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Abstract

Crystallization from the melt is a critical process governing the properties of semi-crystalline polymeric materials. While
structural analyses of melting and crystallization transitions in bulk polymers have been widely reported, in contrast, those
in thin polymer films on solid supports have been underexplored. Herein, in situ Raman microscopy and self-modeling
curve resolution (SMCR) analysis are applied to investigate the temperature-dependent structural changes in poly(ethylene
oxide) (PEO) films during melting and crystallization phase transitions. By resolving complex overlapping sets of spectra,
SMCR analysis reveals that the thermal transitions of 50 pm thick PEO films comprise two structural phases: an ordered crys-
talline phase and a disordered amorphous phase. The ordered structure of the crystalline PEO film entirely disappears as the
polymer is heated; conversely, the disordered structure of the amorphous PEO film reverts to the ordered structure as the
polymer is cooled. Broadening of the Raman bands was observed in PEO films above the melting temperature (67 °C), while
sharpening of bands was observed below the crystallization temperature (45 °C). The temperatures at which these spectral
changes occurred were in good agreement with differential scanning calorimetry (DSC) measurements, especially during the
melting transition. The results illustrate that in situ Raman microscopy coupled with SMCR analysis is a powerful approach for
unraveling complex structural changes in thin polymer films during melting and crystallization processes. Furthermore, we
show that confocal Raman microscopy opens opportunities to apply the methodology to interrogate the structural features
of PEO or other surface-supported polymer films as thin as 2 pm, a thickness regime beyond the reach of conventional
thermal analysis techniques.
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Introduction exist with these techniques. Calorimetry, while providing a

A fundamental understanding of structural and conforma-
tional changes during melting and crystallization of semi-
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crystalline polymeric systems is crucial for controlling their
mechanical properties, including tensile strength, rigidity,
and durability.I Microstructures and superstructures formed
in the crystalline polymeric solid during cooling from the
molten phase strongly influence these prc:peru'es."3 Many
techniques have been used to investigate polymer phase tran-
sitions, including differential scanning calorimetry (DSC),"
X-ray diffraction®~ and reﬂecu’wity,a neutron scattering,g'm
nuclear magnetic resonance (NMR),”'I2 Raman spectro-
infrared (IR) 5pectroscopy,'7_'9 and molecular
dynamics simulations.”' Despite the variety of methods

employed to study polymer phase transitions, limitations
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wealth of thermodynamic data (j.e, transition temperatures,
heat capacity, and enthalpy values), lacks molecular-level
structural information about the polymer transformation.
While such information is obtainable from other techniques,
most require large sample volumes, making micrometer-scale
investigations of thin films of polymeric materials difficult

Thin polymeric films have been widely studied and
employed in many applications, including coatings,n opto-
electronics,”*** and energy-harvesting/storage devices >
These advances highlight the need for methods to interrogate
the structure—function relationships of thin polymer films
with thicknesses ranging from a few nanometers to several
micrometers.® Current methods for investigating such films
are X-ray diffraction and neutron scattering, both of which
provide fine structural detil. These techniques, however,
can be costly and require expertise in sample preparation
and instrument operation. Furthermore, neutron scattering
has limited availability. In contrast, vibrational spectroscopy
is a low-cost, readily accessible methodology that uses low-
energy photons to provide insights into polymer structure
and conformation at the molecular level. Recently, Raman
spectroscopy was applied to measure the thermal properties
of a bulk polymer sample, where structural changes occur-
ring during melting and crrstallization of isotactic poly(pro-
pylene) were investigated. 3 Although Raman spectroscopy
is well-suited to the analysis of bulk polymers, the large
probe volumes and modest collection efficiency of traditional
Raman scattering measurements limit their application in the
study of thin polymer films.

For this work, we employed a confocal Raman micro-
scope"’a_3I to measure within a small (~3 pm3)32 spatial
region inside a thin polymer film and investigate structural
changes during polymer melting and recrystllization.
Spectral monitoring of the phase transitions was achieved
by carefully positioning the microscope confocal probe vol-
ume®®3* within the sample. After focusing the excitation
radiation inside the polymer and collecting backscattered
Raman light through the same objective, the confocal probe
volume was defined by spatially filtering the scattered radia-
tion through a well-defined aperture to limit collection to a
small volume within the focal regic:n.”’'3‘3"32'3"'3"_3B The spa-
tial selectivity and potential for high collection efficiency of
confocal Raman microscopy have made the measurement
technique a practical approach for investigating the chemistry
of small polymeric parﬁclesn'” and processes within individ-
ual phospholipid vesicles***! and thin redc:ax-pcalymer3I films.
These studies have employed high numerical-aperture oil-
immersion objectives, which provide outstanding collection
efficiency and spatial resolution. Despite these advantages,
oil objectives are not well-suited to confocal Raman micros-
copy studies of thermal phase transitions in polymer thin
films. The immersion oil conducts heat from the sample,
leading to significant temperature errors. In the reported
work, we therefore employed a long-working-distance air
objective that allows an air gap between the lens and sample
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to minimize heat loss from the sample. While air objectives
compromise both collection efficiency and spatial resolution
in confocal Raman micrcascopy,m'”""2 we show that by trad-
ing off depth resolution for increased sensitivity and thermal
stability, an air objective can be effectively deployed to inves-
tigate melting phase transitions within thin polymer samples.

