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Abstract

Confocal Raman microscopy was applied to detect structural change within individual particles of low-density polyethylene
(LDPE) following chemical and electrochemical processing steps that aimed to facilitate material decomposition. A high
numerical aperture (NA) oil-immersion objective enabled depth-profiling through the near surface region (20 pm—40 pum)
of irregularly shaped particles with an axial spatial resolution <2 pm estimated from measurements of instrument detection
efficiency profiles. Changes in vibrational bands sensitive to polyethylene crystallinity were evident following treatments and
linked to the release of low molecular weight compounds present as additives and products of processing. Effects of process-
ing were probed by monitoring the rise of Raman scattering intensity in vibrational modes associated with polyethylene chains
in a zig-zag (trans) conformation near 1128 cm™, 1294 cm™', and 1418 cm™, signaling chain clustering and development of
organized, crystalline-like assemblies. Pristine LDPE particles displayed a uniform structure across the near surface region,
while particles treated initially with chemical extractant and then further processed displayed increasingly enhanced crystal-
linity up to the maximum depth probed (40 pm). As a step toward measurements on ensembles of particles, least squares
modeling was adapted to derive pure component spectra reflecting crystallinity change within spectral datasets. The work
demonstrates high spatial resolution Raman depth-profiling for the characterization of processed polymers using a high
NA immersion objective to overcome the limitations of air-objectives often used for confocal Raman microscopy.
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Introduction Carried out at ambient temperature and pressure, the reaction
conditions promoted LDPE particle surface oxidation and the
formation of low molecular weight chain scission products.
Among the material characterization techniques employed,
Raman microscopy was explored to follow reaction progress
and detect the changes in polymer crystallinity that accompany
chain scission.

The explosive growth in the production and use of plastics dur-
ing the past 70 years has led to deleterious environmental
impacts worldwide.'” Furthermore, it has been estimated that
less than 10% of these plastics have been recycled, with roughly
80% having found their place in landfills or the natural environ-
ment.' The accumulation of discarded plastics in soil and water-
ways is a leading concern today, particularly in relation to natural
degradation processes that cause fragmentation and the forma-
tion of micro- and nano-scale plastic particles, so-called micro- 'Department of Chemistry and Biochemistry, Texas Tech University,
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Raman microscopy is sensitive to molecular composition
within the near surface region of materials.” With careful
attention to refractive index matching and diffraction-limited
focusing, a confocal Raman microscope can attain sub-
micrometer spatial resolution measuring within the surface
plane of a sample (in-plane) and a few micrometers depth-
profiling below the surface (axially).”'* Refractive index match-
ing is typically achieved through the use of a water- or oil-
immersion objective.'®'>'*!>"!7 Compared to air objectives,
which are commonly used for Raman microscopy and designed
to focus into the sample through an air gap, immersion objec-
tives can operate with a higher numerical aperture (NA) and
thereby provide greater light collection efficiency and improved
sensitivity.” '>'>~'7 In recent years, Raman experiments per-
formed using high NA immersion objectives have shown the
sensitivity and spatial resolution needed to support nanoscale
probing of liquidsolid interfaces' and for depth-profiling within
layered polymer membranes.'®'*'™'? Also benefiting from
tight focusing and high collection efficiency, the strategy has
been applied extensively in the Harris lab to measure chemical
composition and perform quantitative chemical assays within
individual, micrometer-scale particles (see for example Bridges
et al,”® Kitt et al,?' Bryce et al,”> Myres et al.>***). With the
confocal probe volume positioned centrally within a particle,
these latter studies have shown analyte extracted into the
host matrix*® or chemically modified pores®'* can be easily
detected and quantified down to sub-nanomole levels.*' ™

The work discussed herein adapts from the strategies
mentioned above. A confocal Raman microscope equipped
with a high NA oil-immersion objective is used to measure
within individual polyethylene particles following processing
steps that aim to achieve chemical functionalization or
decomposition of the polymer in support of upcycling and
recycling efforts. Depth profiles and single point measure-
ments obtained within 50 pm of the particle surface show
the effects of processing steps on polymer structure within
the near surface region.

