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HIGHLIGHTS

o First spatial quantification of graft dis-
tribution in membranes via Raman-
based multivariate analysis.

e Provides rapid, spatially resolved degree
of grafting mapping with widely avail-
able tools.

e Enables design and validation of novel
asymmetric membranes through local
graft quantification.

e Method validated with overall degree of
grafting, showing 3% deviation from
calibration.

e Model accounts for membrane expan-
sion during graft to link local and global
degree of grafting.
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ABSTRACT

Precise control of the graft distribution, represented by the degree of grafting (DoG), in anion exchange mem-
branes (AEMs) prepared by radiation-induced grafting (RIG), is critical for alkaline fuel cells' performance,
especially aiming to improve water management. However, current methods offer only bulk or qualitative as-
sessments of DoG, limiting the ability to understand and optimize local membrane properties. In this work, we
present a novel Raman-based chemometric method for the spatially resolved quantification of DoG using micro-
Raman spectroscopy. By applying classical least squares (CLS) fitting to decompose Raman spectra into contri-
butions from the polymer base and grafted side chains, we establish a direct correlation between CLS scores and
the local DoG. This approach enables, for the first time to our knowledge, the use of a multivariate technique for
quantitative mapping of grafting profiles across the membrane cross-section using a widely accessible and non-
destructive technique. The method is validated on membranes with known grafting levels and applied to
asymmetric DoG AEMs, revealing detailed insights into spatial variations in functionalization. Moreover, the
approach is broadly applicable to any grafted copolymer system with side-chain functionalization, beyond the
specific membranes studied here. By combining spatially resolved measurement with rigorous chemometric
analysis, this technique offers a robust tool for the design and optimization of next-generation ion-conducting
membranes in electrochemical energy systems.
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A. Bereczki et al.
1. Introduction

Anion exchange membranes (AEMs) have gained increasing atten-
tion as a key component in electrochemical devices, such as AEM fuel
cells (AEMFCs) [1], AEM water electrolyzers (AEMWEs) [2], and AEM
oxygen separation (AEMOS) [3] thanks to their ability to operate under
alkaline conditions. Operating in alkaline medium enables the use of
non-noble metal catalysts, drastically reducing material costs and
expanding the viability of sustainable energy conversion technologies.
Despite these advantages, AEMFCs still face a critical challenge: water
management. Maintaining the delicate balance between membrane
hydration, drying, and flooding remains a major obstacle to long-term
performance and stability [4-10].

In this context, our research group has been investigating a new class
of asymmetric AEMs via radiation-induced grafting (RIG) copolymeri-
zation. RIG consists in altering the polymer matrix by incorporating
polar or non-polar monomers that form covalent bonds with the polymer
backbone, thereby influencing its physicochemical characteristics [11].
Such features are designed to address water management issues by
tailoring the AEM structure across its cross-section. In contrast to typical
homogeneous AEMs, the asymmetric membranes present controlled
variations in the functionalization, either in magnitude or in chemical
composition, along the thickness of the membrane. Such spatial control
is particularly relevant to tailor different properties across the thickness
of the membrane, to optimize requirements of the different device
electrodes. For instance, by optimizing the distribution of hydrophilic
functional groups, it becomes possible to modulate local water uptake
and ion conductivity, creating a more favorable hydration profile be-
tween the anode and cathode sides. A central parameter in this context is
the Degree of Grafting (DoG), which reflects the fraction of grafted
chains, in the polymer matrix. The distribution of functional groups
bonded to the side chain grafts, introduced during subsequent amination
step, directly affects membrane performance, influencing properties
such as ion conductivity and water uptake. This distribution is expected
to follow the DoG profile, and the successful design and validation of
such membranes require reliable methods to determine the local DoG,
which is not accessible by standard characterization techniques. The
global DoG is usually obtained by gravimetric analysis, although other
techniques reported in the literature include electron spin resonance
[12], thermogravimetry [13], titration [14], elemental analysis [15],
and nuclear magnetic resonance [16,17]. However, none of these
methods offer spatially resolved information at micrometer-scale reso-
lution, providing only the global DoG across the membrane. Among
these methods, gravimetry is widely recognized as the reference tech-
nique for determining the global DoG in grafted polymers, owing to its
simplicity, reproducibility, and broad acceptance in the field and it was
used in this study as the reference technique. Other approaches, such as
ESR, TGA, titration, elemental analysis, or NMR, although reported, are
not commonly adopted as standard reference methods for DoG
determination.

Spectroscopic methods, such as micro-Raman spectroscopy (MRS)
and FTIR, are established tools for assessing chemical modifications in
functional membranes. MRS, in particular, is widely available, non-
destructive, and capable of producing micrometric maps based on
vibrational fingerprints of the base polymer and grafted moieties
[18-23]. In analytical chemistry, these spectroscopic techniques are
often combined with chemometric strategies to enhance quantitative
reliability, but such integration has not yet been explored for DoG
mapping. MRS with an analysis ratio between peak height or area
(ratiometric) has been quantitatively applied in the context of fuel cell
membranes to evaluate grafting [22,23], functionalization levels
[21,24], investigate the catalytic layer of catalyst-coated membranes
[25], and monitor water and solvent distributions in operando fuel cells
[26-30]. FTIR spectroscopy combined with ratiometric methods has
also been employed to quantitatively assess the DoG in membranes
[16,17,31,32]. Similarly, confocal laser scanning microscopy with
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fluorescence detection has been used for quantitative DoG mapping
[33-35]. In contrast, techniques based on EDX coupled with SEM have
been applied to visualize DoG distribution, but only in a qualitative
manner [36-43].

While all the aforementioned techniques provide valuable insights
into membrane composition and functionalization, the quantitative
analyses reported so far have relied exclusively on ratiometric ap-
proaches, such as peak intensity or area ratios. These methods, although
practical, make limited use of the full spectral information and are more
sensitive to baseline variations and spectral overlaps. From an analytical
perspective, this represents a major limitation, as the quantitative
robustness and transferability of ratiometric methods are often
restricted by experimental artifacts and spectral interferences.

In contrast, multivariate analysis (MVA) of Raman data, especially
techniques such as classical least squares (CLS), remains underexplored
in the context of membrane characterization. When used, it has been
mostly limited to in operando studies targeting water and solvent
quantification. For example, Scharfer et al. used CLS to investigate water
and methane diffusion in Nafion® membranes [26,27], and Gotz et al.
applied MVA to analyze organic solvents under operando conditions
[44]. Thibault et al. employed principal component analysis (PCA),
evolving factor analysis (EFA), and multivariate curve resolution (MCR)
to study ionic transport and nitrate distribution in Solvay's anion ex-
change membranes [45]. Such chemometric strategies, however, are
well established in analytical chemistry for extracting quantitative in-
formation from complex spectra, making their application to AEM
characterization a natural yet unexplored extension.

To the best of our knowledge, no previous study has employed
multivariate chemometric analysis to evaluate quantitatively the graft
distribution in AEMs using MRS. Our approach fills this gap by utilizing
CLS decomposition to extract spatially resolved DoG profiles from full
spectral data, enabling a more robust and quantitative analysis
compared to conventional ratiometric methods.

Furthermore, the obtained spatial signal profile, which is propor-
tional to DoG, must be related to the total measured membrane DoG in
order to determine the proportionality constant. However, this is not a
trivial task, taking into account that the membrane expands locally as
the graft is incorporated. To the best of our knowledge no solution has
been proposed in the literature; instead, the average DoG measured
along the membrane thickness has been used to obtain the proportion-
ality constant in refs [33-35]. We developed a model to account for this
effect, which enabled us to relate the DoG-proportional profile to the
overall measured DoG, as well as evaluated the error with relation to the
use of the simple average. This modeling step was essential to overcome
the non-uniformity of the reference membranes, a limitation intrinsic to
grafted systems, and to ensure that the local Raman signal could be
consistently related to the gravimetric DoG, the established reference
method.

Herein, we introduce for the first time a Raman-based chemometric
approach for determining local DoG profiles with spatial resolution.

MRS was selected as the core characterization technique due to its
submicrometric spatial resolution and its high chemical sensitivity and
selectivity toward both the base polymer and the grafted material. These
features enable fast, non-destructive analysis of local chemical compo-
sition along the membrane cross-section, which is essential for resolving
through-thickness DoG gradients. In addition, Raman spectroscopy al-
lows direct probing of the polymer backbone and grafted functional
groups without the need for labels or extensive sample preparation.
Additionally, its wide availability in laboratories worldwide further
makes it a practical and versatile technique for determining local DoG
profiles in grafted polymer membranes. The method employs CLS fitting
to deconvolute Raman spectra into contributions from the base polymer
and grafted chains. By calibrating the CLS scores against bulk DoG
values, we establish a proportional relationship that enables local
quantification of the grafted mass fraction at each point across the
membrane cross-section. The approach is validated on membranes with
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known DoG and then applied to asymmetric membranes to extract local
grafting profiles. Furthermore, this technique is broadly applicable to
any grafted copolymer system with side-chain functionalization,
extending its potential beyond the specific membranes studied here. In
this work, the gravimetric DoG values were therefore employed as
reference for the calibration of the Raman-based chemometric model,
while a mathematical correction was introduced to account for the local
expansion of the membrane during grafting. By applying established
chemometric techniques to extract quantitative information from
Raman spectra, this work positions the methodology within the frame-
work of analytical chemistry, emphasizing method development, vali-
dation, and robust data interpretation.