For the purpose of developing this methodology, poly(eth-
ylene oxide) (PEO), a well-studied polymer with broad appli-
cations, was chosen. PEO consists of repeating units of
hydrophobic ethylene groups (-CH-CH>—) and ether link-
ages (—O-) (Scheme I). The presence of weakly hydrophilic
oxygen makes PEO a versatile semi-crystalline polymer
with a wide range of applications, including drug delivery sys-
tems,* polymer electrolytes," and biosensors. ** Early stud-
ies characterized the crystallinity properties of PEO.> X-ray
and vibrational spectroscopy measurements revealed that in
the crystalline form, PEO oligomers adopt a 7; helical struc-
ture with a period of 19.3 A and a succession of trans
(COCC), gauche (OCCO?, and trans (CCOC) conforma-
tions along the chain axis.”'” When the temperature of crys-
talline PEO is raised above its melting transition, rotations
about the C-O and C—C bonds cause distortion of the helical
structure.'* In some studies, vibrational modes have been
assigned to the development of trans conformations about
the C—C bonds (or OCCO dihedral angle) during PEO melt-
ing.'s"a"g' However, recent findings suggest that C-O bond
rotation is the driver for PEO melting, enabling the trans
C-O bonds in the crystalline state to transition to a gauche
conformation in the molten state while the gauche C-C
bonds remain unchanged.‘""""a Although PEO has been exten-
sively investigated, few studies have probed the structural
changes in situ during heating and cooling, especially for
higher molecular weight polymers (e.g., M,,=200000 g/
mol). Furthermore, to the authors’ knowledge, no thermal
phase transition studies of PEQO thin films have been
reported.

This work investigates how confocal Raman microscopy
can be applied to monitor the structural evolution of PEO
thin films in situ during melting and recrystallization.
Self-modeling curve resolution (SMCR) analysisw_5I is ut-
lized to examine the temperature-dependent spectra, allow-
ing resolution of overlapped spectral modes that evolve as
melting or crystallization occurs. SMCR reveals that the
structure of PEO during melting and recrystallization can
be represented by two spectral components, one associated
with a crystalline phase and the other with an amorphous
phase, and predicts the corresponding melting/crystallization
profiles for each. The spectral changes associated with PEO
melting and recrystallization are considered in detail, along
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Scheme |. The chemical structure of poly(ethylene oxide) (PEO).
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with the control and characteristics of the confocal probe
volume produced by an air-objective in confocal Raman
microscopy of polymer thin films.

Experimental

Materials and Methods

Reagents and Materials. Poly(ethylene oxide) powder (M,,=
200 000) was purchased (Sigma Aldrich, USA). Acetonitrile
(HPLC Grade) was obtained (Fischer Scientific, USA).
Microscope coverslips (No. 1.5 thickness, BK-7 glass) were
obtained (Electron Microscopy Sciences, USA). The propor-
tional-integral—derivative (PID) controller (Model P48-E, |/
16 DIN process controller) was obtained (Red Lion, USA).
The heating block (Filfeel, 110 V, 140 W) was obtained
(Amazon.com). Single-layer graphene (SLG) was purchased,
(ACS Material, USA).

Sample Preparation and Characterization. PEO thin films for in
situ confocal Raman microscopy study were prepared by
drop-casting material dissolved in acetonitrile (50 mg/mL)
onto a microscope coverslip (No. I.5 thickness, BK-7 glass)
followed by annealing in a 70 °C oven for 30 min. The
films were then adhered to a copper block for direct contact
and efficient heat transfer (see below, Figure I, and related
text). The PEO film thicknesses (~50 pm) were estimated
from the mass of the deposited polymer (50 mg), the area
of the dried sample (~4 cmz), and the density of PEO
(r.21 glcm3, as specified by the supplier). For thinner PEO
film (~2 pm), the dip-coating technique was employed, and
scanning electron microscopy (SEM) was used to confirm
the film thickness (Figure SI, Supplemental Material).

Confocal Raman Microscopy. The confocal Raman microscope
system was adapted from previously reported work %3¢
Briefly, sample excitation was provided by a diode-pumped
solid-state laser operating at 660 nm (Gem 660, Laser
Quantum, USA) with an output power of 200 mW, which
was passed through a narrowband laser line filter
(Semrock) to exclude any light from the exciting diodes.
The laser beam was expanded (10x, Thorlabs, USA) and
was directed into the rear port of a Nikon Eclipse TE 200
inverted microscope (Nikon, USA). The beam was then
reflected by a dichroic mirror (Semrock) to slightly overfill
the rear aperture of a 100x, 0.70 NA air objective (Nikon,
L Plan EP1 SLWD) and focused within the PEO film deposited
on a microscope coverslip (no. |.5 thickness, BK-7 glass).
The scattered light from the sample was collected with the
same objective and passed through the dichroic mirror and
high-pass filter (Semrock). Raman scattered light was then
focused onto the entrance slit of a grating monochromator
(Shamrock 500i, Andor, UK). Raman spectra were obtained
using a 300 lines/mm diffraction grating blazed at 760 nm.
Raman scattered light was detected by a charge-coupled

