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ABSTRACT

Elucidating the crystalline-amorphous interface during decrystallization processes in semi-crystalline polyethylene (PE) is crucial for
the advancement of polymer theory and plastic-to-plastic recycling technologies. In this study, we carried out an in-depth investiga-
tion of PE thin films undergoing melting or dissolution using a temperature-controlled liquid flow-cell experimental setup which
provided in-situ mid-infrared (MIR, 4000-700 cm™') and near-infrared (NIR, 6000-4000 cm™") spectra in real time. The spectroscopic
results yielded molecular-level information regarding PE decrystallization and chain disentanglement via fundamental vibrations,
combination bands, and overtones which were correlated using hetero-spectral two-dimensional correlation spectroscopy (2D-COS).
A quantitative procedure for the calculation of PE degree of crystallinity was developed to track transformations of crystalline do-
mains during melting and dissolution. This semi-empirical model achieved a strong linear correlation of at least +0.93 in four spectral
regions: 750-700 cm™’, 1500-1400 cm™!, 3000-2800 cm™!, and 4400-4200 cm™’. This analysis revealed important spectral trends about
the interfacial solvation environment during these processes. Lastly, the time-evolution of the unraveling, terminal methyl (—CHj)
groups of PE cilia was examined in relation to the decrystallization mechanism of PE. The insights obtained from this study advance
the fundamental understanding necessary for developing new depolymerization and recycling strategies.

The unit cell of PE possesses an orthorhombic con-
figuration at ambient conditions which gives rise to factor
group splitting [19,20]. Due to the lateral crystal vibrations
of PE’s methylene (—CH,—) modes, doublet IR-active bands

1 Introduction

Of the 390 million metric tons (Mt) of plastics produced
across 44 countries, roughly 174 Mt are packaging materials

(e.g., thin plastic films), most of which are polyolefins such
as high-, low-, and linear low-density polyethylene (HDPE,
LDPE, and LLDPE, respectively) and polypropylene [1,2].
Thin film plastics are challenging to recycle at materials re-
covery facilities due to their flexibility, low density, and
multi-component layers, yet research has shown there are
economic incentives for these materials if the recycled prod-
uct yield and product price is improved [3]. Closing the re-
cycling loop of packaging films may be achievable with new
measurement techniques [4-8] and solvent-based separation
methods [9-13]. Regarding the latter, recent modeling and
parametric analyses of cellulose [14-16], polyester [17], and
polystyrene [18] dissolution may prove to be one such path-
way for future “plastic-to-plastic” conversion technologies.

corresponding to in- and out-of-phase signals for “rocking”
(p), “scissoring” (0), symmetric stretching (vg) and anti-sym-
metric stretching (v,¢) motions appear at energies of 750-
700 cm™t, 1500-1400 cm™?, and 3000-2800 cm™?, respec-
tively. Structural investigations of PE have been reported us-
ing X-ray diffraction [21-24], wide-angle X-ray scattering
[20,25,26], mechanical deformation tests [27], differential
scanning calorimetry (DSC) [28,29], Raman spectroscopy
[30-35], infrared spectroscopy [36-39], nuclear magnetic
resonance spectroscopy [40,41], and molecular dynamics
simulations [42-46]. At present, however, there are no direct
solid-state measurements detailing a molecular-level mech-
anism of decrystallization for recalcitrant semicrystalline PE
under realistic dissolution conditions where small solvent
molecules diffuse into the polymeric matrix and induce the
disentanglement of rigid, well-ordered, chains. Key
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fundamental questions revolve around the emerging solva-
tion structures and mechanistic stages of disentanglement of
solid PE chains in contact with a surrounding solvent.

Here, dynamic mid-IR (MIR, 4000-400 cm™1) and
near-IR (NIR, 14286-4000 cm™?!) vibrational spectra of PE
are acquired simultaneously using an FT-IR spectrometer
that is capable of scanning from 8000 to 350 cm™ —a region
that contains PE’s fundamental vibrational modes, combina-
tion bands, and overtones. Using two-dimensional correla-
tion spectroscopy (2D-COS), an analytical technique devel-
oped by Noda and co-workers [47-52], alterations in PE
chain structures in the MIR and NIR regions were examined
under melt and dissolution conditions. 2D-COS has posi-
tively-impacted research fields including, but not limited to,
protein dynamics [53-58], coordination chemistry [59,60],
nanomaterials [61-64], biomedicine [65-67], drug mixture
analysis [68], and polymers [69-73] through its ability to
provide structural insights of dynamic molecular systems
that would otherwise be indiscernible based on one-dimen-
sional (1D) spectra alone. This is accomplished via a cross
correlation analysis of two spectral variables (e.g., IR fre-
quency, Raman shift, wavelength) that undergo changes
from an external perturbation (e.g., time, temperature).

Real-time in situ MIR and NIR spectra of PE un-
dergoing dissolution are reported for the first time in this
work. Temporal variations of key vibrational peak intensi-
ties and frequency shifts due to van der Waals interactions
and polymer solvation revealed intrinsic differences in the
decrystallization mechanism of PE under melting and disso-
lution conditions. The correlation of IR bands originating
from chain conformations and various vibrational modes
such as, “rocking” CH» groups, combination bands, and end
chain CH3 groups, may advance parametric analyses of dis-
solution-precipitation models, assist with the fabrication of
PE-based membrane materials, and advance fundamental PE
“crystallization theory” —a topic that remains an outstand-
ing challenge in macromolecular polymer science [74]. Fur-
thermore, after confirming and adjusting MIR and NIR
mode assignments that are traditionally reported in tabular
format, new IR-active vibrational modes were identified and
tentatively assigned via 2D-COS. Leveraging these findings,
a quantitative spectroscopic model was constructed to pro-
vide real-time in situ crystallinity insights for PE or PE-
containing materials undergoing crystalline-to-amorphous
transformations.

2 Materials and Methods

2.1 Materials

HDPE (0.952 g/cm?, melt index=2.0 g/10 min., melt
point=128 °C, P/N:GE7252) was graciously provided by
Braskem U.S.A (Figure 1A); p-xylene (299+ %,
P/N:296333-1L) was purchased from Sigma-Aldrich

(Figure 1B); LDPE (0.925 g/cm?, melt index=25 g/10 min.,
melt point=116 °C, P/N:420843) and LLDPE (0.918 g/cm?,
melt index=1 g/10 min., melt point=120.9 °C, P/N:428078)
were purchased from Sigma-Aldrich. PE thin films were pre-
pared by placing approximately 25 PE pellets inside a cus-
tom brass ring mold (260 brass shim stock P/N:9011K201
McMaster-Carr®, 85 millimeter (mm) outer diameter, 60
mm inner diameter, and 0.05 mm thickness which was
wrapped inside film made from Teflon® PTFE (McMaster-
Carr®, P/N:8569K36). Then, the sample mold was trans-
ferred to a pre-heated hydraulic press (Carver®, Inc., 180
°C). For 5 minutes, 4000 pounds of force was applied to gen-
erate HDPE films of uniform thickness; thermal expan-
sion[75] was observed and compensated for via modification
of mold thickness, providing the desired film thicknesses of
0.05 mm and 0.1 mm. Electronic calipers (McMaster-Carr®,
increment=0.01 mm, P/N:4996A51) confirmed the thick-
ness of the polymer films. Individual samples were cut using
a scalpel from the bulk mold to achieve the desired dimen-
sions of 5x5x0.05 mm.