Experimental

Materials and Methods

The LDPE powder composed of nominally 500 pm diameter
particles was obtained from Thermo Fisher Scientific (USA;
Alfa Aesar division, Catalog no. A10239). Hexane extraction
and electrochemical processing of LDPE was performed in
accordance with procedures in Rahimzadeh et al®
Electrolyte solutions were prepared from deionized water
dispensed at I8 MQ-.cm resistivity from a Purelab ultra
water purification system (Elga LabWater, USA). H,O, (30
wt%) was from Macron Fine Chemicals (USA). n-Hexane
(high-performance liquid chromatography grade, Lot
61169) was from Supelco Analytical Products (a division of
Millipore-Sigma, USA). Carboxylated polystyrene micro-
spheres (10 pm) were from Polysciences (USA), and poly
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(dimethylsiloxane) (PDMS) was obtained from Thermo
Fisher Scientific. Unless noted otherwise, all chemicals
were reagent grade or better purity and used as received.

Extraction of LDPE Powder. As described in Rahimzadeh et al®
(Scheme S2, Supplemental Material), organic additives were
removed from LDPE particles by extraction in n-hexane under
reflux at 50 °C. LDPE powder (initially 10 g) was suspended
in 200 mL of solvent and refluxed for two hours under contin-
uous stirring. The powder was isolated by vacuum filtration and
the extraction repeated three times using fresh hexane for each.
Particles were dried at 80 °C under vacuum and stored in glass
vials prior to analysis using Raman microscopy.

Sonication Processing. Sonication processing was performed
using a Sonics and Materials VC 750 direct-immersion sonica-
tor operating at 20 kHz and nominal acoustic power of 0.4 W/
cm>.2> LDPE particles and polyethylene microspheres were
suspended in 3 wt% H,O, (prepared by dilution of stock 30
wt% H,O, in deionized water) and underwent sonication at
23°C in a jacketed cell for a reaction period of 60 minutes.

Confocal Raman Microscopy. The Raman microscope was
home-built and constructed as described earlier.?® Briefly, a
beam from a 660 nm single-mode diode-pumped solid-state
laser (Gem 660, 0.75+0.15 mm beam diameter, Laser
Quantum, USA) was expanded (7X; Special Optics, USA)
and then directed toward the rear entrance port of an
Olympus IX73 inverted microscope (Olympus USA). To
slightly overfill the rear aperture of the microscope objective
(100x, 1.45 NA, Olympus UPLXAPO, 130 pm working dis-
tance, 5.2 mm rear aperture), the beam was spectrally fil-
tered (FFO1-640/40-25, Semrock, USA) and reflected from
a dichroic mirror (DI03-R660-T1-25X36, Semrock). The
objective brought the excitation radiation into an individual
LDPE particle resting on top of a microscope coverslip (no.
[.5, 0.17 mm thickness, BK-7 glass, 22 mmX22 mm)
through a film of immersion oil. Backscattered Raman light
was collected through the same microscope objective. The
radiation was focused onto the entrance slit (50 pm) of a
grating monochromator (Shamrock 500i, Andor, UK) after
passing the dichroic mirror and transmission through a final
long-pass filter (LP02-664RU-25, Semrock). The diffraction
grating, 300 lines/mm blazed at 760 nm, dispersed Raman
scattered light from the slit image onto a charge-coupled
device (CCD) camera (iDus DU416A, Andor). The resolu-
tion achieved was 1.66 cm™'/pixel. The confocal aperture
was defined using the entrance slit of the monochromator
in the horizontal dimension and by binning three rows of pix-
els on the CCD camera (45 pm) in the vertical dimen-
sion.'?'32728 This collection aperture, together with the
excitation beam focus (approximately 0.6 pm diameter)
defines an ideal, diffraction limited confocal probe volume
for the system with 90% detection efficiency located within
a depth along the axial direction of +1.2 pm.'>'? Unless
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stated otherwise, the spectral acquisition time was 60 s.
Spectral acquisition was under the control of SOLIS software
(v.4.32, Andor). The laser was operated at 30 mW.