device (CCD) camera (iDus DU41 6A, Andor). The entrance
slit of the monochromator was set to 50 pm, providing 7 cm™
! resolution. This slit width also defines the confocal aperture
in the horizontal dimension, while the vertical dimension of
the confocal aperture (165 pm radius) is defined by 22
rows of the CCD that are binned to collect intensit.y.52
This asymmetric confocal aperture was designed to increase
scattered-light collection efficiency from the 50 pm PEO
films by trading off depth resolution, allowing scattering
from greater distances from the focal plane to be detected.
Based on this aperture size, the objective magnification,
and numerical aperture (Figure 52, Supplemental
I"Iaterial),m'53 the depth of field in the vertical dimension at
63% detection efﬁciency” (full width at 10% maximum) is
10.1 um, which is sufficient resolution to sample the interior
of a 50 ym film. Raman spectra were acquired at three-
minute intervals with an integration period of 100 s.

Raman scattering from PEO films was collected by bring-
ing the laser beam to a focus at the coverslip—polymer inter-
face and centering the spot on the polymer film. For the 50
pm drop-cast films, the microscope objective was translated
upward in the z-dimension to position the confocal probe
volume ~20pm above the coverslip—polymer interface,
where the highest collection efficiency was observed.

Temperature-Controlled Confocal Raman Microscopy Setup. The
cell was designed for the stage of the inverted Raman micro-
scope. The inverted geometry was chosen to simplify control
of the sample environment, including temperature and the
surrounding dry N, atmosphere. The arrangement is
depicted in Figure |. A heating block controlled the temper-
ature of a copper block that was in direct contact with the
PEO film. The weight of the heater and copper block pressed
the PEO film (~50 pm) against the glass microscope cover-
slip, allowing for good film contact with the glass and copper
surfaces and providing even temperature distribution over
the sample. The copper block (21 mm X 21 mm X 2.4 mm)
was chosen for its high thermal conductivity. A hole was
drilled at the side extending | cm into the block to accom-
modate the placement of the ~| mm diameter thermocouple
lead. The copper block was coupled to the heater with a

thermal joint
/compound
‘thermocouple
‘lead

‘PID controller
PEO film

glass coverslip
air -

Scattering Excitation

Figure |. Schematic of the temperature-controlled confocal
Raman microscopy setup. The wavy lines indicate sections of
non-continuous scaling. During Raman experiments, the assembly
was covered by a styrofoam enclosure that reduced thermal loss
and allowed the sample to be kept in a dry N, environment.



silicone-based thermal compound (Wakefield Thermal, USA).
Temperature was regulated with a PID controller (Red Lion
Controls, USA). A styrofoam enclosure covered the assem-
bly shown in Figure | to minimize thermal loss and maintain
a dry N, atmosphere.

Temperature-controlled in situ Raman microscopy analysis
was conducted while the sample temperature was varied at a
heating and cooling rate of | °C/min. The temperature was
ramped from 22 °C to 75 °C, held at 75 °C for 20 min,
and ramped down to 30 °C in a dry nitrogen environment
in the temperature-controlled Raman microscopy setup
(Figure 1). Each spectrum recorded during the period was
assigned the temperature measured at the mid-point of the
100 s spectral acquisition period. This mid-point temperature
was determined from a linear fit of the logged temperature-
time data measured at the thermocouple. Obtained slopes of
0.984 +0.002 °C/min and —0.990 +0.002 °C/min for heating
and cooling, respectively, confirmed the | °C/min nominal
rate set at the PID controller.

While an oil-immersion objective was incorporated into
the initial design due to its high collection efficiency and
depth resolution, the heat loss from the sample through the
coverslip was substantial when in contact with the immersion
oil. Thus, an air objective was chosen since air can serve as a
thermal insulator, providing better control over the sample
temperature. To test the thermal response of the cell design
with an air objective, finite element modeling of temperature
profiles in the cell and sample was conducted. As shown in
the Supplemental Material (Figures S4-56, Supplemental
Material), the heat is distributed equally across the 50 pm
PEO thin film at the same temperature as the copper block
that houses the thermocouple; the temperature of the sample
responds quickly to changes in the copper block, reaching the
thermal equilibrium after two seconds. When a PEO film
undergoes temperature-dependent phase transitions, the den-
sities correspondingly change with temperature. Thus, the
location of the focal volume is expected to change during in
situ temperature-dependent studies. For this reason, the
focus position was adjusted for maximum signal before each
data collection to correct for the refractive index changes.