This technique opens a new pathway for rapid, accessible, and non-
destructive quantification of graft distribution in functional membranes
using standard MRS equipment. It is particularly valuable for the
development of the novel asymmetric AEMs, where precise control and
measurement of local functionalization are crucial for performance
optimization.

2. Theoretical background
2.1. Classical least squares (CLS) model

CLS is a multivariate analysis technique in which each measured
Raman spectrum is expressed as a linear combination of the contribu-
tions from pure components. In the present system, these components
correspond to the base polymer and the grafted side chains. The CLS
model provides scores (S;) for each component i, which are represen-
tative of their contributions to the measured spectrum.

The loadings were obtained by measuring the spectra from isolated
compounds, and calibration is required to relate scores to actual
concentrations.

The DoG is defined as the mass ratio of the grafted polymer (mg) to
base polymer (mp):

DoG = 100.2¢ )
mg
For a uniform sample of grafted polymer, the ratio SR between the
scores of the grafted chains (Sg) and the base polymer (Sg) is propor-
tional to the DoG, as described in Appendix A.

SR = S—GocDoG (2)
Sp
Taking into account that the MRS evaluates only a small portion of
the sample, which can be considered homogeneous at this scale and
representative, it is possible to conduct a direct application in deter-
mining the local DoG of a non-homogeneous sample.

2.2. DoG-proportional swelling model to correlate local SR and SR,

The DoG is defined as the ratio between the mass of grafted polymer
and the mass of the original polymer matrix. Although this definition is
conceptually simple, accurately measuring the true DoG, particularly its
spatial distribution within the membrane, is quite complex. The most
widely employed method is gravimetric, where the DoG is calculated
from the mass difference before and after grafting. This provides a global
value, representing the overall modification of the membrane, without
spatial resolution.

Once a linear relationship between the volumetric concentration of
grafted polymer and the Raman-derived SR is assumed, as derived as
described in the previous section, establishing a calibration curve be-
tween SR and the overall measured DoG requires a set of samples with
homogeneous grafting. However, due to the diffusion-limited nature of
the grafting process, dominated by the transport of VBC monomer into
the membrane, obtaining uniformly grafted samples is extremely diffi-
cult. Consequently, the DoG exhibits spatial variation along the
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membrane thickness, leading to a fundamental limitation: local SR
profiles are measured via MRS while only global DoG values are
accessible from gravimetry. This mismatch arises due to the local in-
formation obtained from MRS corresponding to a volumetric concen-
tration of grafted polymer, while the global DoG is defined as a mass
fraction relative to the original membrane. Furthermore, as grafting
progresses, the membrane undergoes significant volume expansion, and
this expansion is non-uniform: regions with higher grafting swell more
than regions with lower grafting. This non-uniform expansion makes it
even more difficult to associate directly local MRS data with the global
DoG [16,17].

To overcome this limitation, a DoG-proportional swelling model
was developed to link the local SR(z) profiles measured by MRS to the
global DoG obtained gravimetrically. The model assumes that the
membrane expands volumetrically in proportion to the local degree of
grafting, characterized by a proportionality constant a:

dV'(z) = dV°[1 + xDoG(z) ], )

where dV’(z) represents the local volume after the grafting at a given
coordinate z and dV° corresponds is the corresponding volume before
swelling.

Since the SR(z) profiles are measured, we define « as the equivalent
proportionality constant in terms of SR, once SR is assumed to be pro-
portional to DoG:

dV(z) = dV°[1 + &SR (z)] 4

The value of « is determined by numerically solving Eq. (5) and the
total score ratio SRyt can then be determined by solving Eq. (6). This
approach provides a more physically accurate estimation of the global
DoG based on the local MRS profiles rather than simply considering the
average SR along the z-axis:

.
e / &= ®)
E, Jo 1+ &SR(z)
and

f; SR(z)-ds
SRror = o, ©)

Jo
0 1+«SR(z)

where t° and t are the initial and final membrane thicknesses, respec-
tively, and E; is the surface expansion of the membrane (ratio between
final and initial surface areas of the membrane). Full derivation of Eq.
(5) and Eq. (6) can be found in Appendix B. The expression for SRy, can
be interpreted as a weighted average of SR(z), with weights w =
(1+ &SR(z)) . For & = 0, Eq. (6) is reduced to the continuous arith-
metic mean of SR(z) along the membrane thickness.

2.3. Comparison between the dog-proportional swelling model and the
simple average

To investigate the impact of using the arithmetic mean of SR(z)
instead of the DoG-proportional swelling model, we conducted a theo-
retical analysis to estimate the maximum possible error arising from this
simplification. The goal was to identify the conditions in which the
simple averaging approach may still be valid and to quantify the asso-
ciated errors. This is particularly relevant for experimental workflows,
where a simple procedure may be preferred, providing that the induced
error remains below the typical experimental uncertainty. A full deri-
vation of the maximum error and boundary conditions considered in this
model is shown in Appendix C. To assess the magnitude of this error, a
worst-case scenario was identified: a stepwise profile with two regions of
equal thickness (F = 0.5), one with SR = SRp, and the other with SR =
SRmax- Among all possible profiles bounded between SRy, and SRyax,
this configuration produces the maximum relative error between the
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average SR and the DoG-proportional swelling model DoG SRy

SR) — SR
Error — '%

x 100 < Errormax(%)

SRTO[
_ mean(SRS[eP) B SR:tepATot % 100 @
SR?tep.Tot

where SRy is the SR of the step configuration and Sthep.Tot is the total
SR of the step profile calculated with a given value of . This error limit
is independent of the specific shape of the SR(z) profile, including
continuous ones, as introducing more transitions (or even smooth var-
iations) always reduces the deviation from the true SRro. Thus, the
degenerate F = 0.5 case establishes a practical upper bound for the error
when using the arithmetic mean instead of the full volumetric model.
One important simplification obtained by this rise step model is the fact
that the Errorp,,x depends only on & and r = SRyax / SRmin-

Fig. 1. plots the maximum error as a function of r for different values
of a’between 0.2 and 1, offering a straightforward way to estimate the
upper bound of the deviation without requiring full integration.
Notably, for a = 0.35, corresponding to the ETFE/VBC system (as
determined in the next section), and r < 2, the maximum error is less
than 4% if the arithmetic average is used to estimate SRro, however, if
more modest values of r < 1.5 are considered, then less than 1.5% error
is expected.

Notably, this modeling approach is not limited to MRS due to the
need to compensate for the expansion, which is not a MRS measurement-
related problem, but a question inherent to the grafting process that will
imply applying the correction to measurements by any technique, unless
the absolute mass results are provided instead of concentrations.
Therefore, this model is broadly applicable to any technique that pro-
duces a depth-resolved signal proportional to volumetric concentration,
including confocal fluorescence microscopy, X-ray photoelectron spec-
troscopy (XPS), and EDX mapping. Depending on the sensitivity and
noise level of the experimental method, the arithmetic mean may still be
acceptable, particularly when the estimated error is below the typical
measurement uncertainty. Alternatively, the integral formulation can be
used to correct for expansion-induced distortions more precisely.

3. Materials and methods
3.1. Preparation of symmetric and asymmetric-grafted films

The symmetric ethylene tetrafluoroethylene (ETFE)-grafted mem-
branes with different DoGs were prepared by RIG. Commercial ETFE
films with a thickness of 50 pm were supplied by Nowofol. Then, ETFE
films (13 x 8 cm?) were pre-irradiated under air atmosphere at low
temperature (—10 °C), following procedures previously reported in the
literature [19,40,46]. The pre-irradiation was performed using a
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Fig. 1. Maximum error for SRr, when considering the average of SR(z) as a
function of SR,/SR; for different values of .
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Dynomitron Continuous Electron Beam Unit from Radiation Dynamics
Inc. (USA), model DC 1500/25/4 — JOB 188. The absorbed dose was
controlled by adjusting the number of passes under the electron beam,
with each pass delivering 5 kGy. The beam energy used was 0.55 MeV,
and the current was 2.87 mA. Immediately after irradiation, the films
were stored at —40 °C in air until the grafting procedure was conducted.

For the grafting step, the pre-irradiated ETFE films were placed in a
glass reactor containing a grafting solution composed of 10% (v/v) 4-
vinylbenzyl chloride (VBC, 90%, Sigma-Aldrich, inhibitor-free) in iso-
propanol. The solution was previously deoxygenated by purging with
nitrogen (N2) for 1 h. The reactors were then sealed and maintained
under constant stirring at 70 °C for 4 h. After the reaction, the grafted
films were thoroughly washed with toluene and acetone to remove re-
sidual homopolymer and then dried in a vacuum oven at 50 °C for 16 h.
The DoG was determined gravimetrically. A graph showing the rela-
tionship between absorbed dose and the resulting degree of grafting
(DoG) is provided in the Supporting Information (Fig. S1). The seven
grafted films used in this study presented DoG values of 13 p.p. 31 p.p,
49 p.p., 51 p.p., 75 p.p., 82 p.p. and 110 p.p. corresponding to absorbed
doses of 5, 10, 15, 25, 50, 35, and 75 kGy, respectively. To avoid mis-
understandings with other percentage terms, through this work we refer
to DoG as percentage points (p.p.) instead of percentage, with a 1 to 1
correspondence (e.g., 30 p.p. instead of 30%).