Spectral measurements were recorded from particles that
had been dispersed onto the surface of a glass microscope
coverslip (0.17 mm thickness, no. 1.5, BK-7 glass). Particles
were observed visually in the eyepiece and moved into the
sampling position using x,y (in-plane) stage controls. The
Alfa Aesar particles were irregular in shape and care was
taken to perform measurements at points where the poly-
mer contacted the glass to ensure reasonable refractive
index matching across the sample/glass interface.”'%'? A
glass microscope slide could be placed over dispersed parti-
cles to improve stability and polymer/glass contacts, and a
droplet of water could be added to enhance throughput.
Additionally, light easily coupled into polyethylene spheres
that were adherent to the coverslip after depositing spheres
from a suspension in water and drying in air until the particle
settled on the microscope coverslip. Following in-plane posi-
tioning, the confocal probe volume was raised within a parti-
cle to the desired depth.

Data Processing. Spectral data processing was performed on
desktop computers using custom scripts executed in
Matlab (v.R2022a; The MathWorks, Inc., USA). After subtrac-
tion of a dark current offset, Raman spectra were corrected
for instrument response by ratioing to a recorded spectrum
of emission from a standard reference halogen source lamp
(SLI-CAL, StellarNet, USA).>>~*" Spectral baselines were
corrected using a rolling-circle®® high-pass filter. Scripts for
PCA (factor analysis)**** and least squares regression analy-
sis>>’ utilized the Matlab pca and fminsearch functions,
respectively. Significance testing®> of PCA loadings was per-
formed during pca function execution using Matlab’s built-in
Hotelling’s T-squared statistic. To compensate for differences
in probe volume characteristics among samples, where com-
parisons are made spectral intensities are reported as relative
to the intensity of the strong anti-symmetric CH; stretching
vibrational mode for polyethylene near 2882 cm™' (Figure 1).

Results and Discussion

Spectral Measurements on Individual Particles

Figure | shows a Raman spectrum recorded from a polyeth-
ylene particle in contact with the surface of a glass micro-
scope coverslip. The bands that appear in Figure | are
characteristic of LDPE.*®*° The strong peaks at 2849 cm™'
and 2882 cm™' arise from symmetric and anti-symmetric
CH, stretching vibrations, respectively.*”*® The bands at
lower frequency have been studied recently in connection
with polyethylene crystallinity and structural order-
ing.*83%4142 These lower frequency bands have been applied
to monitor structural change in response to photo->""*' and

bio-degredation®”~*? processing. The features at 1061 cm™,

1128 cm™', and 1294 cm™' arise from vibrations of polyethyl-
ene chains in a zig-zag (trans) conformation.*'** The intensi-
ties of the latter two bands, assigned to symmetric C-C
stretching and CH, twisting motions, respectively, display
strong sensitivity to crystallinity and grow as trans chains cluster
and form organized assemblies.*®***'*? The complex feature
near 1440 cm™' is associated with CH, bending and deforma-
tion motions®®*'*? and is affected by Fermi resonance™® inter-
actions. The sharp peak toward the low energy side near
1418 cm™" is a signature of the orthorhombic crystalline
phase.**™*? Full band assignments are summarized in Table .
Figure 2 expands the low frequency region of Raman spec-
tra collected from polyethylene particles prior to and follow-
ing various processing steps. In all cases, the confocal probe
volume sampled ~20 pm from the particle surface. Since
these LDPE particles were somewhat irregular in shape,
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Figure I. Raman spectrum recorded from an individual, nominally
500 pm diameter particle of pristine LDPE in contact with the
surface of a glass microscope coverslip. The confocal probe volume
was located at a depth of approximately 20 pm from the particle
surface. Spectral intensities are relative to the 2882 cm™' peak.