Differential Scanning Calorimetry (DSC). The DSC measure-
ments were performed with a DSC 3500 Sirius differential
scanning calorimeter (Netzsch, USA). The sample (10 mg)
was packed and sealed in an aluminum crucible. The calorim-
eter cell was heated from 0 °C to 120 °C, maintained at 120
°C for 20 min, and cooled from 120 °Cto 0 °C at a rate of |

°C/min. All calorimetric measurements were conducted
under a dry nitrogen atmosphere. The enthalpies of melting
and crystallization transitions were baseline-corrected and
normalized to their maximum values.

Multidimensional ~ Data  Analysis. Temperature-dependent
Raman spectral datasets were analyzed by the model-free
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multivariate SMCR analysis method,**" as applied previ-

ously to interpret temperature-dependent Raman spec-
tra>**¢ Custom scripts were executed in Matlab (version
R2021b; MathWorks). Prior to analysis, the spectra were
truncated to the frequency region of interest, baseline-
corrected using a rolling-circle high-pass filter,”” and normal-
ized to the integrated spectral area.

The use of SMCR can resolve overlapping spectral changes
and extract underlying component responses without requir-
ing prior knowledge of a model of the process. The
temperature-dependent Raman spectra were analyzed by
SMCR analysis as follows. Baseline-corrected and normalized
spectra acquired versus temperature are organized into a
data matrix, D, of r rows and ¢ columns. The rows denote
the index on the Raman shift frequencies, and the columns
correspond to the temperatures at which Raman spectra
were measured. This matrix D can be expressed as the prod-
uct of an r X i matrix (A) containing i pure component spectra
and an iXc matrix (C) containing temperature-dependent
concentration coefficients:

D =AC (n

The goal of SMCR analysis is to resolve D into its factor
matrices A and C by an eigenvector decomposition. The
first step is principal component analysis (PCA),5° where
the data are decomposed into a matrix of orthogonal eigen-
vectors (Q) and their respective scores (A). The eigenvectors
in Q represent the correlated changes in the scattering inten-
sity in the temperature dimension, and the A diagonal matrix
containing eigenvalues corresponds to the relative magnitude
of each eigenvector’s contribution to the spectral data.
Several approaches have been developed to identify signif-
icant correlations in real datasets and eliminate the uncorre-
lated behavior due to noise. Fisher variance ratio or F-test on
the scores and careful inspection of the eigenvector shapes
for non-random variation are evaluated to identify the num-
ber of real compc:nents.""m_5I The Q matrix can then be trun-
cated into a smaller matrix of principal components (Q). This
process removes the uncorrelated noise while preserving the
correlated behavior of real components from the dataset.
The next step is to find the linear combinations of the
eigenvectors that correspond to the real component
responses in the data. The data matrix D is projected onto
the composition eigenvectors, Q, to produce a matrix of
principal-component spectral eigenvectors (U):

U=DQ ()

A transformation matrix (K) is postulated that rotates the
abstract eigenvectors U and Q from eigenvector space into
real space, generating component spectra A and
temperature-dependent concentration vector C, respectively.

A=UK" ?3)

C=KQ (4)
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The search for K is guided by the correlated intensity varia-
tion in D, which is a linear combination of the pure compo-
nent loadings in U, so that a plot of the loadings U in the
space of Q7 is linear. For a two-component system, this pro-
duces a linear plot where the points at the extremes repre-
sent the wavenumbers at which ‘purest’ component behavior
was measured. The search for K is confined along this line
where the best coefficients are subject to the constraint

that spectra A and component concentrations C are not
negative. The SMCR model data matrix (f)) is then repre-
sented by the product of Aand C:

D =AC = UK 'kQ’ (5

The SMCR analysis presented here is used to resolve spectral
changes occurring within PEO thin films during temperature-
dependent melting and crystallization transitions. The entire
dataset of temperature-dependent spectral changes in PEO
thin films exhibits two significant components according to

PCA. The fit quality of the model data matrix D to the exper-
imental data D is shown in the Supplemental Material.

Finite Element Analysis. Heat transfer and the temperature
profile within the PEO film were simulated using the
finite element method within COMSOL Multiphysics (v.5.5)
using the Heat Transfer in Solids (ht) module in two-
dimensional geometry, as shown in Figures S3-S5
(Supplemental Material).

Results and Discussion

Evolution of PEO Structure with Temperature

The ability to detect and identify conformational changes that
occur as a polymer undergoes melting and cooling transitions
is of interest, in part, because the conformational structure
can affect the material’s mechanical properties (e.g., viscosity,
heat capacity, elastic modulus).'_3 At ambient pressure, PEO
adopts an ordered structure below the crystallization tem-
perature (T, 45 °C) and is highly disordered above the melt-
ing temperature (T, 67 °C).4 During melting and
crystallization, conformational changes that accompany the
phase transitions become evident in infrared and Raman
spectra, presenting as variations in band frequencies, intensi-
ties, and shapes.'s_”’"’“'sa'” Table | identifies key Raman
bands for the crystalline phase based on the 7, helical struc-
ture. Assignments associated with various conformational
structures within the temperature-dependent Raman spectra
in Figures 2-3 can be understood from these assignments.
The in-situ Raman spectra in Figure 2 are from a set col-
lected with the confocal probe volume positioned centrally
within the thin (~50 pm) PEO film while the material was
heated from 22 °C to 75 °C at a constant rate (| °C /min).
Below about 63 °C, PEO is in a crystalline form, and the
Raman bands in Figure 2 are narrow, reflecting inter- and