To demonstrate that our Raman chemometric approach is capable of
differentiating the grafting level across the sample thickness, an asym-
metrically ETFE-grafted film was synthesized. For this purpose, a pre-
irradiated ETFE film (100 kGy) was positioned between the two com-
partments of a custom-designed reactor and sealed with o-rings. One
compartment was filled with a VBC solution with a concentration of
60% (v/v, in isopropanol), while the other one was filled with a 10% (v/
v, in isopropanol) VBC solution. Both solutions were deoxygenated by
purging with N2 for 30 min. The reactor was then sealed and maintained
at 70 °C for 4 h to simulate the same grafting conditions applied to the
previously described samples. After the grafting process, the asymmet-
rically ETFE-grafted film was thoroughly washed with toluene and
acetone and then dried in a vacuum oven at 50 °C for 16 h. All samples
presented in this study were characterized by Fourier transform infrared
(FTIR) spectroscopy and the degree of crystallinity of samples were
obtained by x-ray diffraction (XRD).

3.2. Determination of the reference DoG of the membranes

The reference technique used to obtain the DoG of the membranes
along this work was gravimetric, since it is recognized and widely
reference method for measuring DoG.

The DoG was determined gravimetrically by comparing the mass of
the grafted films to that of the original ETFE films, using Eq. 8.

_W-w

i

DoG -100%, (€)]

where Wyis the ETFE-grafted film weight, and W; is the initial weight of
ETFE.

3.3. Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) spectra of samples were collected
using a Bruker INVENIO S spectrophotometer in an attenuated total
reflection (ATR) mode at a frequency range of 4000-400 cm ™! with a
resolution of 4 cm™! and 64 scans. The spectra are normalized to the
ETFE backbone band at 1325 cm ™.

3.4. X-ray diffraction (XRD)

The crystallinity of the samples were estimate by X-ray diffraction
(XRD) using a Rigaku miniflex-II X-ray diffractometer with Cu—K «
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radiation source (A = 1.5409 [o\), voltage of 30 kV, current of 15 mA, step
of 0.02° and scanning rate of 1° min~!. The data were collected in the
range of 20 from 5 to 30°. Fityk software was used for fitting curves and
data analysis and the degree of crystallinity (X.) was calculated by Eq. 9.

Acrystatli

rystalline

Xo=—""2"F 9
Acrysmlline + AamomhoUS

where Acrystattine is the area under the crystalline peaks and Aamorphous iS
the area under the amorphous halo.

3.5. Section preparation

In the literature, confocal spectroscopy is currently used to assess
properties across the membrane thickness, in which the typical
approach involves focusing the laser beam through the membrane depth
[16,17,21,24,26,27,40,44,45]. This method has the advantage of
requiring minimal sample preparation; however, it also presents several
drawbacks. These include the need for wavelength-dependent Beer-
-Lambert law corrections due to light absorption, spherical aberrations
at the sample interface, and limited depth resolution. The latter arises
due to the focal depth in air being already in the micrometer range and
suffering further increase by the membrane's refractive index and the
lower numerical aperture (NA) in the medium [47]. These optical lim-
itations apply broadly to polymeric ion-exchange membranes, such as
AEM and proton-exchange membranes (PEM) types, regardless of the
specific functional group, since they stem primarily from refractive and
geometrical constraints. Moreover, when measurements are performed
with membranes immersed in liquids, it is often necessary to develop
strategies to determine the start and end points of the membrane. This is
especially challenging when the refractive indices of the membrane and
the surrounding medium are similar, preventing clear detection of
interface reflections. Since our measurements were not performed in
operando conditions, it was unnecessary to apply depth profiling via
laser focusing. Instead, we opted to acquire Raman spectra along the
cross-section of physically cut membrane samples. This approach re-
quires only minimal sample preparation, which is fast, straightforward,
and not labor-intensive. Importantly, it offers several advantages: clear
visualization of membrane boundaries, higher spatial resolution across
the thickness, and reduced complexity in data processing as well as no
optical corrections were needed beyond standard baseline correction.

The grafted membranes were cut into pieces of approximately 10 x
10 mm? and mounted on a custom fixture designed to expose their cross-
section, as illustrated in Fig. 2a. The fixture consisted of a holder for two
microscope slides with ground edges (Knittel, Germany), each featuring
a small chamfer of approximately 0.3 mm x 45° at the edges. This
chamfer ensured that the tip of the membrane remained free from
contact with the glass, thereby preventing interference from Raman
signals originating from the glass slides. The membrane was sandwiched
between the two slides, leaving a small portion of approximately 1 mm
protruding from the edges. It was then secured in place using fixture

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 353 (2026) 127558

plates. A microtome blade was used to trim the exposed edge of the
membrane, creating a clean cross-sectional surface, as shown in Fig. 2b.
Representative optical microscope images of the exposed membrane
cross-sections after cutting are shown in the Supporting Information
(Fig. S2) to illustrate the quality of the preparation. This setup allowed
for the measurement of section planes aligned with the xy-plane of the
MRS system. Along the work we defined the z axis as aligned with the
membrane's depth, as indicated in Fig. 2¢, instead of aligned to the beam
propagation direction since we mostly refer to the membrane di-
mensions much more than to the beam depth along the work.

3.6. MRS mapping

MRS mappings were acquired using an Xplora Raman system
(Horiba, France) equipped with a 785 nm laser, a 50x (NA = 0.5)
objective, and a 600 grooves-mm’1 diffraction grating. Linear (1D)
maps along the z-axis were acquired with 1 s acquisition time per point
and a single accumulation. Both 100-point and 200-point scans were
acquired. For each membrane, three 100-point linear maps were used
for calibration purposes. These measurements were taken along the
same ~1 cm long cross-section of the membrane, with three linear scans
acquired: one near the center and one near each end of the cross-section
to assess the within-section reproducibility of the method. An addi-
tional 200-point map was acquired along the same cut and subsequently
used for validation. For reproducibility assessment across different
membrane regions, additional maps were acquired in multiple cross-
sections, as detailed in the Results section.

3.7. Data processing

CLS was performed utilizing the MVA software package developed
by Eigenvector research, Inc. (Wenatchee, USA), embedded within
Horibas's Labspec software. Spectra were acquired from 135 cm™! to
2574 cm"1 but only the 240 cm™'-1800 cm™! region was used for
optimal baseline correction. This range included the main peaks of in-
terest while avoiding wide baseline-dominated regions that could bias
the least squares fitting. Spikes due to cosmic rays were manually
identified and removed. A 4th-degree polynomial baseline was sub-
tracted from all spectra.

The MRS profiles were measured starting and finishing at ~2 pm
before the limit of the membrane to avoid measuring points too close to
the edges. Severe changes in baseline were observed at these limits,
causing difficulties when applying uniform baselines along the data set.
Aiming to calculate the total SR, depending on the values along the
whole membrane thickness as described in (section 2.6), two more
points were added to the SR profile at the positions corresponding to the
extremities, repeating the first or last SR value.

@ membrane (b) (c) Raman objective
m;'%roscope e
slide .
fixture blade rg;ic;:scope
V/ o \‘ : ' chamfer

@

membrane

2 Z axis
—

Fig. 2. Scheme of the assembly used for exposing the membrane's cross-section. (a) Transversal (cross-sectional) view of the setup. (b) Side view of the assembly
illustrating the trimming of the membrane. (c¢) Magnified view of the exposed membrane section after cutting. The direction of the z axis is indicated in (c).
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3.8. Loadings

For the CLS analysis, spectral loadings for both ETFE and VBC were
required. The ETFE spectrum was obtained directly from a pristine ETFE
membrane. However, a reference sample for VBC was not available. To
overcome this, the VBC spectrum was estimated by spectral subtraction.
A grafted-ETFE membrane was measured in a region with high DoG, and
then, the reference spectrum was carefully subtracted from this spec-
trum, in small percentage steps, while monitoring the attenuation of
ETFE characteristic peaks. A fine spectral alignment in the Raman shift
axis was also performed to correct for small calibration differences be-
tween the two measurements, which were acquired at different times
and can lead to errors in the final MVA analysis [48]. The spectrum was
shifted by fractions of cm™!, and subtraction was repeated until the
derivative-shaped residuals, indicative of minor peak misalignments,
were minimized, ensuring accurate spectral subtraction. Once satisfac-
tory subtraction and alignment were obtained, the resulting spectrum
was baseline-corrected and employed as the VBC loading. The spectra
for pristine ETFE, the grafted membrane, and the resulting VBC spec-
trum are shown in Fig. 3.

Alternative approaches were also investigated for obtaining the VBC
loading spectrum, including measuring poly(VBC) precipitated from the
grafting solution, and using reference spectra available through the
KnowlItAll® software (Mendeley signature database). However, the
subtracted spectrum provided significantly superior results in terms of
spectral fitting and model performance. Furthermore, the ideal condi-
tion is to acquire the reference loading spectra using the same instru-
ment, or at least a spectrometer with similar optical characteristics.
Although spectral correction can be applied by calibrating against a
standard light source and Raman shift correction can be performed using
references, such as silicon or mercury lamps, differences in gratings,
spectrometer arms, and slit widths can affect the spectral sampling. This
may lead to discrepancies in peak intensities, especially for sharp bands,
which can be oversampled or undersampled depending on the instru-
ment configuration.

