large number of local minima, for chemically
complex polymers that have several electron energy-loss peaks
(a highly complex DOS), the peak energies were tightly
constrained. For example, for the carbon edge of simple
hydrocarbons such as PE and PP (Figure 1), for a given
number of peaks (the lowest number to reasonably model the
data), a wide energy window (S eV width) was able to be used,
while for complex polymers such as PBT (Figure 2b), a
number of peaks were specified and tight constraints (1 eV
width max.) on the peak energies were required to obtain a
representative fit. The constraints were tightened around the
peak energies reported by XAS/NEXAFS. For comparison
purposes, the energy scale of polymer NEXAFS data was
shifted such that the peak due to the C 1s—a*._( transition
appears at 285 eV.

The processing was performed on individual datasets, and
the results were averaged for each electron energy-loss peak
observed. Subsequently, error is reported as the maximum
deviation from the average. Due to the broad nature of c*
peaks, the error is usually high on the binding energy values
obtained for o* transitions from EELS data, though the
relatively narrow o* peak due to the C—H transition is an
exception. The o*C—H transition often complicates the
process of peak assignment in cases where peak overlap is
expected due to the presence of heteroatoms.
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