5
Table I. Major observed Raman bands for crystalline and
amorphous phases of PEO.?
b Vibrational mode assignments
Observed
(em™) Crystalline™* Melt® Conformation'
807 r(CH,) tgg, ttt
836 r(CH,) tt, ttg, gtg
845 r(CHz)a tgt
860 r (CH,)s—1(COCQC)s tgt
1044 r(CHy), v(COC) tgg
1063 v(COQC)s + r(CHy)s tgt, tit
1092 r(CHy), v(CO),  All
uCo)
1126 v(COQ)s ttt, tgt
1135 ©WCOCQ) All
1142 v(CC) - v(COQC)a All
1234 T(CHy)s — ©(CHy)a ttt, ttg, tgt
1244 T(CHy) tgg, ggg, tgt
1280 T(CHy)s + 1(CHy)a tt, ttg, gtg, tgt
1286 T(CHy) All
1361 ® (CHy)s+1(CC) tgt
1396 ® (CHy)s+1(CC) tgt
1447 8(CHy)s + 8(CHy)a tgg, ggg, tgt
1471 8(CH>) tgt, tgg, geg
1479 8(CHy)s tgt
17-19, 47

*Assignments based on References.
BRaman band frequencies in cm™ units.

“v: stretch, &: bend, @: wag, T: twist, r: rock.

“The a and s nofations refer to the respective asymmetric and symmetric
motions relative to the C,-symmetry axis perpendicular to the helix axis and
passing through the oxygen atom or C—C bond center. The signs (+ or —)
indicate the phase relationship of the coupled coordinates.

“Recent work*” suggests the bending modes at 1447 and 1479 cm™' should
be revised to scissoring motions.

‘Repeating arrangement of trans (1) and gauche (g) conformations about
successive O-C, C-C, and C-O bonds.

intra-chain ordering of oligomers within the film. As the tem-
perature increases and approaches the melting point (67 °C),
the bands begin to broaden, signaling a loss of ordering and
the onset of the melting transition. Figure 2 expands the
2301550 cm™' frequency range, where the most prominent
spectral changes occur. Above 63 °C, bands associated with
the strong methylene and polymer backbone vibrations
(Table I) show pronounced broadening and decreased inten-
sity. The trend can be traced to conformational changes
within PEO oligomers, notably rotation about the C-O
bond.*”*® Most crystalline PEO exists in a helical form arising
from trans conformations of O-C and C-O bonds and
gauche conformations of C-C bonds in the polymer
snequnencs:.s""'s_'T''9"‘""""8'58"”3l Amorphous or molten PEO,
on the other hand, loses this helical structure, as most of
the bonds in the backbone adopt gauche conformations.*’48
In addition, the Raman bands in Figure 2 become more asym-
metric and broader at temperatures above the melting tran-
sition due to the increased freedom of motion that leads to
inhomogeneous broadening of the Raman bands.®'* The
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spectral differences between amorphous and crystalline PEO
shown in Figure 2 have been observed in Raman measure-
ments on bulk-phase samples. However, few of these earlier
studies have reported in situ monitoring of the melting or
crystallization process, as in the current work, and there
have been no prior studies of thin-film samples.

The Raman spectra in Figure 3 are from a dataset that
traces the cooling of a PEO thin film from 75 °C to 22 °C
under the same conditions used to monitor heating of the
film in Figure 2. The bands in Figure 3 are initially broad, con-
sistent with the molten state of the material, and begin to
sharpen near 50 °C, as the crystallization temperature
approaches. As expected, bands associated with the methy-
lene and polymer backbone vibrations (Table 1) are most
strongly affected. Comparing the spectra collected at the
low temperatures (blue) in Figures 2 and 3, the reappearance
of bands characteristic of a helical chain after cooling from
the melt indicates that the material order/disorder phase
transition under study is reversible. The structural changes
that occur during PEO melting and recrystallization are con-
sidered in greater detail within the context of SMCR analysis
in the next section.

Resolution and Quantification of Structural Changes in
Melting and Crystallization of PEO

A common approach to follow PEO melting by its Raman
scattering has been to select a mode whose frequency
changes with the state of the polymer, usually the CH; rock-
ing mode corresponding to the crystalline (845 cm_') and
amorphous (807 cm_') states of PEO, and to use the relative
scattering intensities at these two frequencies to estimate the
PEO percent crystallinity.'5_'9'"'“'58'59 A limitation of this
approach is that these two bands are not well resolved,
and band overlap can lead to quantitative inaccuracies of
the results. Furthermore, unlike SMCR analysis, this
approach does not extract component spectra of the evolv-
ing polymer structure. Thus, to scrutinize Raman datasets
that track PEO melting and crystallization, SMCR analysis
was applied to gain a more quantitative understanding of
the spectral changes. Results are summarized in Figures 4
and 5, which show the pure component spectra and a plot
of their respective composition vectors derived from the
melting and cooling datasets, respectively.