Prior to applying CLS, the loadings were normalized. The CLS scores
s; were then converted into normalized scores S;, such that their sum for
each spectrum equaled 100%:

Si
28

This normalization is not necessary, taking into account that the
normalization factor cancels out when considering the SR. However, the
use of the normalized score allowed us to keep only the VBC score map
Sypc for each measurement, since it is possible to recover the ETFE score
Serre and SR = Sypc/Serre = Svec/ (100-Sgrre)-

S; =100-

(10)

m VBC
€ (subtracted)
g 1 | L
Q
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=
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Fig. 3. Reference Raman spectra. Measured spectra from pristine ETFE and
grafted VBC-ETFE membranes and VBC spectrum obtained after subtraction.
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To account for small calibration differences between the measured
and loadings spectra, a post-CLS spectral alignment was performed. The
Raman shift axis of all spectra in the mapping was adjusted by small
fractions of wavenumbers (cm’l), minimizing the overall CLS residual
error. This shift optimization was confirmed by the reduction of peak-
like features in the residual spectra. After alignment, the final CLS re-
sidual errors ranged from 0.2% to 0.4%. The residual spectra were
dominated by random noise, with only minimal and occasional signals
near 833 cm ™! and 1620 cm™}, typically at the edges of these peaks.
Sample spectra and their residuals are shown in Fig. 4. The low residuals
and absence of structured features indicated that the spectral decom-
position using the selected loadings provided an excellent fit to the
measured data. Additional CLS decomposition results for membranes
with different DoG levels, both at the center and near the surface, are
presented in the Supporting Information (Fig. S3).

It should be noted that the present multivariate model was developed
using membranes with comparable graft architectures, and therefore its
sensitivity is primarily directed toward variations in DoG rather than
subtle microstructural differences such as graft chain length or
branching, which are expected to manifest as very subtle differences in
spectra.

3.9. Numeric evaluation of integrals and zero of functions

The volumetric expansion coefficient (&) was obtained numerically
by solving the integral Eq. (5) using MATLAB's fzero function, which
combines bisection, secant, and Brent's methods to find the root of
nonlinear equations. The integrals in Eq. (5) and Eq. (6) were evaluated
using the trapezoidal rule.

3.10. Calibration and validation

Calibration was performed by comparing the gravimetrically
measured overall DoG of the membranes to the total SR of the profiles
SRT0t~

Validation of the calibration curve was performed by acquiring a
second independent MRS mapping dataset. This map, consisting of 200
points, was measured at a different position along the same transversal
cut used in the calibration. The data were processed using the same CLS
loadings and normalization procedures. The resulting SR profile was
used to compute the predicted overall DoG through the volumetric
expansion model (Appendix B), using the same value of « obtained
during calibration.

To assess the performance of the model, parity plots were generated

100

Intensity (a.u.)

500 1000 1500
Raman shift (cm™)

Fig. 4. CLS decomposition. Example of loadings decomposition and residual
obtained after CLS operation at a spectrum point for a 31p.p. grafted mem-
brane. Black line: measured spectrum; Ciano: VBC loading multiplied by the
corresponding score; Red: ETFE loading multiplied by the corresponding score;
Magenta: residual after subtraction of the VBC and ETFE score multiplied loads
from the measured spectrum.
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comparing predicted and measured DoG values. Statistical metrics, such
as the coefficient of determination (Rz), root mean square error of pre-
diction (RMSEP), and both absolute and relative errors, were calculated.
These metrics were used to evaluate the accuracy of the model in
capturing the relationship between local Raman-derived SR profiles and
the global DoG.

Even though a calibration and validation procedure was adopted, it
is important to emphasize that the objective of the curve is to prove the
linear relationship between the DoG and the normalized SR, not to
determine the DoG itself. In this situation, the calibration/validation
would be mandatory. Once the relationship was proven, its coefficient
was taken to obtain the DoG distribution along the membrane's cross-
section by multiplying the SR by the graphically obtained coefficient.
By doing this, the sample DoG transversal profiles for all samples were
obtained.

4. Results and discussion
4.1. FTIR

The functional groups of the ETFE-grafted molecular structure were
identified by FTIR spectroscopy Fig. 5 to confirm the synthesis. In Fig. 5,
the filled spectrum corresponds to the pristine ETFE structure, and the
bands at 1450, 1325, 1252, and 1116 cm ! are assigned to the CHp
scissoring mode, CH bending mode, CH; bending mode, and CF
stretching mode, respectively [49-51]. After the grafting process, the
presence of poly(VBC) grafts in the molecular structure is evidenced by
the band at 824 cm ™, which is associated with the out-of-plane bending
mode of the benzyl ring groups [49]. It can be observed that the intensity
of this band increases with increasing degree of grafting. Table 1 sum-
marizes the FTIR bands and the corresponding vibrational mode
assignments.

4.2. Comparison with reference overall DoG samples

Before calculating the SRy, it is necessary to determine the expan-
sion factor «, which is then used in Eq. (6). This factor is expected to be
constant for a given material, assuming that membrane expansion is
directly proportional to DoG. To evaluate whether « is indeed homo-
geneous across samples, we analyzed the dimensional changes of the
membranes as a function of DoG. Fig. 6a shows the measured expansion

gl
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Fig. 5- FTIR. ATR spectra of pristine ETFE, symmetric ETFE-g-VBC films, and
asymmetric ETFE-g-VBC (As-60/10, both sides). The spectra are normalized to
the polymer backbone band at 1325 cm ™.
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Table 1

FTIR Band assignment and mode descriptions for samples.
Band Mode descriptions Ref.
1450 cm ™ sc(CHy)[bkb] [49,50]
1325 cm™* 5(CH) [49,51]
1252 cm ™! 8(CH,) [49,51]
1167 cm™ §'P(CH)[ring] + 1(CC)[bkb] [49,50
1116 cm™ v(CF) [49,51]
1046 cm™! {v(CC) + v(CF) + 8(CH)}[bkb] [49,51]
972 cm™! 5°°P(CH) [49]
824 cm™! 5(CH)*°P[ring] [49]
744 cm™! 8(CH)°°P[ring] + 8(CCC)™P[ring] + r(CH,)[bkb] [49]
667 cm ™! 8(CCC)'P[ring] [49]

v - stretching; 8§ — bending; r — rocking; sc — scissoring; ip — in-plane; oop — out-of-
plane; ring — vibration involving phenyl ring; bkb — vibration localized mainly on
the carbon chain representing the polymer backbone.

in surface area (from dimensional measurements), thickness (from
micrometer measurements), and the calculated volumetric expansion.
The data suggest anisotropic expansion: both surface and thickness in-
crease similarly, whereas isotropic expansion would predict a larger
increase in surface area relative to thickness. Additionally, while volu-
metric expansion increases linearly with DoG, the ratio between surface
and thickness expansions is unstable at lower DoG values (<50%). For
clarity, we reiterate that all DoG values presented are expressed in
percentage points (p.p.), with a 1:1 correspondence to percent (e.g., 30
p-p- = 30%). This notation aims to distinguish DoG from other
percentage-based quantities discussed in this section.

As shown in Fig. 6¢, membrane density decreases from the pristine
ETFE value toward that of poly(VBC), stabilizing at ~80% of the original
density beyond 50% DoG. The density was calculated by using the DoG

and the volume expansion values via p = %f = pOD“}Gle where po is the
e

initial density, V, = % —1 is the volumetric expansion, and m; =
mo(DoG + 1). The density trend is consistent with the progressive
reduction in degree of crystallinity, obtained by XRD measurements,
induced by grafting process (see Fig. S5). Pristine ETFE exhibits a
crystallinity of 50%, which decreases sharply upon grafting, reaching
values in the range of 20-32% for grafted membranes. For DoG values
above approximately 50%, the crystallinity stabilizes around ~22%, in
agreement with the trend observed in density values. These results
indicate that the density evolution with DoG reflects both the increase in
grafted content and the concomitant reduction and stabilization of the
crystalline fraction within the membrane series.

To estimate « for each membrane, Eq. (5) was solved numerically
using the measured SR profile, original thickness, and macroscopic
surface expansion. The resulting « values are plotted in Fig. 6d. A green
line represents the expansion factor calculated directly from dimen-
sional data (dashed line in Fig. 6a), scaled by the SR-to-DoG propor-
tionality constant (determined later in the manuscript). For membranes
with DoG >50 p.p., the computed « aligns closely with this reference. At
lower DoG, however, « is smaller. This suggests that « may not be
constant across all DoG values. One possible explanation comes from the
fact that grafting occurs in discrete domains: at lower DoG levels, grafted
domains begin to form within a matrix that remains mostly pristine. As
these grafted regions grow in mass and attempt to expand, their defor-
mation is constrained by the surrounding ungrafted material, limiting
the observed expansion coefficient. As DoG increases and the volume
fraction of grafted regions grows, mechanical resistance is gradually
overcome by the expansion forces, eventually reaching the yield
strength of the material and leading to an expansion equilibrium.
Although this interpretation, involving constrained swelling for low
DoG due to isolated grafted domains, is not widely discussed in the
literature, it provides a plausible explanation for the observed behavior
and is supported by our data. This means that the expansion coefficient
« is influenced by internal mechanical constraints with lower influence
of intrinsic to the material's chemistry, although the intrinsic properties
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Fig. 6. Membrane expansion, calculated densities, and derived volume expansion coefficients. Measured membranes' expansion and linear fits (a), surface to
thickness expansion ratio (b) and corresponding calculated densities (c). (d) Calculated « values from the SR profiles. Green line in (c) represents the volume
expansion coefficient obtained from the membrane's measured volumetric expansion from the green curve in (a). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

of the material are crucial to the corresponding physical properties of
materials. The simple model used in this work, which assumes a constant
proportionality between DoG and expansion, could be improved by
incorporating a DoG-dependent «, which accounts for these internal
forces.