38,40,41

Table 1. LDPE Raman band assignments.

Band (cm™') Assignment®

1061 Vas(C—C) (trans)
1080 Y(C-C) (amorphous)
1128 Vs(C-C) (trans)

1298 T(CH,) (trans)

1305 T(CH,) (amorphous)
1415 8(CH,) + wCHj, (crystalline)
1440 8(CH,) (amorphous)
1460 8(CH,) (amorphous)
2849 v5(C—H)

2882 Vas(C—H)

vs: symmetric stretching; v,s: asymmetric stretching; v: stretching; T: twisting;
8: bending; w: wagging.
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Figure 2. Raman spectra recorded from individual LDPE particles
in contact with the surface of a glass microscope coverslip before
(Untreated) and after hexane extraction (Extracted). The spectrum
labeled “EC Processed” underwent electrochemical processing (in
1.0 M H,SO, at Cu electrodes) following extraction in hexane.® The
spectrum labeled “Chem” was subjected to the same chemical
environment as the “EC Processed” sample, but the electrochemical
potential program was not applied.

while viewing through the microscope eyepieces, care was
taken to sample from positions where polymer/glass contact
was evident.

While the spectra in Figure 2 display characteristic poly-
ethylene features, slight differences in relative peak intensities
among the samples indicate the influence of processing con-
ditions on crystallinity within this near surface region.***"*?
Relative to the pristine (untreated) sample, growth in peaks
near 1128 cm™, 1294 cm™', and 1418 cm™' in spectra of
the processed samples signals clear crystallinity enhance-
ments resulting from the treatments.>®3%4!42 The spectrum
labeled “Extracted” in Figure 2 was recorded following hex-
ane extraction of pristine particles to remove organic addi-
tives, mainly long chain alkane and fatty acid compounds.8
Dispelling these relatively small molecules from the polymer
matrix increases interactions between polyethylene chains,
enabling neighboring trans chains to organize into ordered
crystalline regions.*'*>  The spectrum labeled “EC
Processed” in Figure 2 was recorded from particles that
had undergone electrochemical processing8 following
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Figure 3. Raman spectra recorded from individual
hexane-extracted LDPE particles prior to (before) and just following
(after) sonication in 3 wt% H,O, solution.

extraction in hexane. Relative to the “Extracted” particles,
the spectrum indicates further crystallinity increases have
occurred resulting from the electrochemical treatment. The
spectrum labeled “Chem” was subjected to the same steps
as the “EC Processed” sample, except the electrochemical
potential program was not applied. Instead, the cell stood
at the open circuit potential for the duration of the reaction
period. The spectral features of this “Chem” sample are not
changed appreciably from those of the “Extracted” sample
and indicate the structural differences evident in the spec-
trum labeled “EC Processed” are linked to the voltage pro-
gram applied to the cell.