For the melting experiment, eigenvector decomposition
and matrix rotation resolved the spectra of crystalline and
amorphous state polymers (Figures 4a and 4b) and the rela-
tive contributions of each component during temperature-
dependent changes (Figure 4c). As the temperature increases
to 75 °C, the disappearance of the crystalline form and the
subsequent appearance of the amorphous form of the poly-
mer are observed. To assess the quality of fit, the acquired
data (D) and the resultant model (f), the product of resolved
spectral and composition component vectors) were com-
pared. When plotted together, the two datasets cannot be
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concentration profiles of PEO (c) show the intersection point
between the two components at 66 °C. The y-axis reports the mole
fraction of molecules in each conformational state.
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amorphous (b) phases derived from SMCR analysis of spectra
recorded during the cooling process. Temperature-dependent
concentration profiles of PEO (c) show the intersection point
between the two components at 49 °C. The y-axis reports the mole
fraction of molecules in each conformational state.

distinguished (Figure S6); the residual differences are small
and random. The agreement between the two plots confirms
the assumption that two distinct material structures exist
within the film during the melting transition. In addition,
the temperature-dependent transformation between these
two structures observed in the Raman spectroscopy mea-
surements correlates well to the changes in heat capacity
with temperature that have been derived from DSC mea-
surements.* The melting transition temperature determined
by DSC (T.,=67 °C; Figure S7) agrees within | °C with
that determined by SMCR analysis of the Raman spectra
(Trm=66 °C), further supporting the self-modeling process.
The expected trends in Figure 4 also indicate that the mate-
rial’s scattering properties and the confocal probe volume
dimensions remain reasonably constant throughout the mea-
surement, allowing for quantitative analysis of the spectral
dataset. Effects of material properties on the confocal
probe volume dimensions are discussed further below.

Similar to the melting transition of the PEO film, SMCR
analysis was performed on the temperature-dependent data
for PEO crystallization. SMCR analysis identified two compo-
nents during the cooling process: a helical crystalline state
and a random amorphous state, as shown in Figure 5.
Upon cooling the PEO film to 30 °C, the relative contribu-
tion of the crystalline state increases, while that of the amor-
phous state decreases. The quality of the fit for the obtained
data (D) and the product of the two-component vectors with
their residuals (f)) is shown in Figure S8, highlighting minimal
deviations of the experimental data from the model across
the entire range of temperatures. The relative contributions
of the two-component vectors in the SMCR results indicate a
somewhat higher (4 °C) phase transition temperature for
crystallization (T.=49 °C) compared to those of the DSC
measurement (T. =45 °C, Figure 57). A finite-element simu-
lation was conducted to test whether heat transfer through
the coverslip to the surrounding air might account for the
higher measured transition temperatures in the case of the
confocal Raman measurement. The results of the simulation
(presented in Figures 54 and S5, Supplemental Material) show
that no thermal gradient exists across the 50 pm PEO film or
between the polymer sample and the copper block where
the temperature is measured. The slighdy higher crystalliza-
tion temperature measured for the polymer thin film may
reflect compressive forces on the material, as it is sand-
wiched between the glass and copper block, or possibly
result from the different melting temperatures accessed
(120 °C in the DSC versus 75 °C in the Raman measure-
ment) ahead of the cooling ramp.

It is notable that both the DSC measurement of a bulk
sample and the Raman microscopy measurement of a thin
film exhibit significant hysteresis in the crystallization of
PEO. In comparing the phase transition of the melting and
crystallization processes, the crystallization temperature is
22 °C lower than the melting temperature in the DSC data
in Figure 57 and 17 °C lower in the thin film in Figures 4—



5. Hysteresis in the crystallization of the polymer from the
melt is generally caused by slow kinetics of the polymer
chain organization compared to the rate of cooling,“’"’?
where the slow formation of crystalline domains from the
randomly oriented aggregates allows the sample to reach a
lower temperature before a fully ordered structure forms.
Despite the kinetic barriers to reforming the crystalline
phase apparent in the hysteresis, the structural changes asso-
ciated with recrystallization from the melt appear to be
reversible. Figure 59a (Supplemental Material) compares the
component Raman spectra (A) of the crystalline PEO film
before and after melting and recrystallization. The spectra
are generally in good agreement, but with slight differences
likely traceable to sample history. The crystalline form
derived from the melting experiment reflects a sample that
has been at ambient temperature for an extended period,
while the crystalline form vector derived from the cooling
experiment is for a sample that has been below the transition
temperature for less than |15 min. The slow rearrangement
(and ordering) of polymer chains from a viscous sample, man-
ifested in the hysteresis of the transition temperatures, could
explain the slight differences in the Figure $9a spectra. The
difference may show that the crystalline state of PEO that
forms immediately upon cooling below the transition tem-
perature is not identical to one that has been below the tran-
sition temperature for much longer period of time, where
further ordering of the polymer chains could occur
Nevertheless, the response in Figure S9a indicates the stabil-
ity of the PEO through melting and cooling, the reversibility
of the phase transition, and the recovery of a comparable
structure upon recrystallization. A related comparison for
the amorphous phase, where agreement between the two
spectral vectors is much closer, is shown in Figure S9b.