Although the value of the constant of proportionality between SR
and DoG is presented later in this section, we introduce the DoG values
preliminarily to assess whether a constant « is appropriate within each
calibration membrane. Fig. 7 presents Jittered scatter plot of local DoG
values from reconstructed profiles, allowing us to assess whether each
membrane falls predominantly within a single expansion regime. No
overlap near the ~45 p.p. threshold is observed, supporting the
assumption of a constant « within membranes individually. However,
this does not preclude a nonlinear relationship between ocand DoG when
considering a wider grafting range.

For asymmetric grafted membranes, where the local DoG ranges
from a few percent to over 100 p.p., two expansion regimes may coexist
within a single sample. This increases uncertainty in DoG profile
reconstruction, as the current model does not account for « variation
with DoG. Although our data suggest that « increases from ~0.25 to
~0.35 around the 50 p.p. DoG threshold, limited data and lack of direct
stress/strain measurements hinder a more detailed characterization. The
next step would be conducted to define a piecewise or continuous
function «(DoG), either empirically or through mechanical modeling.
Nonetheless, within the calibration range, assuming a constant « re-
mains a reasonable and useful approximation that captures the key
behavior observed in the membranes. Furthermore, Fig. 1. indicates a
small sensitivity in error for « between 0.25 and 0.35.

It is worth noting that, although «'is derived from local SR profiles,
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50 100
Overall DoG (p.p.)

Fig. 7-. DoG ranges for the different membranes. Jittered scatter plot for the
local DoG measured at the reference membranes. Horizontal line at DoG = 45 p.
p. indicates the possible limit for different regimes of the expansion factor o:

the area expansion used in its calculation is based on macroscopic
measurements, and the membrane thickness used to compute local DoG
is also measured macroscopically (e.g., with a micrometer). Thus, both
components of the swelling model inherently incorporate bulk expan-
sion. The agreement between the global expansion factor <macroscopic =
0.35 and the upper values of local « supports the model's validity, even
amid dispersion and resolution limits around DoG = 50 p.p. This sug-
gests that the apparent continuity in volumetric expansion may arise
from bulk averaging effects, without ruling out a transition in «(DoG)
that remains experimentally unresolved.

The SR profiles measured on all membranes, comprising the three
100-point profiles and the 200-point profile acquired at each membrane
section, are plotted as a function of the thickness coordinate z (with z =
0 set at the center of the profiles) are shown in Fig. 8, in which all the
measured profiles are overlapped. The curves display higher SRs as
measured DoG increases, as expected. The increase in membrane
thickness with growing DoG is visible. Importantly, the four profiles
acquired from different positions of the same cross-section show very
similar trends, indicating good within-section reproducibility of the
method. This is particularly evident from the close overlap of the point
clouds, which suggests that the CLS-derived SR values are robust against
local variations in sampling. The dispersion of the points also increases
along with DoG, which is consistent with the higher signal intensity and
membrane expansion at higher grafting levels. Two-dimensional DoG
maps acquired over membrane cross-sections are also available in the
Supporting Information (Fig. S4), complementing the one-dimensional
profiles discussed here.

4.3. Calibration and error analysis

The calibration curve is displayed in Fig. 9a. In this plot, three SRrot

150
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DoG (p.p.)

50

-20

z (pm)

Fig. 8. Measured SR profiles. Measured SR along the membranes thickness z
(left axis) and corresponding obtained local DoG (right axis). The gravimetri-
cally measured DoG of the membranes is indicated close to the curves.
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values calculated from the 100-point profiles for each membrane were
used as calibration points. A linear fit without a linear coefficient was
applied to the data. Good adjustment to the line was obtained with R2 =
0.9981. The angular coefficient was then utilized to obtain DoG profiles
from the SR profiles, which are shown on the right axis of Fig. 8. The
reproducibility within each membrane section was very good, with a
standard deviation below 2% (see also Figure 10b, discussed in the next
section).

To compare the DoG-proportional swelling model with the simplified
average SR taken along the membrane thickness, the SRy, of Eq. (6) was
compared to the average SR as shown in Fig. 10a. The error between the
SRrot and the standard deviation between different measurements taken
on the samples, along with the maximum error Errory,x calculated for
the step profile based on the SR range and « (Eq. (6)), was considered. In
Fig. 10b, the evaluated error is plotted against the standard deviation,
where it is noted that, except for the DoG = 110 p.p. sample, the error
remains smaller than the standard deviation.

In Fig. 10c, the error normalized by the Errory,q, is plotted, showing
that for all the SR profiles, the error was less than 45% in relation to
Errorpax. From this data, we can infer that the use of the simplified
average value can present a slight effect on the calibration curve.
Indeed, in Fig. 9b, a calibration curve is shown to provide R? = 0.9981
and an angular coefficient compatible with the one obtained with the
full integral within only one standard deviation.

We further present in Fig. 11a, the DoGrot error divided by the
average DoG, calculated with the SR profiles of Fig. 8. As «increases, the
ratio deviates more significantly from 1 in the membranes with DoG of
110 p.p., 49 p.p., 31 p.p. and 13 p.p. In Fig. 11b, the 200-point profiles
(here we show average profiles fitted by 11-19 degree polynomials for
simplicity), normalized in length (by membrane thickness) and in DoG
(by minimum value in each SR profile), evidence that the curves with
higher errors are the profiles with higher SR ranges and more abrupt
variations, as expected.

For the estimation of the limit of detection (LOD) and the limit of
quantification (LOQ), the standard deviation of the measurement points
along the SR profiles (6sg) was obtained from the 200-point profiles. The
root mean squared error (RMSE) of the polynomial fits to the raw pro-
files (Fig. 11b, before normalization) was taken as csg. Values of SR + 3¢
and SR + 10c were plotted and linearly fitted for membranes with DoG
<82 p.p., excluding the high-DoG outlier, yielding an excellent fit (R? >
0.9999) and indicating linear noise behavior with SR. LOD and LOQ
were obtained by extrapolating the fits of SR + 30 and SR + 10c to the
origin (Fig. 12, inset), resulting in LOD = 0.15 p.p. and LOQ = 0.57 p.p.
For comparison, a conservative estimate based on the empirical cgg of
the lowest-DoG membrane (DoG = 13 p.p., osg = 1.1 x 10~2) gives LOD
~0.74 p.p. and LOQ ~ 2.5 p.p., consistent with the global RMSEP (=3 p.
p.)- These two estimates illustrate the range between the theoretical
limit derived from the heteroscedastic model and a conservative bound.
All LOD and LOQ values are conditional on acquisition parameters (1 s
per point, 50x objective, 100% laser power) and can be improved by
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longer acquisition or averaging.

Therefore, the integral-based model yields SRyt values that define a
highly linear calibration curve (Fig. 9a). Combined with the low within-
section standard deviation (<2%), these results demonstrate the
robustness and reliability of the method. The approach exhibits high
sensitivity and precision across the full range of DoG values studied
(13-110 p.p.), as evidenced by the excellent calibration linearity R? =
0.9981) and the low dispersion between measurements, indicating that
even small differences in local DoG can be reliably resolved. Accuracy
and trueness are confirmed by comparison with gravimetrically
measured overall DoG values, and selectivity is ensured by the method's
ability to specifically resolve the grafted component without interfer-
ence from the base polymer. For reference, a comparison with the
simplified average SR across each section indicates that the resulting
error would be around 3% for this dataset, suggesting that the method
could be simplified in certain cases, albeit with slightly reduced accu-
racy. Taken together, these findings provide a solid basis for validation
using the higher-resolution 200-point map (Fig. 13), which further al-
lows an estimation of the detection capabilities, with LOD = 0.16 p.p.
and LOQ = 0.57 p.p.

4.4. Parity plot and model validation

The predictive performance of the calibration model was tested using
an independent validation set. In this case, the 200-point map was ac-
quired from the same cross-section of the membrane as the calibration
profiles. Although not fully independent, this more finely sampled
dataset allows assessment of the model's ability to resolve local varia-
tions in DoG along the full gradient. A parity plot was used to compare
the predicted DoG values (Fig. 13.a), calculated from SRs, to the
experimentally measured ones. The y = x line was included as a refer-
ence for ideal correlation, with no fitting performed. The correlation
with the y = x line was strong, with a coefficient of determination (R?) of
0.991. The root mean square error of prediction (RMSEP) was 2.86 p.p.,
and the bias was 0.62 p.p. These results indicate excellent predictive
performance and support the physical model underlying the use of SRs.
Absolute and percentage errors are shown in Fig. 13.b and Fig. 13.c,
respectively. Given the physical expectation that the SR should be pro-
portional to DoG, as discussed in Appendix A, a model constrained to
pass through the origin was initially adopted as presented above. To
assess potential systematic deviations, an alternative fit allowing a free
intercept was also tested. This version slightly improved the statistical
indicators (R?> = 0.996, bias = —0.15 p.p., RMSEP = 1.96 p.p.) and
removed the apparent trend observed in the residual error plot. Never-
theless, due to its stronger physical basis, the model without intercept
was chosen for final calibration and discussion.