2.2 Differential Scanning Calorimetry

Melting point and enthalpy of fusion of the PE samples were
determined via DSC using a TA Instruments Q200 (Support-
ing Information). Pellets and films were prepared and
crimped into Tzero aluminum pans (TA Instruments,
P/N:901683.901) and lids (TA Instruments,
P/N:901671.901). An argon flow rate of 50 mL/min. was
used for each measurement. Samples were equilibrated at 0
°C before being heated to 200 °C at a rate of 5 °C/min. Then,
samples were cooled at 5 °C/min. to 0 °C. Degree of crystal-
linity of the pellets was calculated using the second cycle
(Table S1). In this study, enthalpy of fusion is taken to be
293 J/g according to Wunderlich and Czornyj [76]; since
then, similar values have also been reported[25]. Experi-
mental uncertainty of DSC results is £1%. For validation of
the quantitative FT-IR method, average crystallinity of
HDPE thin films (5x5x0.05 mm) was determined to be 65
% using the second cycle.

2.3 In-situ Temperature-controlled FT-IR Setup

A temperature-controlled demountable liquid flow cell (Har-
rick Scientific TFC-S25) connected to a temperature control-
ler (Harrick Scientific ATC-024-3, 50/60 Hz, 115VAC, 3.0
AMP) was used for the FT-IR experiments. Sample heating
was PID-controlled for linear ramping to the desired temper-
ature by the controller and cooling occurred slowly under
ambient conditions (22 + 1 °C).

A three-dimensional rendering of the FT-IR liquid cell is
shown in Figure 1C (Autodesk Fusion 360). Film dimen-
sions of 5x5x0.05 mm were determined using electronic cal-
ipers. Zinc selenide (ZnSe, Crystran Ltd., 25%2 mm pol-
ished) was selected for its MIR and NIR transmission and
independence from temperature-induced spectral ef-
fects.[77] Adhesion of the PE films to the ZnSe was
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accomplished inside a ventilation hood by placing the sub-
strate onto a hotplate (130 °C) for 4 minutes or until the film
became transparent. Care was taken to ensure the films were
not degraded. The melt was then slow-cooled to room tem-
perature.

To Detector
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24 FT-IR Spectroscopy

A Bruker VERTEX 70 FT-IR spectrometer (Billerica, MA,
USA) equipped with a liquid-nitrogen-cooled mercury cad-
mium telluride detector (LN2-MCT) was used to acquire
transmission MIR (air-cooled ceramic source) and NIR (air-
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FIGURE 1. (A) Polyethylene monomeric unit and (B) p-xylene molecular structure. (C) Schematic of heated liquid cell and positioning
of the polymer sample. (D) Layout of the temperature-controlled FT-IR spectroscopy experimental setup.

To prepare the liquid flow cell, a 0.950 mm thick
PTFE spacer (Harrick Scientific) was placed between the
two ZnSe optical windows (Figure 1C). Next, two Viton O-
rings were placed beneath and atop the windows. Then, a
compression ring and retaining nut were threaded together.
Stainless-steel Swagelok tube fittings (union, 1/8” tube OD)
and stainless-steel hose connectors (1/8” tube adapter, 1/8”
hose ID) were used to join the flow cell with chemically-
inert, high-temperature Viton fluoroelastomer tubing
(McMaster-Carr, 1/8” ID, 1/4" OD). Two 150 mL Erlen-
meyer flasks were connected to the Viton tubing, one flask
containing fresh solvent and the other serving as a waste col-
lection flask. Parafilm wrap (Bemis Co.) was used to seal the
solvent system at the opening of each flask. A variable flow
peristaltic pump (Fisherbrand, 0.4-85 mL/min., 120 V 60Hz,
115VAC power supply) transported solvent to the FT-IR cell
in 15-30 seconds using a rate equivalent to ~80% of the max-
imum flow setting. The peristaltic pump was turned off once
the liquid cell was filled and FT-IR measurements were per-
formed immediately after the pump shut-off (Figure 1D).

cooled tungsten source) spectra (I mm aperture, 1 sample
scan, 64 background scans, 2 cm™! resolution, zero-second
delay between repeated measurements). The detector setup
achieves a spectral coverage of 8,000-350 cm™! per MIR/NIR
spectrum acquisition. However, an optimal scan range of
6000-500 cm™! and per spectrum acquisition time of 3.475
seconds were used in this study. Measurements were carried
out at a scan velocity of 10 kHz using double-sided forward-
backward acquisition mode at a resolution of 2 cm™'. Faster
acquisitions could be achieved with a lower resolution
and/or higher mirror velocity at a cost of signal-to-noise ratio
(SNR), but our melting and dissolution study did not warrant
the need for faster acquisition rates (further details in Sup-
porting Information Section 3). Attenuated-total reflectance
Fourier-Transform infrared spectroscopy (ATR-FTIR),
equipped with a single-reflection (45° angle) ZnSe unit
(PIKE Technologies, Madison, WI, USA), was used for its
surface-sensitivity to compare with transmission FT-IR.
Depth of penetration of the ATR-FTIR evanescent wave was
calculated by supplying Equation S1 with optical constants
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(Supporting Information). Time increments between spec-
tral acquisitions were validated using a stopwatch. The
OPUS 7.5 software package was used to collect and process

the data. The Python programming language (3.12.0

TABLE 1. Comprehensive summary of reported infrared vibrational bands of PE.

courtesy of the Python Software Foundation) was used in-
side a Jupyter notebook (6.3.0 courtesy of Project Jupyter)
to visualize spectra.