As a further test of the Raman microscopy characteriza-
tion strategy, LDPE particles were analyzed following a pro-
cedure that used sonochemistry to assist material
decomposition.**** After suspension in dilute (3 wt%) hydro-
gen peroxide, the solution was sonicated for 60 minutes to
accelerate the formation of hydroxyl radicals**~* and related
reactive oxygen species’’ that promote oxidative decompo-
sition reactions at the surface and near-surface regions of
the particles. Raman spectra recorded from individual hexane
extracted LDPE particles prior to and just following sonica-
tion are shown in Figure 3. The growth in peaks near
1127 cm™ and 1417 cm™' is clear evidence for crystallinity
change in connection with the sonochemically assisted pro-
cessing steps. In contrast, LDPE particles suspended in ultra-
pure water and sonicated for 60 minutes or suspended in 3
wt% H,0O, without sonication showed little evidence of
degradation.
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Depth-Profiling Within Individual Particles. Taking advantage of
the spatial resolution capabilities of the Raman microscope
system (< 2 pm, vide infra), the ability to measure chemical
composition at different depths within an individual particle
was explored. The spectra in Figure 4 reflect changes in
LDPE crystallinity within individual particles as the confocal
probe volume was moved from the surface (indicated as 0
pum) to positions deeper inside the particle. The left panel
shows typical results obtained for pristine LDPE. The peak
energies and relative intensities of the bands across the spec-
tral dataset appear constant, indicating the sample composi-
tion within the region ~20 um from the surface is quite
uniform. In contrast, the middle panel of Figure 4 displaying
a set of spectra that probe within a particle of
hexane-extracted LDPE reveal notably strong crystallinity
changes at the particle surface and diminishing crystallinity
enhancement with increasing probe depth. The structural
phase composition gradient that develops likely reflects a
greater ease of extracting low molecular weight additives
from the surface region of pristine LDPE particles than
from the bulk material. In general, compared to the pristine
LDPE sample, the hexane-extracted particles showed much
greater structural heterogeneity on the micrometer length
scale probed by the Raman measurements. The tendency
for some regions within a hexane-extracted particle to
become especially rich in the crystalline phase, while other
regions retain greater amorphous character, likely results

from limited polymer chain mobility creating barriers to addi-
tive removal and subsequent crystalline phase development.

The panel at the right in Figure 4 displays spectra recorded
from hexane-extracted LDPE after the sample was further
processed by sonication in dilute aqueous H,O, solution.
The spectral series shows evidence for crystallinity enhance-
ment in the near surface region and persistence of the
enhancement to a distance of at least 40 pm further into
the particle. Depth-profiling of LDPE samples was limited
to about 40 pm, as signal decline traceable to the depth-
dependent loss in the efficiency of collecting Raman backscat-
tered radiation from within polymers”'®'” occurred beyond
this point. The lower collection efficiency is reflected in the
noise at the baseline in the 35 um and 40 pm position spectra
in Figure 4. Normalizing spectra to the intensity of the strong
anti-symmetric CH, stretching band near 2882 cm™' enables
comparisons among spectra by putting peaks on a common
scale relative to the strongest in the spectrum and highlights
the spectral signal-to-noise ratio decline when the overall
Raman scattering intensities become low.

The instrument depth resolution was estimated by scan-
ning the confocal probe volume through single layer graphene
sheet'>'* and model polymer—polymer'®'"'3 interfaces. The
response recorded from single layer graphene, plotting the
intensity of the graphene 2D vibrational band as a function
of axial (z-direction) position as the confocal probe volume
translates through the sample (Figure SI, Supplemental
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Figure 4. Raman spectra recorded as a function of depth below the surface of an individual LDPE particle prior to any processing (left
panel) and following hexane extraction (center panel) and subsequent sonication in 3 wt% H,O, solution (right panel).
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Material), traces the detection efficiency profile for the
instrument.'®'""'>'* When fit to a Lorentzian line shape
function, the full width half-maximum (FWHM) parameter
provides an estimate of the axial spatial resolution.”'*°
For measurements performed on the graphene sheet, the
FWHM value of 1.3 pm is consistent with earlier determined
values for Raman instruments equipped with a high NA oil-
immersion objective.'®'""'* The breadth (1.3 pm) reflects
the optical aberrations that decrease axial spatial resolution
relative to the ideal diffraction limited response for the objec-
tive and confocal system used (0.4 pm).>'*'32¢