In addition to the predictive uncertainty of the calibration model, the
repeatability of the reconstructed DoG profiles was assessed by
comparing profiles obtained from independent cuts of membranes with
low (13 p.p.), intermediate (51 p.p.), and high (110 p.p.) degrees of
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Fig. 9. Calibration curves. Calibration curve obtained with the SRt (a) and with the average of the SRs along the membrane thickness(b).
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respectively), with shaded bands defined by the linear fits to the SR + 3¢ and
SR + 100 data (outlier at DoG = 110 p.p. was excluded). The inset shows a
magnification of the low-DoG region, highlighting the corresponding LOD and
LOQ positions.

grafting. As shown in Fig. S6, the majority of the profiles are highly
reproducible and largely overlap for all three membranes. A deviation is
observed for two profiles of the DoG = 51 p.p. membrane, which exhibit
a deeper minimum at the membrane center compared to the remaining
profiles. Given the total number of profiles analyzed (45 profiles across
the three membranes), this behavior is attributed to local heterogeneity
rather than a systematic effect. Importantly, this localized deviation

10

does not affect the overall trend of the DoG gradient nor the conclusions
regarding graft distribution across the membrane thickness.

Fig. S6 shows overlapped profiles obtained from different cuts,
together with the mean standard deviation calculated for each cut based
on three measured profiles. When expressed in terms of DoG, the stan-
dard deviations obtained from individual profiles typically range from
below 1 p.p. for low-DoG membranes to approximately 1-2 p.p. for in-
termediate and high-DoG samples, as shown in Fig. S7a. In this repre-
sentation, the upper envelope of the standard deviation values exhibits
an approximately linear trend with increasing DoG. These values are of
the same order of magnitude, but generally smaller than the RMSEP
obtained from the validation of the SR-to-DoG conversion. This indicates
that the uncertainty associated with the calibration model does not
dominate the observed spatial variability, allowing the reconstructed
DoG profiles to be interpreted as physically meaningful within the
experimental resolution of the method. Consistently, the corresponding
envelope of the coefficient of variation (CV), shown in Fig. S7b, remains
approximately constant across the investigated DoG range, with typical
values around 2.5%. This indicates that the relative dispersion of the
measurements is largely independent of DoG, supporting the robustness
and repeatability of the reconstructed profiles.

We emphasize that the strong linearity observed between SR and
DoG enables the use of SR profiles to estimate the overall DoG of
membranes with unknown composition. However, the main goal here is
not to determine the overall DoG, which is typically obtained through
gravimetric analysis, but to resolve the local DoG distribution across the
membrane thickness. Although the calibration curve in Fig. 9 could be
applied to estimate the bulk DoG of unknown samples, the key contri-
bution of this work lies in establishing a reliable proportional correlation
between SR and DoG. Considering that this proportionality is accepted,
any measured SR profile can be integrated using Eq. (6) to calculate
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SRot, Which is then related to the gravimetrically measured overall
DoG. This allows reconstruction of the local DoG profile using only a
single reference measurement, eliminating the need for multiple stan-
dards or extensive calibration. In this case then the macroscopically
measured o« value may be a good approximation, since small sensitivity
was observed.

4.5. Determination of the DoG profile of the asymmetric membrane

Finally, the technique was applied to measure the profile of an
asymmetric ETFE-grafted membrane. Fig. 14a displays the measured SR
profile (left axis) of the asymmetric membrane synthesized in the custom
grafting reactor with two chambers containing VBC solutions at 60%
and 10% (v/v). The SR profile was fitted with a 7th-degree polynomial.
The polynomial degree was selected by incrementally increasing the
order and visually evaluating the quality of the fit, until a satisfactory
match between the curve and the data was achieved. The quality of the
fit was confirmed by the homogeneous distribution of residuals along
the membrane thickness, indicating the absence of systematic deviations
(inset of Fig. 14a). Applying Eq. (6) to the fitted curve, a total SR of 3.21
was observed. As discussed above, in the absence of a model including a
dependence of o on SR, a value of o« = 0.36 was used, corresponding to
the average of the points above DoG 45 p.p. in Fig. 6d, since the
measured DoG of the membrane was 70 p.p. Using the angular coeffi-
cient obtained from the calibration curve in Fig. 9, it was found a
Raman-derived DoG of 72.2 p.p., with an estimated uncertainty of 2.9 p.
p. (RMSEP). This value is only 2.2 p.p. (3.1%) higher than the gravi-
metrically measured value (70 p.p.) and the deviation remains within
the RMSEP, indicating a good agreement between the Raman and
gravimetrically measured DoG. The corresponding local DoG profile,
calculated via this calibration, is shown on the right vertical axis of
Fig. 14a, clearly revealing the expected gradient from left to right (from
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~110 p.p. to ~40 p.p.).

The DoG profile obtained via calibration was then compared to a
profile derived from the single membrane measurement, as shown in
Fig. 14b. In both cases, the measured SR values were adjusted using a
7th-degree polynomial, and uncertainty was estimated by considering
the RMSEP in the validation and the dispersion of the points in the
polynomial adjustment (RMSE). The overlapping error bands in Fig. 14b
confirm strong agreement between the two approaches.

It is worth emphasizing that both approaches shown in Fig. 14b lead
to the determination of the same physical quantity, namely the local
DoG, but rely on fundamentally different experimental strategies. The
calibration-based approach requires the synthesis and characterization
of multiple reference membranes, whereas the single-reference
approach exploits the proportionality between SR and DoG, previously
established through calibration and validation, and requires only one
gravimetric DoG measurement of the membrane under study. It should
be emphasized that the validity of the single-reference approach, in
which a Raman SR profile is normalized using a single gravimetric DoG
value, does not stem from the spectroscopic method itself but rather
from the macroscopic homogeneity of the membrane under investiga-
tion, since the comparison with the gravimetric DoG takes into account a
spatially averaged profile. Asymmetric membranes are inherently more
heterogeneous than symmetric ones due to the absence of agitation and
the spatially distinct grafting conditions during synthesis.

The reproducibility of the DoG profiles obtained for the asymmetric
membrane was evaluated by comparing profiles measured from five
independent cross-sections, with three profiles acquired per cut. As
shown in Fig. S8, the reconstructed profiles are qualitatively similar and
consistently exhibit the same asymmetric DoG gradient across the
membrane thickness. Moderate differences in absolute SR and SR
values are observed between cuts, reflecting the intrinsic heterogeneity
of asymmetric membranes synthesized under non-agitated and spatially

(b)

100
S 804
=
Q
[e]
0O 604

40‘ T T T
0 20 40 60
z (um)

Fig. 14. SR profile measured for an asymmetric membrane synthesized with 60% and 10% VBC solutions on each side. Dots represent experimental data, and the
magenta line corresponds to a 7th-degree polynomial fit. The inset shows the fit residuals. (b) DoG profiles (fitted polynomials) and associated error bands obtained

using a single profile (pink) and the full set of calibration samples (blue).
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asymmetric grafting conditions. For each cut, the experimental vari-
ability was estimated from the standard deviation of the three profiles.
For the profile originally reported in Fig. 14, which corresponds to a
single measurement, no experimental standard deviation can be
assigned; instead, the uncertainty associated with the SR-to-DoG con-
version (RMSEP) is indicated separately to enable comparison with the
variability observed among independent cuts. Within these combined
experimental and calibration uncertainties, the previously reported
profile is consistent with the additional measurements and is represen-
tative of the asymmetric membrane.

Although the RMSEP obtained from the calibration represents the
intrinsic uncertainty of the model, the dispersion observed among the
SRt values of the asymmetric membrane is of the same order or larger
than this value. Therefore, the effective uncertainty associated with the
estimated DoGry is dominated by spatial variability within the mem-
brane rather than by the calibration error itself. For this reason, the
RMSEP should be regarded as a lower bound for the overall uncertainty,
while the actual error increases as the homogeneity of the membrane
decreases. This additional uncertainty does not arise from limitations of
the spectroscopic method, but rather from structural heterogeneities
inherent to the membrane fabrication process.

Importantly, the method based on a single SR profile combined with
a gravimetric DoG measurement demonstrates high accuracy when
sufficient macroscopic homogeneity is present and can be performed
rapidly, requiring only minimal experimental effort, thereby high-
lighting its value for practical and high-throughput characterization of
functional membranes. The approach is experimentally reproducible
and applicable to asymmetric grafted membranes or similar polymer
systems, provided that the underlying homogeneity assumptions are
satisfied, and is consistent with established principles of analytical
method validation.

5. Conclusions

We demonstrated, for the first time, the use of multivariate analysis
to assess the DoG with spatial resolution in anion exchange membranes.

The score ratio between VBC and ETFE scores was shown to be
proportional to the volume concentration of grafted chains, which im-
plies that, for a uniform sample, the DoG is proportional to the score
ratio.

A calibration curve can be obtained from a set of homogeneous
samples. In the absence of such samples, the correlation between local
and global score ratios is not expected to be straightforward, especially
due to the intrinsic membrane swelling as it incorporates grafted side
chains, making it difficult to infer overall grafting from local volumetric
concentration measurements. The overall grafting was numerically
estimated from a model that assumes local expansion is proportional to
the local DoG, and the results were compared with gravimetric mea-
surements, which serve as the established reference method for valida-
tion. The maximum errors generated in comparison with the simple
average were estimated and found to be dependent on the SR ranges and
smoothness of transition between high to low SR regions. For the
expansion coefficient obtained for ETFE the error was inferior to the
standard deviation for most of the measured points. This suggests that
the average could be used instead. However, the maximum expected
errors must be carefully evaluated.