Detailed Analysis of the Structural Changes upon
Melting and Crystallization of PEO

In addition to revealing the phase transition behavior of poly-
mer thin films, in situ confocal Raman microscopy combined
with SMCR analysis of the data produces resolved compo-
nent spectra that provide insights into the structural changes
associated with melting and recrystallization. The following
paragraphs consider several spectral regions that are infor-
mative of changes in the structure of the polymer.

C-0-C Bending Region (230-600 cm_*). The frequency
region below 600 ecm™' is influenced by conformational
changes due to rotations about C-O bonds.'>'¢!8.1?
Raman bands near 278, 363, 536, and 583 cm™', correspond
mainly to C—-C-O and C-O-C bending vibrations. The bands
become sharper and increase in intensity as the PEO polymer
cools from 75 °C to 25 °C. In particular, the sharp bands at
536 and 583 cm™' in spectra of the crystalline solid and the
weak, broad features at 524 and 556 cm™' in spectra of the
molten material exhibit considerable differences associated
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with changes in the C-O bond configuration. The 536 and
583 cm ' bands are linked to the trans—trans conformation
of successive O-C and C-O bonds in the crystalline solid,
while the 524 and 556 cm™ features are associated with a
mixture of trans—gauche and gauche—gauche conformations
of the successive O—C and C-O bonds in the melt phase.Is

CH; Rocking and C—O—C Stretching Regions (800—1 150 cm™ ! )-
The methylene rocking and C-O-C stretching regions
between 800 and | 150 cm™" in Raman spectra of PEO prom-
inently display structural changes during phase transitions. As
the molten PEO polymer film is cooled from 75 °C to 30 °C,
the broad bands associated with CH; rocking vibrations near
807, 836, and 1044 cm™' sharpen and shift to 845, 860, and
1063 cm™', respectively. The CH; rocking bands at 807 and
845 cm™' are of particular interest The feature at 807 cm™!
is a characteristic of the gauche O—C and C-O conformation
in the amorphous state and decreases in intensity as the PEO
polymer crystallizes. Meanwhile, sharpening of the band at
845 cm™' is associated with the development of the gauche
configuration of the C—C bond and the trans configuration
of the O-C and C-O bonds, consistent with a helical struc-
ture with a repeating arrangement of trans—gauche—trans
configuration in O-C, C-C, and C-O bonds, respec-
tiw:ly.‘""sa Additionally, the transformation of the broad
Raman band at 1044 cm™' in the molten state to a sharp fea-
ture at 1063 cm™' in the crystalline state further indicates
conformational ordering within the pc:lymer.'s""r These two
Raman bands at 1044 and 1063 cm™' are attributed to cou-
pled CH, rocking and C—O—C stretching vibrational modes
(Table I).'5‘_'9"58"”?""’a These spectral changes during the cool-
ing process confirm the rotation of the O—C and C-O bonds
from a gauche configuration in the molten state to the trans
configuration in the crystalline state.'>*’

CH;, Twisting Region (I 150—-1300 cm_*). Another interesting
spectral region related to methylene group motions involves
the CH, twisting modes. During cooling of the PEO polymer,
the broad Raman bands characteristic of CH, twisting at
1244 and 1286 cm™ sharpen and evolve into more compli-
cated C-C group modes of the crystalline polymer
(Table 1), which has corresponding peaks at 1234 and 1280
em™. Despite several possible contributing conformations,
the broad Raman band at 1286 cm™' for molten PEO is gen-
erally attributed to trans conformations of the O-C, C-C,
and C-O bonds.'>'®'®!? The Raman band observed at
1234 cm™' for crystalline PEO is associated with the gauche
configuration of the C—C bond in the 73 helical structure.*%¢®

CH, Wagging and C-C Stretching Region (1300—-1400 cm_*). In
the 1300-1400 cm™' frequency region, sharp increases in Raman
band intensities at 1361 and 1396 cm ™' are observed as the PEO
polymer cools. Both the 1361 and 1396 cm~' bands have been
assigned to combination modes associated with symmetric
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CH, wagging and C—C stretching fundamentals,'>~ 4748857

The Raman band at 1361 cm ' is attributed to the C-C gauche
configuration of the helical crystalline state.'®

CH, Bending Region (14001500 cm™'). The 1400—1500 cm™
frequency region contains Raman bands associated with CH,
bending modes. Specifically, the broad Raman feature near
1471 em™ in molten PEO sharpens and splits into two bands
(1447 and 1479 cm™) attributed to CH, bending™'>'%¢® (or
CH, scissoring'a"g'") modes in the crystalline state.