IR Frequency | Wavelength | Wavelength | Phase Vibration Inten- Ref.
(em™) (um) (nm) sity
200 50.0 50,000 --- --- \AY [78]
543 18.4 18,416 --- --- W [78]
600 16.7 16,666 --- --- \AY [78]
713-716 14.0 14,005 Non-crystalline, p(CHy) VW [79,80]
monoclinic-like
trans
719-721 13.9 13,888 Orth. p(CH>) (out-of-phase “rock- M [19,78,79,
ing”) 81]
718-720 13.9 13,869 Amorph. --- W [81]
729-730 13.7 13,717 Orth. p(CH>) (in-phase “rocking”) M [19,78,79,
81]
888 11.3 11,261 --- p(CHz) VW [78]
965 10.4 10,363 - -—- VVwW [78]
1065 9.39 9,389 --- v(CC) VW [78]
1080 9.26 9,259 Amorph. v(CC) VW [78]
1110 9.01 9,009 - -—- VVwW [78]
1150 8.69 8,696 - -—- VVwW [78]
1170 8.55 8,547 --- --- VVwW [78]
1306 7.65 7,657 Conf. (gtg") o(CH») (“wagging”) \ [70,78,82]
1339 7.47 7,468 Conf. (eg) o(CH») (“wagging”) VW [70,78]
1352 7.39 7,396 Conf. (gg) w(CH,) (“wagging”) W [70,78]
1365 7.33 7,326 Conf. (gtg) o(CH,) (“wagging”) W [70,78]
1377 7.26 7,262 Orth. J(CH3) (“umbrella” branch- \ [78,82]
ing)




1450-1455 6.90 6,896 Amorph. short trans sequences -—- [79]
1463 6.84 6,835 Orth. 0(CH>) (out-of-phase “scis- S [19,78,81]
soring”)
1466-1467 6.84 6,835 Amorph. long trans disordered se- M [81]
quences
1470 6.80 6,803 Orth. J(CHy,) (in-phase “scissor- S [19,78,81]
ing”)
1473-1475 6.79 6,789 Non-crystalline, --- \AY [83]
monoclinic-like
trans
1710 5.85 5,848 --- --- \AY [78]
1805 5.54 5,540 --- --- VVW [78]
1890 5.29 5,291 --- --- VW [78]
2010 4.98 4,975 --- --- VW [78]
2130 4.69 4,695 --- --- VVW [78]
2295 4.36 4,357 --- --- VW [78]
2640 3.79 3,788 --- --- W [78]
2848-2850 3.51 3,506 Orth. vs(CH>) symmetric VS [19,78,82]
2851-2852 3.51 3,506 Amorph. --- --- ---
2872-2899 3.48 3,482 Orth. vs(CH3) symmetric W [78]
2915-2920 3.42 3,425 Orth. vas(CHz) anti-symmetric VS [19,78,82]
2921-2922 3.42 3,424 Amorph. - --- -—-
2960 3.38 3,378 Orth. vas(CH3) anti-symmetric VW [78]
4022 2.49 2,486 Orth. (1) - --- [84]
4094 2.44 2,443 Orth. (1) - --- [84]
4198 2.38 2,382 Orth. (1) - --- [84]
4221 2.37 2,369 Orth. (Il) va(CHz) + (CHy) [84]
4250-4252 2.35 2,351 Orth. (L) vs(CH>) + 6(CH,) --- [82,84]
4256 2.35 2,349 Hex. (1) vs(CH>) + 6(CH,) --- [37]
4259-4261 2.35 2,348 Amorph. - - [84]
4265-4269 2.34 2,345 Conf. sequences - - [69]
(g2 g8, g1g)
4290 2.33 2,331 Orth. - --- [69]




4320-4323 2.31 2,313 Orth. (1) vas(CHa) + 6(CHy) - [69,82,84]
4330-4332 2.31 2,308 Amorph. --- --- [84]
4342 2.30 2,303 Orth. (1) vas(CHz) + 6(CHb) w [69,84]
4349 2.29 2,299 Hex. (1) vas(CHa) + 6(CHy) - [84]
5640 1.77 1,773 Amorph. --- --- [69]
5663-5665 1.77 1,765 Orth. (1) 2v(CHy), first overtone W [84,85]
5671-5675 1.76 1,763 Amorph. 2vs VW [82]
5710-5720 1.75 1,751-1,748 Amorph. Terminal symmetric CHs + vw [38]

CH, gauche, first overtone
5732-5734 1.75 1,745 Orth. (1) --- VW [84]
5774-5778 1.73 1,731 Orth. (1) 2va5(CHo), first overtone W [82,84,85]
5784-5788 1.73 1730-1727 Amorph. 2Vas VW ---
5810 1.72 1,721 Amorph. - VVWwW [84]
5840-5848 1.71 1,710 Amorph. Terminal CHj, first overtone vw [38,69,85]
5914-5917 1.69 1,690 Amorph. Short branch CHj, first over- | VVW [38]

tone

Notes:

a Amorph.: amorphous; Orth.: orthorhombic; Hex.: hexagonal; Conf.: conformational defect

b g="gauche"; t="trans"; eg="end gauche"

¢ VW: very weak; W: weak; M: medium; S: strong; VS: very strong

d (II), vibrational direction aligned parallel to incident light; (L) vibrational direction aligned perpendicular to incident light; for NIR study

on polarized PE samples see Watanabe et al. [84]

2.5 Generalized 2D-COS Procedure

The theory of infrared 2D-COS was pioneered by Noda
[47,49] (see Supporting Information). In brief, 1D spectra
are spread across two dimensions via a mathematical proce-
dure called a cross-correlation analysis. The real and imagi-
nary components of the complex cross-correlation function
are calculated along a variable (e.g., time) for two signals
(e.g., IR spectra) that undergo a perturbation (e.g., melting,
dissolution). Two resultant variations in signals are acquired
from the mathematical formalism, namely synchronous and
asynchronous 2D spectra. The synchronous 2D spectrum
represents simultaneous spectral changes of the dynamic 1D
spectra and it reflects alterations in IR band area over the
perturbation variable. The asynchronous 2D spectrum is
unique because it represents out-of-phase changes in the dy-
namic 1D spectra and it may achieve enhanced spectral res-
olution and deconvolute overlapped IR bands that would be
otherwise hidden in a set of 1D spectra. For example, asyn-
chronous spectra may provide evidence for IR-active vibra-
tions that are changing at different rates across the perturba-
tion variable. Thus, with informed chemical knowledge,

these changes may be used to elucidate congested spectral
regions that contain vibrations of different molecular origin.

The 2D-COS analysis was caried out using the 2Dpy
package developed by Morita and co-workers [71,86-89].
Red-colored bands represent a positive correlation intensity,
and blue-colored bands represent a negative correlation in-
tensity; both of which are with respect to the perturbation
variable.

2.6 Quantification of Degree of Crystallinity
Using a Lorentzian lineshape, integrated areas of the crystal-
line, I¢rystal, and amorphous, lamorphous, bands were ac-
quired using the IGOR Pro 9 multi-band fitting package. De-
gree of crystallinity, x, is defined as

Icrystalline

X, = *100% (1)

Icrystalline + (alamorphous)

where the coefficient a represents a value that accounts for
intrinsic IR band intensity variations between the crystalline
and amorphous bands. For the p(CH;) bands between 750-
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700 cm™', o is equal to 1.2.[81] For all other semi-crystalline
regions reported in this study, o is defined as

Icr stalline,intrinsic
a= y: 5 (2)

Iarnorphous,intrinsic

where the integrated areas of the intrinsic crystalline,
Ierystal,intr., and intrinsic amorphous, Iimerph,intr, bands
were determined by band-fitting of the initial crystalline
component and final amorphous component of each experi-
mental trial, respectively. The subsequent IR band parame-
ters were fixed for the determination of x, as a function of
time with only the band integration area set as a variable (see
Supporting Information for standard deviation).