Although the objective was not to quantify the overall DoG, the use
of multivariate analysis was shown to provide an excellent prediction,
with a high correlation coefficient (R2 =0.991) and an RMSEP of 2.9 p.
p., confirming the quantitative robustness of the method. The strong
linear relationship between the DoG and the score ratio demonstrates
that it is possible to determine the DoG profile without a full calibration
set. If the overall DoG (obtained gravimetrically) is known, and the score
ratio profile is measured, the DoG profile can be derived by normalizing
the score ratio to the known overall DoG. This approach was validated
by measuring an asymmetric membrane, yielding a deviation of only
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3.1% when compared to the DoG profile obtained using the full cali-
bration curve. The error bands of both profiles overlapped throughout
the thickness, indicating consistency between the results. These findings
demonstrate that the local DoG profile can be reliably extracted from a
single Raman measurement, provided that the overall DoG is known,
offering a fast, simple, and accurate method for spatially resolved
quantification.

The process was found to be highly sensitive to data treatment,
particularly with respect to baseline correction, spectral range selection,
and the precise alignment of reference and measured spectra. In addi-
tion, the spectral range was restricted to ensure consistent baselines
across the dataset. After careful preprocessing, residuals from the CLS
analysis were dominated by noise, with minimal systematic features
around the peaks, indicating that the spectral decomposition using the
selected loadings provided an excellent fit to the measured data, with
high reproducibility and absence of systematic bias.

Overall, the method demonstrates high selectivity, specifically
resolving grafted chains without interference from the ETFE matrix, and
high sensitivity, with very low detection and quantification limits (LOD
=0.16 p.p. and LOQ = 0.57 p.p., with a conservative estimate of LOD =~
0.74 p.p. and LOQ =~ 2.5 p.p.). The working range spans local DoG values
from approximately 12 to 162 p.p., while the overall DoG of the mem-
branes was 13-110 p.p. with accuracy and trueness are confirmed by
agreement with gravimetric DoG values. Precision is supported by the
low RMSEP from validation and the intra-section repeatability of better
than 2%. Reliability is further indicated by the robustness of the cali-
bration and consistency across different profiles, although broader
validation across multiple independent membrane samples was not
performed in this study. The present results strongly support the
reproducibility of the approach, and future work may extend this vali-
dation to a wider range of materials and preparation conditions.

Microstructural variations such as chain length or branching are
expected to induce only subtle changes in Raman spectra, which are
secondary compared to the dominant compositional contrast associated
with DoG. Accordingly, in its current implementation, the method is
primarily sensitive to compositional variations and local graft distribu-
tion, while microstructural effects are not independently resolved.
Future studies employing dedicated calibration sets may extend the
approach toward explicit microstructural characterization.

In summary, we demonstrated a technique capable of locally quan-
tifying the DoG, addressing a significant gap in currently available
methods. A key advantage is that it relies on standard Raman equipment
available in many laboratories worldwide. The ability to resolve the
local DoG is particularly relevant for the novel asymmetric and/or non-
homogeneous grafted membranes. Moreover, this approach is appli-
cable to any grafted copolymer system with side-chain functionaliza-
tion. And its validation parameters indicate suitability for routine
analytical use, broadening its potential impact beyond the specific
membranes studied. These membranes are designed to improve water
management in alkaline fuel cells, and the proposed technique could be
a key enabling technology for the development of the next generation of
anion exchange membranes.
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In this appendix, we investigate the expected relationship between the CLS scores and the DoG.

In MRS, the spatial resolution is fundamentally limited by diffraction. Both the lateral (focal spot size w) and axial (depth of focus zg) dimensions of
the probing volume are determined by the excitation wavelength A and the numerical aperture (N.A.) of the objective used in the MRS setup. This
defines the effective sampling volume in which the Raman signal is collected and, consequently, the region over which the CLS scores are derived:

0.82:1 An
w=

NA and 2z = (NA)27 (A.1)

where n is the refractive index of the medium. Typical values for w and 2 fall in the range of 500 nm to a few micrometers for high-NA objectives. For
the conditions used in this work, (785 nm, N.A. = 0.5 and n = 1.4), the waist is 1.3 pm and the depth of focus is 4.4 pm. Given this scale, it is important
to consider the internal structure of the grafted membranes, which is believed to consist of a heterogeneous mixture of crystalline and amorphous ETFE
phases, along with grafted polymer domains. The characteristic dimensions of these microstructural features are on the order of ~10 nm [20], much
smaller than the MRS probing volume. This implies that, during MRS acquisition, the MRS signal represents an averaged contribution from all these
components simultaneously—crystalline, amorphous, and grafted polymer phases are illuminated and detected together.

When the laser beam is incident on the material, the Raman intensity I(v)emitted at a given Raman shift v for a specific compound can be expressed
as:

1(%) = P-N-6(D), (A2)

where P is the power of the incident laser and ¢(v") is the Raman emission cross section.
The number of scattering molecules in the laser interacting volume V is given by:

Ny

N= p~V~M, (A.3)

where p is the mass density of the compound, M is the molar mass of the compound and N} is the Avogadro number. For polymers, M corresponds to
the molar mass of the repeating unit, as the Raman signal originates from these units and not from the full polymer chain.

1) = P~p~V~%~o(5) (A.4)

By considering the CLS method, the scores represent the relative contribution of each compound to the overall Raman spectrum of the sample.
Therefore, for a given compound and Raman shift v, the score S is proportional to the corresponding Raman intensity:

SxI(v) (A.5)

This expression shows that the Raman intensity is directly proportional to the mass density of the compound within the illuminated volume.
Substituting from Eq. (A.4):

N,
So<P~p~V-ﬁA~6(U) (A.6)
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By considering the two compounds, the base polymer (index B) and the graft chain (index G), the ratio between the scores SR is:

S, PpoVNge() p .96(v)
SR _ 7(; _ G A]\/]Ij G(~) _ G Mi (A,7)
Sz P’pB'V'NTB'UB(U) pB-”Il\;/I_(:)

Since the Raman cross-sections o (0) and o5(0), as well as the molar masses My and Mg, are constants, the ratio S¢/Sp can be directly related to the
ratio of the mass densities of the grafted polymer and base polymer in the interaction volume.

An additional consideration is related to the nature of the Raman cross-section, which can be understood as a product of two factors: one related to
the focusing geometry of the laser beam, and the other intrinsic to the material. However, given that both materials are homogeneously illuminated
under the same optical conditions, and their characteristic domain sizes are much smaller than the laser spot, the focusing component is identical and
cancels out in the SR. Therefore, only the intrinsic Raman cross-sections need to be considered in Eq. (A.7).

Since the same interaction volume is considered for both components, given that the laser interacts equally with all phases within its focal volume,
the SR is also proportional to the ratio between the local masses of the graft and base polymer within that volume:

SG my,
26 Lo Mg

- (A.8)
SB P mﬁ
The DoG, defined globally as the ratio between the grafted and original mass of the membrane, is given by:
DoG =¥ —Mi _ M6 (A.9)
m; mg
where the masses are the total masses of the membrane. Considering the corresponding densities:
meg
=— A.10
Pc % ( )
mp
=— A1l
P v ( )
We arrive at the key result:
Vv
SR =56La Mo M _ o (A12)

Sg pg my mg

Therefore, even when considering the volumetric expansion of the membrane induced by grafting, the ratio of CLS scores between graft and base
polymer remains proportional to the local DoG, provided the sample is homogeneous within the MRS interaction volume.

It is important to note that although grafting causes the membrane to swell, leading to a volumetric expansion of the material, the local densities of
both the base polymer and the graft chains are reduced equally in a homogeneous sample. This means that the volumetric terms in Eq. (A.12) cancel
out in the ratio, preserving the proportionality between the SR and the DoG. Therefore, the effect of expansion does not alter the SR in the case of a
homogeneous membrane.

This result justifies the use of the normalized SR as a direct proxy for the local DoG in MRS-based mapping, as long as the sample can be considered
locally homogeneous within the laser interaction volume.

Furthermore, by replacing Eq. (A.5) with an equivalent expression that considers either peak area or peak height instead of SRs, the rest of the
derivation remains valid. In this case, the volumetric concentration of grafted chains, or, equivalently, the DoG in a homogeneous sample, can be
expressed as being proportional to the ratio of peak areas or peak heights. These alternative metrics are therefore also suitable for determining the
local DoG. However, precision tends to improve when moving from peak height to peak area and finally to CLS SRs, as each method progressively
incorporates more spectral data. Additionally, when a broader spectral range is used, baseline variations tend to average out, resulting in greater
consistency compared to single-peak analyses.

Appendix B. The DoG-proportional swelling model

In Appendix A, we have reference samples with a uniform DoG. However, for non-uniform samples, it is necessary to determine how to convert the
local DoG(z) into a global DoG value that corresponds to the measured data. This conversion is essential because we measure a profile of SRs that is
proportional to DoG, as previously demonstrated. It is important to note that the corrected global DoG should be equivalent to that of a uniform sample
with the same overall DoG.

The global DoG, which is the gravimetrically measured value for the membrane, is given by:

I\J}m _ mnt M;O[
M MY

i

DoG™ = (B.1)

where:

. M}"f and M{*are the total final and initial masses of the membrane, respectively.
e Mg is the total mass of the grafted material.
e Mjtis the mass of the base polymer.