The FWHM derived from the Lorentzian fit in Figure S| is
a measure of the probe volume depth along the z-direction
encompassing the region of 50% detection efficiency.”"?
Recently, Sacco and co-workers advocated fitting confocal
Raman depth profiles of SLG to a Gaussian line shape func-
tion and defining the 95.5% detection efficiency as 1.699 X
FWHM = 4o, in which o is the Gaussian width parameter.'*
Using the latter approach, the FWHM derived from the
Gaussian fit of data in Figure S| is |.5 pm and predicts a
95.5% detection efficiency of +1.3 pm (or 46=2.6 pm).
These spatial resolution capabilities were confirmed in
depth profiles recorded from a sharp boundary separating
a model polymer—polymer interface (Figure S2,
Supplemental Material). In this case, the profile of each
phase was well fit by calculating the convolution of a step
function representing the ideal material phase boundary
with a Lorentzian line shape function representing the instru-
ment detection efficiency profile.'®™'* The profile FWHM
parameter derived from the analysis (1.5 pm) is close to
the value of 1.3 pm measured using SLG (Figure Sl).

To examine the extent to which these spatial resolution
estimates apply in measurements within the near surface
region of the micrometer-scale polymer particles of interest,
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depth profiles were recorded from a polymer—polymer inter-
face formed by a spherical polystyrene particle imbedded
within a PDMS matrix (Figure 5). The materials were selected
based on their distinguishing vibrational bands at 1001 cm™
(polystyrene) and 490 cm™' (PDMS), as depicted in
Figure 5b. The spherical polystyrene particles were shown
in earlier studies to be useful standards for confocal Raman
microscopy depth profiling.'> Both the spheres'? and
PDMS'? employed have sufficient transparency to support
measurements at the limited depths required for the exper-
iment (< 30 pm). The depth profile in Figure 5a was con-
structed by plotting the intensities of the two bands as a
function of position starting with the probe about 3 pum
above the coverslip. The polystyrene signal reaches a maxi-
mum as the confocal probe volume progresses upward
through the central region of the 10 pm particle and begins
a steep decline in crossing the polystyrene—PDMS interface.
As in Figure S2, the solid lines on the plot show the response
for a Lorentzian instrument detection efficiency profile con-
voluted with a step function representing the interface
between polymer phases.'®'3 The analysis neglects the inter-
face curvature and ability of the spherical particles to focus
forward scattered radiation that back reflects toward the
objective from the polystyrene—PDMS interface.'? The latter
effect can contribute to the slight arc in the measured
responses over the 3—10 pm range in Figure 5a as the confo-
cal probe volume translates through the particle. The spatial
resolution suggested by the profiles in Figure 5a (~2 pm) is in
good agreement with the limiting resolution measured using
SLG and sufficient to detect composition changes occurring
over the range of 20 pm—40 pm examined in Figure 4.
Figure S3 (Supplemental Material) shows the strong mod-
ifying effect electrochemical processing can have on the sur-
face of LDPE particles. Sampling at the 20 um depth, spectra
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Figure 5. Raman spectra recorded as a function of depth below the surface of a model polymer—polymer interface constructed by

imbedding a spherical polystyrene particle within a PDMS matrix.
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display crystallinity enhancement comparable to that
observed for particles after sonication in dilute aqueous
H,O, solution (Figure 4, left panel). However, much stronger
crystallinity enhancement is evident when probing a few
micrometers from the surface (Figure S3, bottom). The find-
ing has motivated further studies aimed at improving the
electrochemical processing technique and understanding
interactions of polymer within the electrode—solution inter-
facial region.