CH, Stretching Region (2800-3000 cm_*). While the CH,
stretching region is challenging to interpret due to Fermi res-
onance interactions, studies indicate that changes in this
region are highly sensitive to conformational ordering and
disordering.""’""’ In the molten state, a broad Raman band
is observed at 2867 cm . This CH, stretching band shifts
to 2886 cm™' and increases in intensity, forming a broad
Raman band at 2939 cm™' upon cooling of the PEO polymer.
The two prominent vibrational frequencies at 2886 cm ™' and
2939 cm™! in the crystalline state are characteristic of sym-
metric CH, stretching and anti-symmetric CH, stretching
modes, respectively. Recent studies suggested that these
two bands at 2886 cm~' and 2939 cm™' provide insights
into the degree of inter-chain interactions within PEO. The
Raman band intensity ratio of the symmetric CH, stretching
band (2886 cm_') to the anti-symmetric CH; stretching band
(2939 cm_') decreases during the melting process, suggesting
increased disruption of inter-chain coupling in the molten
state compared to the crystalline state.

Confocal Depth Resolution and Detection of Thinner
PEO Films

The demonstrated methodology has the potential to be
extended to thinner polymer films. To explore the limits,
the strategy to estimate axial spatial resolution in confocal
Raman microscopy depth profiling was applied to understand
the relationship between the confocal probe volume dimen-
sions and the thickness of the materials under 51:udy.m'n'“';":11
Given its atomic-scale thickness, SLG was depth profiled to
estimate the instrument response function (IRF) of the con-
focal Raman microscopy setup employed. As shown in
Figure SI0 (Supplemental Material), the scattering intensity
of the graphene 2D vibration at 2636 cm™! plotted as the
confocal probe volume was scanned through the monolayer
graphene film fits a Lorentzian function with a full width at
half-maximum (FWHM) of 4.0 pym. The result closely
matches measurements reported by Sacco and coworkers™
for a similar air objective. The response shows that the con-
focal probe volume axial dimension (10.1 pm at 63% detec-
tion efficiency or 6Xx4.0 ym=24 pm at 90% detection
efficiency)?® is smaller than the thickness of the 50 pm film
used in the study of PEO melting transitions. However, as
film thickness decreases, care is needed to maintain sample

alignment within the confocal probe volume for optimum
sensitivity.

To test the capability to measure thinner polymer films, a
study was extended to a ~2 pm thickness PEO film. As
shown in Figure SI1 (Supplemental Material), a Raman spec-
trum of the film exhibits a signal-to-noise ratio (S/N) > 30 for
the most intense bands. To assess the depth resolution, the
scattering intensity of the CH, twisting band at 1280 em™!
was plotted as the confocal probe volume position was
stepped through the sample (Figure SII, Supplemental
Material). Included in the plot is the result of calculating
the convolution of a Lorentzian IRF with a 2 pm rectangular
function representing the PEO film on the glass substrate.
The Lorentzian function in this fit has a FWHM of 5.9 um.
Although somewhat greater than the 4.0 pm FWHM mea-
sured with SLG, the broadened response reflects the effects
of refraction and spherical aberration 28293638 Both are pro-
nounced when measuring within a polymer using an air
objective due to the large refractive index mismatch as radi-
ation propagates between air (n = 1.0) and the polymer phase
(n &~ | .4). Nevertheless, it is significant that the optical distor-
tions are not great in measurements on the ~2 pm PEO film
and will be reduced as the sample thickness becomes smaller.
The results show that a confocal Raman microscope
equipped with an air objective can be extended to probe
within 2 pm and potentially thinner polymer films.
Furthermore, for materials supported on a reflective sub-
strate, as shown in Figure |, there is potential to gain height-
ened sensitivity by taking advantage of electric field
enhancements in the focal regican.:'IrI This exploration of
thin (~2 pm) PEO films opens possibilities for monitoring
structural changes and transition temperatures of other thin-
film supported ?zolymers, including films containing ultrathin
confined layers,”” during melting and crystallization.

Conclusion

Confocal Raman microscopy was applied to probe within a
50 um thickness PEO film, providing insights into the
molecular-level structural changes that occur as the thin
film progressed through an order-disorder phase transition
during heating and cooling. SMCR analysis of the spectral
datasets identified two pure component spectra. One spec-
tral vector had features in common with the 7, helical struc-
ture of crystalline PEO and the other traced to the
amorphous phase of molten PEO. The SMCR analysis effec-
tively addressed the challenge of resolving spectra of the
ordered and disordered states of the polymer without
prior knowledge of Raman band assignments or the need
to fit overlapping spectral peaks. Furthermore, the concen-
tration vectors derived from the SMCR analysis of the
Raman data enabled (i) the relative contributions of the
two phases to be followed quantitatively as a function of tem-
perature and (ii) the phase transition temperatures for PEO
melting and crystallization to be estimated. The measurement



approach opens opportunities for monitoring molecular-level
changes associated with thermal transitions within supported
polymer films as thin as 2 pm, samples that are not easily
adapted to study by conventional thermal analysis techniques.
Confocal Raman microscopy coupled with SMCR analysis is a
robust methodology that can support efforts to gain funda-
mental insights into molecular mechanisms in the thermal
processing of thin-film polymers.
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