2.7 Data Analysis

Principal component analysis (PCA) was performed inside a
Jupyter notebook (6.3.0, Python 3.12.0). 250 FT-IR spectra
representing dissolution and melting time evolution from in-
itial xc to 0 % (13 minutes elapsed) were assessed using the
principal axis method to validate the 2D-COS results. Spe-
cifically, this method extracts the maximum variance from
each variable that was identified via a search of all linear
combinations, reducing the dimensionality of the data to pro-
vide orthogonal factors. The spectral region from 735-705
cm! was evaluated to minimize training and testing of spec-
tral artifacts that appeared outside of this range. PCA space
for principal component 1 (PC1) and principal component 2
(PC2) was visualized using shaded-color regions for each
class label. A correlation matrix was generated inside a Ju-
pyter notebook (6.3.0, Python 3.12.0) using the Pandas, Mat-
plotlib, and Numpy packages. Imbalanced datasets contain-
ing degree of crystallinity values were truncated and ap-
pended to zero (i.e., 0 % crystallinity) to generate average x.
over time.



3 RESULTS AND DISCUSSION

31 2D-COS of HDPE Melting: Chain Confor-

mations and Crystal Defects

Flory et al. [90] coined the term “interphase” to describe the
transition layer between the crystalline lamellae and amor-
phous regions [44]. Now it is commonly agreed upon [40,44]
that the semi-crystalline PE structure consists of four com-
ponents: (1) an orthorhombic crystal phase with the chains
in an all-frans conformation, (2) a non-crystalline amor-
phous phase with chains in gauche conformations which are
susceptible to rapid re-orientation, (3) an interphase where
chains demonstrate an all-trans conformation and have in-
creased mobility compared to the rigid orthorhombic all-
trans conformation, and (4) an interphase with equilibrium
gauche conformations that have reduced mobility compared
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to the gauche conformers comprising the highly-mobile
amorphous phase. Under high temperatures and pressures,
other PE crystalline phases may exist such as the hexagonal
[22,24,26,37,41,84,91-93] and monoclinic
[22,26,79,91,94,95] unit cell configurations. Various char-
acterization techniques such as X-ray diffraction/scattering
and DSC have been used to study the crystalline-to-amor-
phous phase transition in PE; however, these techniques can
pose challenges for receiving real-time in-situ measurements
of a polymeric system undergoing perturbation (e.g., poly-
mer dissolution). Here, we demonstrate the use of in-situ
ATR-FTIR to study the evolution of the interphase of PE
under dissolution conditions. To do this, we first examine
PE’s vibrational modes and subsequent structural changes
under melt conditions (Figure 2).

T T
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FIGURE 2. Transmission infrared spectra of HDPE melting from 22 °C (black) to 135 °C (blue) acquired via temperature-controlled
ATR-FTIR spectroscopy in the following spectral ranges: (A) 750-700 cm™ , (B) 1500-1200 cm™" , (C) 3000-2800 cm™' , (D) 4400-4050

cm’!', and (E) 5900-5600 cm™!:
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The out-of-phase and in-phase, p(CH;), modes, re-
porting on the lateral vibrational interactions within PE’s or-
thorhombic unit cell, appear at 719 cm™' and 729 ¢cm’!, re-
spectively (Figure S28A). A broad band at 718 cm™ corre-
sponding to the amorphous phase is revealed after the crys-
talline domains become disordered during melting (Figure
2A). The amorphous band was consistently observed in mul-
tiple trials in which heating rate, resin manufacturer, and
sample thickness were varied; this band corresponds to PE
chains that have no preferential orientation or chain order-
ing, and this is reflective of a PE sample that is in a disor-
dered state or molten form. This band’s susceptibility to fre-
quency shifting in the presence of solvent molecules is ad-
dressed in Section 3.2.

Figure 3 provides the 2D-COS results for HDPE
melting observed in two regions-of-interest: (1) the “rock-
ing” p(CH>) region at 750-700 cm™! and (2) the combination
bands at 4400-4200 cm!. In Figure 3A, along the diagonal
(where both spectral variables, v; and v,, converge), two
auto-bands of positive correlation intensity (red color) ap-
pear. Auto-bands in synchronous 2D-COS spectra signify
spectral intensity variations that are products of the auto-cor-
relation function observed over time, #; they appear along the
diagonal axis. Regions with greatest intensity changes over
t, with regards to the reference spectrum, A(vj), generate the
darkest-colored auto-bands. In Figure 3A, the strongest in-
tensity appears at the 729 ¢cm™! auto-band, which represents
the decrease in absorbance of the p(CH») band. A positive
off-diagonal correlation exists between the “in-phase”
p(CH,) mode at 729 cm™' and the “out-of-phase” p(CH,)
mode at 719 cm™'; this observation is confirmed by the sec-
ond auto-band along the diagonal axis, where the reduced
intensity (i.e., a lighter red color) is indicating the appear-
ance of the amorphous band at 720 cm™! after 6.5 minutes.
Cross-bands are located off the diagonal, and they are repre-
sentative of simultaneous changes of v; and v,. For the syn-
chronous spectrum in Figure 3B, cross-bands appear at 712
cm! and 719 cm!. These bands reflect simultaneous inten-
sity alterations from the perturbation variable, ¢, and they
correspond to a coupled-to or similarity in vibrational signa-

tures depending on their positive or negative phasing.

Asynchronous spectra represent out-of-phase be-
havior (i.e., dissimilarity or unsynchronized spectral
changes) with respect to the system. They showcase spectral
changes arising from vibrational signatures of different
physical origins. There are no auto-bands in asynchronous
spectra; they contain only cross-bands, which appear from
two dynamic spectral intensities that occur delayed or accel-
erated with respect to the reference state. Characterized by a
“splitting” along the diagonal axis, bands of either correla-
tion intensity, positive (red) or negative (blue), may suggest
the presence of a new spectral feature (i.e., an IR-active vi-
brational mode that is unobservable in dynamic 1D spectra).
Asynchronous spectra have utility in de-convoluting

congested spectra, revealing bands of different molecular or-
igins. In Figure 3C, four bands are observed in the asynchro-
nous spectrum of PE melting: (1) 712 cm™!, (2) 719 em’!, (3)
729 cm!, and (4) 731 cm™'. The bands at 719 cm™' and 729
cm! corresponding to the p(CH,) out-of-phase and in-phase
“rocking” motions, respectively, have been already dis-
cussed here. The bands at 712 cm™! and 731 ¢cm™! are inap-
parent through one-dimensional FT-IR and have not been
previously observed in HDPE melting and dissolution.
Therefore, their role in the context of fundamental PE crys-
tallization theory and quantitative modeling needs to be un-
derstood.