It is important to note that the spatial resolution attained
in the reported depth-profiling work depends critically on
the properties of the microscope objective.”'®!>!3
Objectives designed to focus into the sample through an
air gap, like those often available for confocal Raman micros-
copy, suffer when probing beneath a polymer surface due to
deleterious effects of refraction stemming from the relatively
large air—sample refractive index difference.”'®!” Reducing
this difference through use of an objective designed for use
with an immersion fluid improves the ability to tightly focus
excitation radiation within the sample and collect Raman
scattered light from the region with high efficiency.”'>!”
For example, based simply on the diffraction-limited spatial
resolution, relative to a high collection efficiency air-objective
(e.g, NA 0.9) the oil-immersion objective used in the
reported work improves the spatial resolution by more
than a factor of two (1.4%/0.9%).>'*!” Further, the refractive
index matching achieved nearly eliminates the deleterious
effects from depth-scale compression”'® and spherical aber-
ration (e.g., depth dependent probe beam distortion) that, as
Everall and others have pointed out,” can greatly complicate
probing beneath the surface of materials with an air-
objective.”'®'” Thus, use of an oil-immersion objective in
the reported studies minimized optical distortions and pro-
vided good accuracy in depth-profiling the near surface
region of the polymer materials investigated.”'®'* "3

Repeated Sampling of Particles. As a step toward assessing var-
iability in material structure and composition at different
positions within a particle and among particles that make
up a sample, results of repeated sampling were analyzed.
For pristine polyethylene, the approach revealed uniformity
consistent with the depth-profiling results in Figure 4.
Measuring at a constant depth of 20 pm, a dataset composed
of 20 Raman spectra collected from different particles and
sites within each particle was decomposed using PCA, fol-
lowing an approach used by Sato and coworkers®® to predict
polyethylene density from Raman spectra. Figure S4 (bottom
set) displays the first two spectral vectors (PCA loadings)
returned from the analysis. The first, labeled vl, reflects
the average response across the dataset and is closely similar
to the LDPE spectrum in Figure |. The calculated Hotelling’s
T-squared statistic indicates this first loading accounts for >
99.9% of the variance in the dataset. The second, labeled
v2, consists mainly of random noise and is similar to the
remaining loadings (v3—v20). With only one significant
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Figure 6. Pure component spectra of pristine (Untreated),
hexane-extracted (Extracted) and electrochemically processed (EC
Processed) LDPE derived from least-squares modeling of Raman
spectral datasets.

loading (vI), the PCA results indicate the pristine polyethyl-
ene particles have a consistent composition and structure
with little variation from particle-to-particle and at different
sites within the near surface region of individual particles.
Results of similar measurements performed on hexane
extracted particles and samples before and after processing
steps are included in the Figures S4-S5 (Supplemental
Material).

Although PCA provides a convenient approach for scruti-
nizing large datasets, since the widespread availability of com-
puters makes decomposition of the variance—covariance
matrix to an orthogonal basis rapid and simple, the spectral
vectors derived are complicated, with peaks that can extend
in both upward and downward dir'ec'cions,33‘34 as Figures S4-S5
depict. It is possible to obtain more physically meaningful spec-
tral vectors that can be related to the chemically pure compo-
nents of a sample by performing least-squares modeling of the
data matrix.****>” Example results obtained from datasets
derived from Raman spectra of processed LDPE samples are
shown in Figure 6.

The approach decomposes a matrix of spectral data (D)
into a matrix of pure-component spectra (A) and a coeffi-
cient (or concentration) matrix (C) according to the follow-
ing equation: D =A x €.**?>7 When the spectra in D are
in columns, the pure-component spectra in A are also in col-
umns and the elements of C (c(i,j)) specify the fractional con-
tribution of each pure component (i) to each measured
spectrum (j). These A and C matrices can be related to
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the PCA scores and loadings for the dataset through a linear
transformation, as elaborated in Section S.2 (Supplemental
Material).

The spectral vectors in Figures 6 were derived assuming
the experimental spectra are composed of two compo-
nents, one reflecting the bulk polymer and the second
dominated by effects of processing. The values of the
Hotelling’s T-squared statistic returned in the factor analy-
sis (98.89, 1.02, and 0.03 for the first, second and third
principal component, respectively, from spectra of electro-
chemically processed samples (see above for the values
from the analysis of hexane extracted samples) support
this assumption, as they show the great majority of varia-
tion in the dataset is contained within two spectral (load-
ing) vectors.>®> Thus, A was constrained to have two
columns and C two rows.