Since the grafting process induces volumetric expansion due to the incorporation of additional material, we initially assume an isotropic local
expansion, where the volume increases proportionally to the local DoG:
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av

150Gz ~ &V (B.2)

where:

e dV is the final volume after grafting and expansion.
e dV is the initial volume before expansion.
e « is the proportionality coefficient between volumetric expansion and DoG.

For a homogeneous sample, Eq. (B.1) can be rewritten as:

Mot MTUI.V '
DoGr, — 8 — & _Psg
O T My T MYy

(B.3)

where p;and piprepresent the densities of the grafted material and the base polymer in the grafted sample, respectively. Considering that these
densities can vary spatially (in this case, only along the z-axis), the local DoG is expressed as:

Pg(2)
DoG(z) =-% (B.4)
Py(2)
The densities are given by:
, /)Ob
=95 B.5
) = T aDoGz) (B.5)
Pg(2) = py(2)-DoG(2), (B.6)
where p%is the initial density of the base polymer, defined as p°, =%.
By integrating over the total volume, the total grafted mass is obtained as:
! " p°,-DoG(2)-dV
MY = dV= [ =— - — B.7
s /vag(z) /V 1 + «DoG(2) ®7
Similarly, the total mass of the base polymer is given by:
, p°,-dV
MY = dV= [ ——— B.8
b /‘,p”(z) /‘,1 + «DoG(z) (B.8)
From these expressions, the global DoG can be determined:
o[ Dog(z)-d(V)
DOGry = —5- = JV'1+eDoG(z) (B.9)
My fVlﬂngG(z)
To estimate the coefficient o, we consider the total volume expansion:
av’
avl = —— B.10
1 + «DoG(z) ( )
dv
=) —— B.11
v /Vl + «DoG(z) ( )

By using Eq. (B.11) it is possible to numerically determine the expansion coefficient a by integrating the measured DoG profile in the grafted
membrane and comparing with the original volume V°.

The volume integral has to be separated into an integral over the surface and another one along the membrane thickness. The expansion coefficient
is also separated into two components in order to deal with different expansions along the thickness (a;) and area of the membrane (as):

14a)=1+a)(l+as) (B.12)
For a plane-parallel sample with a cylindrical volume element, the volume element can be written as:
dv = dA'dz (B.13)

By substituting in Eq. (B.11):
dA'dz Adz VO A% dz
V= /Z‘/A‘l + «DoG(z) /zl +«DoG(z) A A /21 + xDoG(z)’ (B.14)

where A%s the initial cross-sectional area of the sample.
By using the same substitution, Eq. (B.9) can be written as an integral along z:

£ Dog(z)-dz
0 1+xDoG(z)
M a
0 1+xDoG(z)

DoGroe = (B.15)
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where t’ is the final membrane thickness after grafting.

By inspecting Eq. (B.15), we note that for a = 0 the expression reduces to the simple average taken along the membrane thickness. Another simple
case we can consider is a uniform membrane with DoG(z) = DoGg, where we obtain DoGTot — DoGy .

By using the expressions Egs. (B.14) and (B.15) were aimed to be used to compare the equivalent DoG, or the equivalent total SR, for the purpose of
providing an equivalent total score ratio SRt In this case, the expansion coefficient a will be a different coefficient x relating the local expansion not
proportional to the DoG but to the SR, supposing that the SR is proportional to DoG, then the expansion coefficient & will differ from the coefficient
obtained for DoGs by a constant, but all the considerations remain the same. So, we can write:

0
;Z - / 1+ §§R<z> (B.16)
And
f(;‘ 1?':??}::2)
SRyy = W (B.17)
0 14+«SR(z)

where E; = A’ / /40 is the membrane surface expansion.

By using Eq. (B.16) it is possible to numerically calculate & by using the measured SR(z) profiles and the measured surface expansion coefficient,
and by using Eq. (B.17) it is possible to calculate the total score ratio in order to compare with the overall measured DoG on the membranes to provide
a calibration curve.

Appendix C. Upper-bound error analysis for average-based DoG estimation

The expression for SRy, (Eq. (B.17)) can be interpreted as a weighted average of SR(z), with weights w = (1 + &SR(z) ). For & = 0 Eq. (B.17)
reduces to the continuous arithmetic mean of SR(z) along the membrane thickness.

To gain insight into the behavior of Eq. (B.17), a simplified step-profile model is first considered, as shown in Fig. C.1a. In this case, SR, becomes a
weighted average between two SR values:

aw; (x)SR; + bw,(&)SR;

SRrot = = w1 (&) 1 bW (3)

(CD

where aw; = a-(1 + &SRl)’1 and bw, =b-(1 + &SRZ)’lare the weights for SR; and SRy, respectively.

(A)sr (b)sr
b2 | a | b2| b2 | a | b2|
SR, \ \ ‘ SR, \ \ ‘
: | SRy |-+
SRy foeee ; SR, oo
Ly Ly
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SR, ; SRy [
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Fig. C.1. simplified symmetric (a) and asymmetric (c) step profiles and example of smoothed profiles obtained by adding intermediary steps (b) and (d).

The value SR?,, of the SRty calculated for & = O corresponds arithmetic mean weighted by the step lengths. As & increases, SR™ decreases and

asymptotically approaches a limit SRY,,, which is the weighted harmonic average:
aSR; + bSR b
SR(T)‘ot = Lr b 2 and SRy = at b (C.2)
+ Ysr, T Y/sR,

As an example of the behavior of SRt as a function of &, SR, numeric values, normalized by the initial SR}, of a membrane with a step rise SR

profile were plotted as a function of o'in Fig. C.2. In this example, a step profile with a = 60 pm, b = 40 pm and SR of 1 and 0.5, respectively, was
considered. The SRto/SRY,, ratio decays quickly for small values of & and converges to ~ 0.893 in this case.
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Fig. C.2. Ratio between SRyt and the average SR, as a function of the expansion coefficient & calculated for a membrane with a = 60 pm, b = 40 ym, SR; = 1 and
SRy = 0.5. Insets show magnified scale for small values of &« and the SR profile considered.

These results for SR}, and SRS, can be extended to a profile with n SR steps because Eq. (C.1) generalizes accordingly, and SRY,, still represents the
length-weighted arithmetic mean, while the limit SR, corresponds to the length-weighted harmonic mean. Therefore, the maximum error intro-
duced by using the arithmetic average instead of the d-dependent weighted result is given by the difference between SRY,, and SRS,

To investigate how this maximum error behaves, the ratio between SRS, and SRY,, was calculated for different ratios r = SR> / SR+ and fractional
lengths F=a / (a + b). Letting a = F-L, b = (1 — F)-l, and a + b = I, we obtain:

S {[F+(1—;F)]-[F+(1 ~F)r] }71 €3

Tot

As shown in Fig. C.3a, this ratio is symmetric with respect to F, reflecting the symmetry between a and b. It reaches a minimum at F = 0.5, and
decreases with increasing r. Five curves were plotted for r = 1 tor = 3. Only values for r > 1 are shown, since the result is symmetric with respect tor <
1/r (e.g., r = 2 yields the same curve as r = 0.5). In Fig. C.1b, curves are plotted for F in the range 0-0.5 and increasing r, showing the ratio between
SRY,, and SRS, with increasing r. Only curves for F in the range 0-0.5 were plotted because curves for F > 0.5 overlap due to the symmetry in F. Forr =
1, 0or F=0or F = ], the SR profile is constant and both arithmetic and harmonic means are equal.

@ (b) ;
o8 3
& o9l =095
= <
0 |[—r=1 e —F=0
& —r=15 S —F=01
n08) r=2 n 09 F=02
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Fig. C.3. Ratio between the asymptotic value of SRy.(&) and the average SR (obtained when &=0) calculated for the step SR profile of Fig. C.1a (a) - as a function of
F, calculated for different values of r = SRy/SR; and (b) — as a function of r calculated for different values of F.

From this, we conclude that the maximum possible error for a step profile is obtained for F = 0.5 and large r, corresponding to strongly
asymmetric SR steps. Although this is a simplified case, the transition between SR1 to SR2 can be smoothed out, introducing intermediate steps e.g.,
(Figs. C.1b and C.1d) between SR+ and SR2 until it converges to a continuous profile. This will reduce the maximum error, since the harmonic mean
increases with the addition of intermediate values (due to its sensitivity to low values), while the arithmetic mean remains unchanged. Because the
terms in weighted average or in the weighted harmonic average can be swapped, this reasoning applies both to asymmetric profiles, (Fig. C.1c-d) as to
symmetric profiles (Fig. C.1a-b), regardless of oscillations or monotonicity, because the order of the steps can be swapped to obtain a monotonic
transition from SR; to SRy. Thus, the maximum error for a profile varying between SR+ and SRz is bounded by the error in a step profile with F = 0.5,
regardless of oscillations or monotonicity.

Finally, it is important to note that for most grafted membranes, the DoG, as well as the volume expansion, usually doesn't exceed 100% meaning
the expansion factor a is usually below 1 (The value calculated by Eq. (B.2) for V/Vy = 2 and SR = 2 is «=0.5). This keeps the system far from the
asymptotic limit and limits the error. However, the previous analysis still serves as a worst-case estimate for the error introduced by using the

arithmetic average instead of solving Eq. 4, as well as to identify the behavior of the error, with the worst error calculated with F = 0.5. The maximum
error at a given « can be estimated as:

Tot 1

SR?
Errorye. = ——;

(c4

Tot
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