Considering a report of the 1D spectra of LDPE
nanocomposites [79], it is reasonable to deduce that the 712
cm’' band in this study may correspond to the so-called
“monoclinic-like” structure. At ambient conditions, the or-
thorhombic crystal configuration is thermodynamically-fa-
vored; however, deformation of the crystalline domains in-
fluenced by stress, or a force, can shift the favorability to a
monoclinic configuration [46,96,97]. It is important to note
that the presence of monoclinic-like IR bands does not nec-
essarily mean that well-ordered monoclinic crystals are pre-
sent in the PE film. In fact, according to Bernazzani and co-
workers [98], the monoclinic-like and amorphous compo-
nents are together classified as non-crystalline phases. The
presence of monoclinic structure is often taken for granted
in literature [79,83]. Further confirmation of the presence of
the monoclinic-like arrangement in this study’s samples is
shown in Figure S18 by the band at 1473 cm™! corresponding
to all-trans CH» bending. While the commonly reported 729
cm! band corresponds to a well-formed orthorhombic crys-
tal, the higher frequency and overlapping 731 cm™! band may
arise due to a crystal structure that is more disordered or con-
tains defects. This previously unreported band at 731 cm™ is
tentatively attributed to a gauche crystal defect.

Hetero-spectral 2D-COS results detailing correla-
tions between the 750-700 cm™! and 4350-4200 cm! spectral
regions are reported in Figure 3B and 3D. In Figure 3D, a
negative correlation is observed for the vy(CH,) + 6(CH>)
combination band at 4252 ¢cm™! and v,(CH) + 6(CH>) at
4322 cm! with respect to the 712 cm™ band. Moreover, in
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Figure 3D, the presence of the amorphous band at 4260 cm”
!'with a positive correlation at 712 cm™! implies the non-crys-
talline origins of the 712 cm™ band. This provides further
evidence of the existence of a non-perfect crystalline com-
ponent within the samples. The 731 ¢cm! band also displays
a positive correlation with respect to the 4260 ¢cm™ amor-
phous band. This may be due to the PE chains existing under
a more-constrained environment within the polymeric ma-
trix and therefore lesser in molecular population relative to
the p(CH») modes. Thus, it may be deduced that the band at

731 cm! corresponding to a crystal defect is buried beneath
the out-of-phase “rocking” crystalline band at 729 cm™!. A
pedagogical guide explaining the interpretation of asynchro-
nous splitting was provided by Noda [99].

The monoclinic-like conformations are found within
the core of PE films rather than on the surface, which was
observed to have a predominantly orthorhombic crystalline
arrangement via ATR-FTIR (Figure S15). This finding is
important for dissolution studies and, more-broadly,
polymer-liquid interfacial research, as the presence of small,
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non-polar solvent molecules may influence the crystalline-
to-amorphous phase behavior through thermodynamic
and/or kinetic mechanisms that would not be anticipated if
based solely on de-crystallization reports for pristine
polymers. Since the films used in this study were produced
using a heated hydraulic press, control experiments were
performed to ensure consistency in the semi-crystalline
structure of all samples prior to melt adhesion to the ZnSe
optical window. Specifically, DSC confirmed the absence of
any well-developed, second crystal fractions (monoclinic or
hexagonal), as the endotherm in Figure S2-4 (Supporting
Information) revealed a single melting transition at 129.3 °C.
Furthermore, the PE pellets were subjected to 0.028 GPa of
pressure and 180 °C to generate thin films. The minimum
pressure and temperature required for PE to undergo a phase
transition and produce monoclinic crystals is 6 GPa (Figure
S28). Further investigation of the interfacial ordering of the
non-crystalline monoclinic-like trans conformer is necessary
for future, real-world applications. Surface morphology
studies of semi-crystalline polymers remains an exciting
research area [27,100-102].

3.2 2D-COS of HDPE Dissolution:
Frequency Jumps

Figures 3E-3H show 2D-COS results for HDPE dissolution
in p-xylene as a function of time. Best observed in the asyn-
chronous spectrum in Figure 3G, a new IR band absent in
Figure 3C appears at 724 cm™! of opposite correlation phase
to that of the two crystal bands at 719 cm™ and 729 cm™'. It
can be inferred that this band corresponds to amorphous pol-
ymer. While the amorphous band for HDPE melting appears
at 718 cm!, the band at 724 cm™! was observed to shift (or
“jump”) to higher IR frequency over time (Figure S11) dur-
ing dissolution. The typical spectral behavior of this amor-
phous band can be visualized in Figure 4A, where a 2D con-
tour plot shows the band’s tendency to narrow in its full-
width-at-half-maximum (FWHM) after a 13-minute time in-
terval while maintaining a centered IR band frequency of
718 cml. However, for the dissolution experiment (Figure
4B), the amorphous region broadens in its FWHM before
achieving a centered frequency of 724 cm'. This phenome-
non was observed for each of the different PE melting and
dissolution experiments performed (Figure S11, S12). To
the best of our knowledge, the behavior of this amorphous
vibrational mode during dissolution has not been reported.

Infrared

The work of Tiemblo et al. provided 1D spectra of
amorphous LDPE with spherical, fibrous, and lamellar nan-
ofillers [79]. In their work, the conformational structure of
LDPE with fillers was determined to vary from that of un-
blended LDPE, which the authors attributed to constraint of
the PE chains in a given composite. A similar mechanism for
solid-liquid systems may be responsible for the behavior of
the 724 cm™' amorphous band. In fact, due to the presence of
non-polar solvent molecules, the frequency shift for the
gauche-conformer amorphous band from 720 cm™! to 724
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FIGURE 4. Two-dimensional contour plot of (A) HDPE melting
and (B) HDPE dissolution at 106 °C in p-xylene. The black line at
720 cm™! is for reference. (C) PCA of HDPE lineshape alterations at
735-705 cm™'. HDPE dissolution at 106 °C (red), HDPE dissolution
at 102 °C (green), and HDPE melting (blue).

cm!' may be attributed to the arising electrostatic forces due
to PE-solvent interactions. While the gauche conformers are
present for highly-mobile PE chains which have underwent
de-crystallization regardless of solvent presence, it is reason-
able to posit that a thermodynamically-preferred gauche
conformer of an orientation exhibiting increased steric hin-
derances is responsible for higher-IR frequency CH, vibra-
tions.

The IR absorbance of the PE films was greater un-
der dissolution conditions than melting (Figure 4A and Fig-
ure 4B). According to the Beer-Lambert Law, a given mate-
rial’s absorbance depends upon the mathematical product of
its (1) molar absorptivity, (2) path length (i.e., PE film thick-
ness), and (3) moles per unit volume. The observed increase
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in absorbance may suggest an increase in the molar absorp-
tivity or in the number density along the path length. For in-
stance, Mrad, McKenna, and co-workers reported increased
swelling percentage for less-dense PE samples in the pres-
ence of alkanes [103]. However, future reports explaining
macro-molecular structural changes (i.e., spherulite transfor-
mations in three-dimensions) under dissolution are needed.
Regardless, it may be inferred that swelling of the PE chains
contributes to the formation of the interphase where there is
a large equilibrium gauche conformer of reduced reorienta-
tion compared to chains in absence of solvent. Specifically,
a force applied to the crystalline and non-crystalline domains
stretches the chains, re-orienting the configuration of the lat-
eral p(CH») vibrations. The resultant IR-active vibrational
interactions are of increased frequency due to this meta-sta-
ble state as the chains eventually dissolve into their mono-
meric units as reflected by the gradual decrease in absorb-
ance after 5 minutes (Figure 4B).