The responses in Figure 6 labeled “Untreated” and
“Extracted” are the two pure component spectra obtained
from least-squares modeling of the dataset from which the
loading vectors in Figure S4 (upper) were derived.
Following the iterative procedure,® >’ the coefficients in C
were optimized starting from an initial pair of spectra in A
drawn at random, one from each group (untreated versus
hexane extracted) in the dataset. The optimization was sub-
ject to a simple model that applied constraints to the coeffi-
cients in C. Specifically, for each spectrum, j, the
corresponding concentration coefficients (c(1,j) and c(2,)),
were required to be positive and sum to 1.0, reflecting the
relationship of the coefficients to the mole fraction of each
pure component present within the spatial region of a parti-
cle from which spectra were recorded.*****” As anticipated,
of the two pure component spectra in Figure 6, one (labeled
Untreated) displays characteristics of bulk LDPE and the
other (labeled Extracted) shows features of the crystallinity
enriched material that develops with processing. These opti-
mized pure component vectors were found independent of
the spectra selected for initialization of A, even when both
were from samples before or after processing. Most nota-
ble—compared to the PCA derived spectral vectors
(Figure S4, upper), those obtained from least-squares model-
ing with experimentally meaningful constraints applied in the
optimization of the concentration coefficients display normal
upward-extending features that can be understood in terms
of the chemical composition of the sample.

The top spectrum in Figure 6 (labeled “EC Processed”)
was obtained from least-squares modeling of the dataset
from which the loadings in Figure S5 (upper) were decom-
posed. One of the two resultant pure component spectra,
it reflects material changes associated with electrochemical
processing. The second pure component vector (plotted in
Figure S6) is dominant in spectra of hexane extracted
LDPE particles and is nearly identical to the related pure
component spectrum in Figure 6 (middle). Again, the least
squares derived pure component spectra (Figure 6, top,
and Figure S6) appear as normal Raman spectra without
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complication from derivative-shaped bands, in contrast to
the loading vectors obtained from PCA decomposition
(Figure S5, Supplemental Material). The quality of the least
squares derived model is depicted in Figure S7, which plots
an original spectrum for each sample along with its residual.
The residuals are generally at the noise level of the original
spectra with little remaining structure. The plots in
Figure S7 are representative of responses across the dataset.
In reference to Figure 6, progressing from the pristine
(Untreated) to the hexane-extracted (Extracted) and then
the electrochemically processed (EC Processed) sample
shows the expected growth in the crystallinity sensitive
bands near 1128 cm™ and 1418 cm™ and demonstrates a
useful application of least-squares modeling combined with
Raman microscopy as an aid to assessing the effectiveness
of processing conditions on material properties.

Conclusion

Confocal Raman microscopy performed with a high NA oil-
immersion objective can be easily applied for high spatial res-
olution (< 2 pm) depth-profiling of compositional and struc-
tural change within the near-surface region of individual,
micrometer-scale polymer particles subjected to chemical
processing. The sampling configuration promotes refractive
index matching, helping to overcome limitations of the air-
objectives equipped on typical confocal Raman microscopes.
For the polyethylene materials studied, vibrational bands sen-
sitive to crystallinity and conformational order®®3*#"#2 were
effective indicators of material transformations following
chemical and electrochemical® treatments. In depth profiling
to a distance 40 um from the polymer surface, the composi-
tion of the pristine material showed remarkable uniformity.
In contrast, processed particles displayed an enhancement in
surface crystallinity and changes in material crystallinity with
increasing depth that reflect the effectiveness of treatments
toward polymer deconstruction. Toward measurements on
ensembles of particles, PCA and least-squares modeling are
useful for discerning processing-induced changes, with the lat-
ter providing pure component spectra that reflect crystallinity
change within spectral datasets. The studies demonstrate an
approach for monitoring reaction progress as strategies for
polymer recycling and upcycling are advanced.
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