For alkanes, the phase transition from solid-state
trans chain conformations to liquid-state gauche chain con-
formations has been well-studied [104-106], with recent re-
ports elucidating interface-specific phenomena with mono-
layer specificity [107]. Experimental variables such as tem-
perature, solvent, film thickness, and correlation to other vi-
brations have largely gone under-represented in chemical
systems with real-world implications. Sections 3.1 and 3.2
demonstrate the utility of scientific computing techniques
applied to spectral data that could potentially be scaled up to
inform processing at chemical recycling facilities. Specifi-
cally, the melt results are compared side-by-side with disso-
lution results, providing experimental evidence of solvent
effects. Therefore, future work utilizing different spectro-
scopic probes (e.g., Raman, X-ray) and custom flow cells for
in-situ studies will further enhance the field’s understanding
of PE’s order-to-disorder transition during decrystallization
as exemplified by this work.

3.3 Orthogonality of p(CH2) Behavior: Melting
and Dissolution

To expand upon the results presented in Figures 4A and 4B,
PCA was applied as a dimensionality reduction technique to
three separate HDPE de-crystallization experiments: HDPE
dissolution at 106 °C (Figure 4C, red), HDPE dissolution at
102 °C (Figure 4C, green), and HDPE melting (Figure 4C,
blue). PCA reduces the dimensionality of a large set of var-
iables by transforming them into a smaller set of variables
that retain the most important information. While accuracy
(e.g., experiment start/end point) is sacrificed, the presence
of orthogonal spectral components and how they cluster or
scatter, may help visualize complex chemical or biological
data.

Dynamic spectral datasets were reduced to the first
two principal components, PC1 and PC2, (Figure 4C). PC1

corresponds to the highest variance in the dataset, while PC2
corresponds to the next largest variance. The PCA space is a
scatter plot containing the variance ratio of each of the vari-
ables from the datasets. Clustering between the dissolution
experiments (red- and green-colored PC points) suggest the
slow spectral variations over time are non-orthogonal to one
another. However, for the HDPE melting experiment (red)
the PCA space has distinguishable variance. The blue-col-
ored space has the greatest dispersion, indicating crystalline-
to-amorphous phase behavior, as reflected by the disappear-
ance of the 729 cm™ band, is uniquely different from that
which is observed under dissolution conditions (Figure S9
versus Figure S11). The frequency shifting of the 729 cm’!
to lower energy for HDPE melt experiments (Figure 4A and
Figure S5) is a consequence of the crystal interactions within
the orthorhombic unit cell. As the temperature increases, the
crystalline lamellac become disordered; thus, decreasing the
overall vibrational interactions within the lattice and reduc-
ing the IR frequency. For the dissolution experiments, the
shifting of the 729 cm! band is not observed (first 5 minutes
in Figure 4A versus Figure 4B); rather, the p(CH>) mode at
729 cm™! experiences a more immediate decrease in absorb-
ance intensity.

Figure 4 reveals the crystal vibration interactions of
PE in film form to have orthogonal spectral components.
This suggests thermodynamic and/or kinetic and intermolec-
ular forces should be investigated in future work. Such in-
sights regarding the fundamental phase-behavior for solid-
liquid interfacial systems, and the vibrational motions found
therein, may be critical for the development of dissolu-
tion/precipitation recycling technologies for semi-crystalline
polymers.

In addition to the frequency-shifting increase of the amor-
phous band at 720 cm! due to p-xylene, a tentative origin for
the orthogonality of melt versus dissolution de-crystalliza-
tion behavior at 750-700 cm™! may be attributed to the pres-
ence of gauche crystal defects such as the tentatively as-
signed band at 731 cm! (Section 3.1 and Figure 3). Further
characterization of the defects in PE spherulites is needed.
Variations in PE chain orientation within lamellar crystals is
currently an active research topic [21]. While the PCA anal-
ysis supports the orthogonality of spectral components,
backing our slow spectral changes observed using 2D-COS,
no additional molecular information is provided by PCA at
this time. However, future work may explore dimensionality
reduction techniques for computational load and/or noise re-
duction in autonomous high-throughput measurement appli-
cations. For example, band selection and assignment tech-
niques in the NIR, as a form of dimensionality reduction,
could benefit from the analysis presented here. In addition,
coalescence of heterospectral 2D-COS with multi-modality
technologies (MIR, NIR, and other spectroscopic probes)
may provide a way to maximize scientific feedback for dy-
namic molecular systems that are otherwise limited in a par-
ticular frequency range (e.g., black-pigmented plastic waste
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FIGURE 5. LLDPE/p-xylene at 106 °C; 31 seconds elapsed. (A) Synchronous spectrum 5900-5700 cm'. (B) Asynchronous spectrum
5900-5700 cm’'; the black box contains a band corresponding to the terminal CH3 first overtone at 5830 cm™. Red color representing
positive correlation intensity and blue for negative. Tentative PE decrystallization mechanism. (C) Melting. (C-i) Crystalline and amorphous

small solvent molecule diffusion induces a force against the chains, resulting in polymer swelling and interphase formation. PE cilia unravel
at the crystal/solvent region as the chain conformation changes from trans to gauche. (D-iv) The rigid amorphous layer first appears at the
solid-liquid interface before becoming the highly-mobile amorphous phase. (D-v) Chain diffusion into solvent. Note: This mechanism is
tentative and focuses on the cilia-relevant modes in (B) that jump in IR frequency when in the presence of solvent; thus, this mechanism is
reserved for the hypothetical instance when a crystalline domain is directly exposed to a solvent. Indeed, a monolayer PE surface has both
crystalline and amorphous domains exposed, as the amorphous layer may surround or envelop the crystalline regions. Future work charac-
terizing PE decrystallization for different chain structures in time and three-dimensional space will help address unanswered questions about
temporal events at the molecular level.

is challenging to sort using NIR wavelengths due to the high insights about surface and interphase dynamics of semi-crys-
absorption coefficients). talline polymer/liquid systems. Moreover, in the context of
chemical recycling, there are two primary research fields:
dissolution/precipitation and enzyme hydrolysis. Both pro-
cedures depend on the decrystallization, disentanglement,

3.4  Terminal CH; Overtones: LDPE Dissolution diffusion of polymer chains into solvent, and breakdown of

2D-COS achieved enhanced spectral resolution in the NIR, the chains into monomeric units. In particular, the design and
aregion that may contain new details about polymer decrys- deployment of enzymes to convert semi-crystalline poly-
tallization via the presence of overtone banfis corresponding mers into their amorphous phases may benefit from spectro-
to branch end groups. Figure 5 presents evidence of the ter- scopic evidence detailing the PE de-crystallization mecha-
minal CH; groups of LLDPE under dissolution at 106 °C. In nism of PE-containing film materials. Furthermore, and in
place of HDPE, LLDPE was chosen due to its.lower dens'ity, general, the reduction of energy requirements (e.g., temper-
increased branching ratio, and greater population of terminal ature settings and/or impeller stir rate) and increase in disso-
CH; modes. Empirical observations of the CHj groups, lution rate is a key development in the polymer recycling
which correspond to PE cilia, may provide fundamental field.
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Transmission NIR absorbance signals of PE at
5900-5700 cm™' are weak, and they are especially difficult to
isolate due to the presence of p-xylene which contains a mul-
titude of CH, and CHj3 overtones (Figure S13 and S14).
While precautions are taken to mitigate the influence of p-
xylene by performing background subtraction measure-
ments that include the solvent and optical window at the
same temperature used for the in-situ experiment, residual
solvent overtones remain at 5873 cm™! and 5735 cm™!. How-
ever, careful examination of the 5850-5800 cm™ region re-
vealed a tentatively-assigned terminal CHj stretch first over-
tone at 5830 cm! (Figure 5 and Figure S25).

Unobserved in the synchronous spectrum, Figure
5B shows strong out-of-phase intensities between 5850-
5800 cm!. According to PE spectra literature, the frequency
position of the terminal CHj first overtone would be ex-
pected at 5840-5848 cm™!; however, due to the van der Waals
forces governing the solvation structure of the LLDPE
chains, the 5845 cm™! band jumps to lower IR frequency. Un-
like the gauche amorphous band at 720 cm' that shifts to
higher IR frequency, the 5845 cm™! band shifts to lower IR
frequency (Figure S17). Mizushima et al. examined similar
NIR absorbance changes of PE melting compared to Ci4H3o
and 7-ethyl-Ci4H2o in alkane solvents such as hexane and
tetradecane [38]. In Figure 5B, the terminal CH3 groups ap-
pear over 31 seconds, suggesting the PE cilia (i.e., the poly-
mer side/end chains) within the ordered crystalline lamellae
first unfold from before changing conformation from trans
to gauche. Unlike the melt environment where the PE chains
undergo similar conformational changes during the transi-
tion to the disordered amorphous phase, the solvation envi-
ronment was determined to weaken or loosen the terminal
CH3 overtone vibration. It is likely that the p-xylene solva-
tion shell along the LLDPE backbone provides a wider dis-
tribution of equilibrium conformation populations (i.e., in-
creased number of solvation structures). Future surface-spe-
cific and computational work may explore the solvation lay-
ers in polymer/liquid systems to provide greater detail about
solvent molecule orientation at the center of and around the
terminal CHj3 groups of a given chain.

3.5 Proposed Mechanism: Melting and Dissolu-
tion
Figures 5C and 5D present a schematic of the tentative de-
crystallization mechanism of PE under melting and dissolu-
tion conditions, respectively. Based on recent empirical
[33,40] and computational [38,44] reports, including the ob-
servations reported herein, three remarkable differences are
shown in Figures 5C and 5D, namely: (1) swelling of PE thin
films under dissolution conditions is significantly greater
than that of films under melting conditions which implies
that the forces applied to the crystalline lamellae are also
greater, (2) orthogonal spectral components corresponding
to the p(CH2) modes suggests alterations in the “order-of-
events” in which trans conformers transition to gauche

conformers, and (3) terminal CHs groups corresponding to
unraveling PE cilia become immersed in solution courtesy
of a solvation shell provided by p-xylene. It is expected that
a high crystallinity domain at the surface may show higher
solvent resistance than amorphous regions and that edge
chains of the crystalline surface domains may be more prone
to solvent-induced conformational changes than the middle
chains [17]. Future experiments leveraging reflectance
spectroscopic measurements (e.g., IR reflection-absorption
spectroscopy) or interface-specific non-linear spectroscopic
measurements (e.g., vibrational sum-frequency generation
spectroscopy) may prove critical in elucidating the dynamic
changes at surfaces [108]. For example, X-ray scattering
measurements (e.g., small angle X-ray scattering, SAXS)
would provide three-dimensional nano-scale structural in-
formation of the unperturbed samples, a characterization
method that may assist with the interpretation of the aniso-
tropic nature of heterogeneous polymers since injection- and
blow-molded PE likely contain variations in macromole-
cules and crystallite layers.[75] Furthermore, the analysis of
conformational changes in-situ may assist with the charac-
terization of temperature- or pressure-generated gradients in
thin polymer films.[30]

3.6 Quantification of Degree of Crystallinity:
Mid- and Near-Infrared Spectroscopy

Hagemann et al. [81] first reported an FT-IR method for the
approximating PE crystallinity using a lineshape procedure.
Specifically, two MIR spectral regions were assessed: the
p(CH,) modes at 750-700 cm™ and the §(CH,) modes at
1500-1400 cm!. Since then, there have been no reports de-
tailing a quantitative lineshape-fitting procedure for the
other semi-crystalline regions. Moreover, there has been a
lack of experimental evidence detailing the correlation of
MIR and NIR vibrational modes under melting and dissolu-
tion conditions. Quantitative insights regarding the mechan-
ical properties of PE are critical if dissolution/precipitation
plastics recycling and up-cycling technologies are to be
made practical. Furthermore, the development of high-
throughput autonomous screening devices that are capable
of extracting physical and chemical properties from recycla-
ble materials with unknown composition may hinge on fun-
damental insights provided by downstream recycling chal-
lenges.

Temperature-controlled ATR-FTIR experiments
were performed in order to establish a band-fitting procedure
for the quantification of PE degree of crystallinity (Equation
1 and Equation 2) in film and pellet samples. The following
regions were examined: 750-700 cm', 1500-1400 cm™,
3000-2800 cm™', and 4400-4200 cm™'. Prior to this study, the
melting behavior in the 3000-2800 cm' spectral region was
not reported. Moreover, the transmission FT-IR spectra in
the C-H stretching region were found to be absent in previ-
ous reports. This is possibly due to the higher absorption co-
efficient of the vibrational bands in this range. For the 4400-

14



A

Crystalline
Amorphous 0.14 = p—
0.18 —|Peak Fit '\ -
Baseline fi \ 0.12 — P L —
0.16 = '\ \ = ‘ll
g \ g 010 1" _
E 014 I - |
a 2 \
5 I \ 5 0.08 - —
£ o124 ~ 2 | AN
/ 0.06 = I \ =
0.10 — Vi = N
’ 0.04 4 =
008 - B . F-:’/—ﬂ_ E
4 L 60 —
- 40 = - @ 40 = C Correlation Coefficient
e 204 2 2 C 100 098 096 094
x 0 = - x 0 - C
T L e e
740 720 700 1500 1480 1460 1440 1420  /°0-700
IR Frequency / cm’’ IR Frequency / em”
1500-1400
C D 3000-2800
[FEEEE FEEES FETES FEEE [FEEE FEE T PR P |
31.0 = —  4400-4200
035 |'I B l| o N N
30.5 — - o ) O Q
0.30 - | - . I 1 PN N
| l‘ "o & § & F
3 025 1 | T 300 1 \ L RO
§ | I 8 \ ]
£ ‘ o
S 0.20 - i i - £ 295 1 =
2 \ ] 8 N 4
2 0154 | . -
< 0 [ v g 2004 /7 AE—"1
\ -
0.10 =
/ \/ \ 28.5 -
0.05 = 4 <+
— 28.0 - L
0.20
0.15 2 a‘g
0.10 e .
0.05 x 04
0.00 0.0
3000 2950 2900 2850 2800 4400 4300 4250 4200

IR Frequency / cm”

IR Frequency / em’”

FIGURE 6. IR band-fitting of HDPE semi-crystalline regions at room temperature (A) 750-700 cm™ (B) 1500-1420 ¢cm™ (C) 3000-2800
cm!' (D) 4400-4200 cm!. Original spectrum (gray); fit spectrum (black dashed); crystalline band (blue); amorphous band (red); linear base-
line (green). (E) Half correlation matrix of HDPE degree of crystallinity determined via ATR-FTIR at 2241 °C until complete de-crystalli-

zation.

4200 cm! region, this is likely due to limited spectrometer
setups capable of acquiring dynamic MIR and NIR spectra
in a single measurement.

In this study, a surface-sensitive technique, ATR-
FTIR spectroscopy, acquired dynamic 1D IR spectra suita-
ble for quantification. It is important to caution that changes
observed across the four quantified regions contain vibra-
tional information at different depths in the polymer films.
This is due to the evanescent wave generated at the ZnSe/PE
interface. The depth of penetration at 816 cm™, 1460 cm’!,
2900 cm!, and 4300 cm™! were determined to be 1.47 um,
0.791 pm, 0.407 pm, and 0.242 um, respectively (Equation
S1). Depending on whether the postconsumer plastic has fill-
ers or surface-migrating slip agents, the vibrational

signatures may vary across the semi-crystalline PE bulk or
surface regions.[109] The quantification of the semi-crystal-
line PE regions via ATR-FTIR will benefit the plastics recy-
cling chemistry field because the v(CH») modes have re-
cently been deemed to be key in the development of MIR
screening devices.[5] Quantification of these regions using
the semi-empirical model reported herein may help with au-
tonomous sorting of HDPE and LDPE consumer plastics
[110].

Figures 6A-6D present the band fitting lineshapes
for the semi-crystalline PE regions. MIR and NIR bands cor-
responding to PE’s orthorhombic crystalline phase are
shown in blue and, at ambient conditions, they represent the
majority of the overall lineshape area for each region. The
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intrinsic band areas of the crystalline and amorphous frac-
tions were approximated using spectra that were acquired at
room temperature (22+1 °C) and at pure melt (i.e., complete
disordering of polymer chains). Future work may involve the
characterization of lineshapes at cryogenic conditions to en-
hance model parameters.

A key advancement in this work is the utility of 2D-
COS to reveal the presence of often-overlooked MIR bands
such as 712 cm’!, 731 cm!, and 1456 cm™' that may be im-
portant components in quantitative PE models. In Figure 6A,
the bands at 712 em™ and 713 cm™ were omitted because
their influence in the calculations proved trivial. However,
for the band at 1456 cm™ corresponding to amorphous short
trans sequences, this lineshape was factored-in to Equation
1 and Equation 2 for its marked increase in absorbance pro-
file during melting. It may be concluded from these findings
that, depending on the sample (i.e., co-monomer, doped
sample, lamellar thickness, structural orientation), the pres-
ence of all IR-active vibrational modes should be considered
during the FT-IR quantification of degree of crystallinity,
and only be ruled-out if the contributions to the overall line-
shape are deemed trivial (see Supporting Information for
further details regarding the lineshape parameters that were
evaluated in this study).

To ensure the robustness and reproducibility of the
quantitative FT-IR method, DSC experiments were per-
formed on HDPE pellet samples (Figure S2 and Table S1).
The starting x. values obtained from the FT-IR method were
scaled to the x. values obtained from the second DSC cycle
to provide a best approximation for absolute crystallinity.
Lanyi et al. provide helpful insights about relative versus ab-
solute degree of crystallinity determinations of polypropyl-
ene fibers and non-wovens, as absolute values strongly de-
pend on the experiment used to calculate enthalpy of fusion,
which may vary up to 10 % [109]. Pellets were chosen for
their rigidity and ability to be kept in close contact with the
ATR crystal. X; of the HDPE samples was determined to be
64.9 % via DSC. This value agreed with the averaged FT-IR
result of 65.2 % from three independent experiments on dif-
ferent samples. While HDPE was chosen as a model poly-
olefin for its high crystalline component, LDPE and LLDPE
were also investigated to provide baseline measurements and
quantifications for other researchers (Table S3). The quanti-
tative FT-IR method correctly assigned a higher X. to the
LLDPE samples over LDPE, a result that aligned with the
DSC. Future investigations of the melt dynamics of cilia
chain unfolding may improve the modeling of polyolefins
that have a higher degrees of chain branching and/or greater
variations in chain length.

Figure 6E presents the correlation matrix of the de-
crystallization trends of three different HDPE melt trials
based on the corresponding fitted areas. A positive, linear
correlation is observed across all four regions, as each of the
values was greater than +0.93. This strong correlation is

likely attributed to the intrinsic crystal arrangement found in
each region. The p(CH), 6(CH2), v(CHz), v(CH3s), and
v(CH;) + 6(CH2) modes may be leveraged in PE systems
where one or more IR regions are un-quantifiable either due
to poor signal-to-noise, solvent signal interference, or eco-
nomic considerations for MIR or NIR instrumentation.

4 Conclusion

A temperature-controlled FT-IR setup was designed and as-
sembled for real-time, in-situ, PE film melting and dissolu-
tion experiments. Hetero-spectral 2D-COS revealed hidden
IR-active modes that may play a key role in elucidating mor-
phological changes occurrent at the PE-liquid interface. Spe-
cifically, temporal spectral changes across four semi-crystal-
line infrared regions in HDPE, LDPE, and LLDPE were
treated via a cross-correlation analysis to provide lineshape
fitting parameters for in-situ quantifications of degree of
crystallinity. From this study’s dissolution experiments,
PE’s highly mobile gauche conformers were found to shift
to higher or lower IR frequency by interactions with the p-
xylene solvation shell. Dissolution of LDPE films provided
evidence of the terminal CHs groups of dangling cilia that
unravel from crystalline lamellae. These observations may
be useful for researchers interested in elucidating the struc-
tural changes of the so-called interphase between crystalline
and amorphous domains. Future work may investigate how
alterations in molecular weight, branching ratio, deuteration,
and solvent may influence the dissolution of PE. Lastly, the
vibrational spectra and structural insights reported herein
may be helpful for chemical recycling researchers seeking to
circumvent the issue that rigid crystalline domains pose to
polymer-assimilating enzymes.
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