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Abstract

Polyethyleneimine (PEI) polymers are widely used in the synthesis of nanoparticles, hy-
drogels and composite materials for biotechnological and environmental applications.
However, the solid-state structural organization of linear PEI (L-PEI) materials, and how it
is influenced by molecular weight, protonation state and counterion type, have not yet been
comprehensively studied. In this work, solid-state nuclear magnetic resonance (ss-NMR),
X-ray powder diffraction (XRD), small-angle X-ray scattering (SAXS) and time-domain
NMR (TD-NMR) experiments were combined with theoretical calculations to analyze
the local chemical environments, crystalline and nanoscale organization, and molecular
mobility of L-PEI materials with different molecular weights. The analyzed materials were
the free base (PEI-FB), the hydrochloride (PEI-HCI), the trifluoroacetate (PEI-TFA), and the
sulfate-containing forms of L-PEI (PEI-Na,;SO4 and PEI-H;S0Oy), as well as an intermediate
protonation state obtained by the heterogeneous treatment with HCl-saturated isopropanol.
Proton, 13C or 1N ss-NMR studies evidenced different chemical environments associated
with changes in protonation state and counterion identity. Furthermore, XRD and SAXS
showed that these variables, together with molecular weight and sample preparation con-
ditions, influenced the crystalline arrangement and characteristic nanoscale organization
of the polymer chains. Moreover, TD-NMR revealed the presence of three dynamically
distinct proton populations, assigned to rigid, interfacial, and mobile domains, whose
relative contributions and relaxation behavior varied among the PEI materials. Finally,
high-resolution magic-angle spinning (HRMAS) NMR experiments were used to study
different PEI-gel materials and films as well as the crosslinking of protonated PEI and
sulfate ions.

Keywords: polyethyleneimine; protonation; crystallinity; solid-state NMR; XRD; SAXS;
theoretical calculations; TD-NMR; gel-state NMR; HRMAS NMR
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1. Introduction

Interest in PEI polymers has increased significantly in recent years in fields such as bio-
engineering and nanotechnology, mainly because of its structure and high charge density,
which favor interactions with various charged biomolecules [1-3]. These characteristics
have enabled applications ranging from antimicrobial strategies to environmental remedia-
tion. Moreover, the physicochemical properties of PEI materials are ideal for the design
and development of nanoparticles intended for the encapsulation of genetic material [4-6].
Recent studies have demonstrated the capacity of PEI polymers to improve the colloidal
stability of nanoparticles and their interactions with biological membranes [7]. Studies
focusing on the antibacterial capacity, conferred by the high charge density and the effects
on certain bacteria, of different PEI materials are also noteworthy [8]. Beyond the biomedi-
cal field, PEI, used for membrane functionalization, has demonstrated high efficiency in
wastewater decontamination [9] and the removal of heavy metals such as Pb(II), Fe(III),
Cu(II), and Ni(II) [10].

Unlike its branched version (B-PEI), L-PEI contains exclusively secondary amines in
its chain, allowing it to adopt a semicrystalline structure (Scheme 1) [11-13]. In contrast to
the amorphous, semi-solid nature of B-PEI, the solid-state organization of L-PEI favors the
formation of complexes with other biomolecules that exhibit greater stability and lower
cytotoxicity than their branched counterparts [14]. These advantageous properties have
prompted researchers to study the possible applications of L-PEI, for which efforts have
focused on its structural characterization [2]. Although L-PEI is widely employed in gene
delivery, nanomedicine and biomaterial applications, the relationship between its structural
organization and functional performance remains poorly understood. Parameters such as
protonation state, hydration, molecular weight and preparation conditions may influence
not only the physicochemical properties of the polymer but also its interactions with
nucleic acids and other biological systems. Therefore, establishing links between structural
characterization and application-relevant properties could provide valuable information
for the rational selection and optimization of PEI-based materials.

NH, (B)
(A) H
H cr, 1 /!,N N
| + ~ NN 4\
/!/\/Nq\ /{/\/'\H\ N M
n HN H
“PEI-FB” “PEI-HCI” N
. : J HZN/\/ \/\NH2
Linear-PEI (L-PEI)

Branched-PEI (B-PElI)

Scheme 1. Chemical structures of the L-PEI (A) and B-PEI (B) polymers.

The semicrystalline nature directly influences fundamental properties such as com-
plexing capacity, thermal stability, and behavior in different environments [5-7,12,15,16].
Among the available techniques, NMR stands out as an ideal tool for determining key
parameters such as the degree of polymerization, purity, and functional group distribu-
tion [15,17,18]. However, the determination of these parameters mostly relies on solution-
state NMR, which presents limitations when the polymer either has low solubility or forms
crosslinked networks, as is the case of hydrogels. In these systems, the absence of molecular
rotation and the low mobility of the polymer chains broaden the signals and reduce the
spectral resolution degree [19,20]. To overcome the limitations of these conventional tech-
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niques, ss-NMR has become essential because it allows for the acquisition of atomic-level
structural information from both insoluble materials [19,21,22] and ordered systems [23,24].
Finally, HRMAS NMR spectroscopy emerges as a tool capable of providing information
about swollen gel systems with a resolution comparable to that of solution NMR [25-27],
facilitating the characterization of the liquid-solid interface [28].

In the case of L-PEI, these techniques are extremely useful in providing a deeper
characterization of its structural properties, which directly determine its performance in
biotechnological applications [29]. While ss-NMR and HRMAS spectroscopies provide local,
atomic-level information, XRD and SAXS complement this analysis by resolving longer-
range chain organization. SAXS allows the study of semicrystalline and partially ordered
systems [30], providing information of chain organization in the nanometer range such
as interchain domain spacing, chain folding density and/or particle agglomerates [31-33].
Simultaneously, time-domain NMR and low-field experiments serve as tools to map the
heterogeneity of the macromolecular network, enabling the quantification of dynamically
distinct rigid, interfacial, and mobile polymer domains [34]. The combination of these
scattering and relaxation techniques offers greater perspective on how structural order
influences local chain mobility [35]. Moreover, the use of computational techniques com-
plements the NMR studies by allowing the analysis of how protonation and chain packing
independently affect the '3C chemical shifts [36].

The structural characterization presented in this work revealed that L-PEI cannot be
considered a single, structurally invariant material. Instead, the protonation state, the
hydration level, the molecular weight and the preparation conditions generate distinct
supramolecular organizations and dynamic behaviors. Since PEI is widely employed in
gene delivery, biomaterials and nanotechnology applications, understanding these struc-
tural features may be essential for predicting and optimizing its functional performance.
In this work different spectroscopic techniques were used to characterize the changes in
the protonation degree, as well as the effect of the counterion type (chloride, sulfate and
trifluoroacetate) in different PEI structures in the solid state. In particular, the changes in
the bulk chain mobility in PEI materials and the impact of the different synthesis-related
treatments (lyophilization, crystallization, protonation and deuterium exchange) were
analyzed by TD-NMR. Furthermore, novel materials consisting of TFA and Na;SO4 or
H,SO4-containing linear PEI polymers are reported for the first time. Finally, the use of
HRMAS NMR experiments were used to extend this structural and dynamic character-
ization to swollen PEI gels and PEI-containing films, revealing that the local chemical
environments identified in the solid state persist upon swelling and are further modulated
by ionic crosslinking with sulfate ions.

2. Results and Discussion
2.1. XRD and Solid-State NMR Studies in PEI Polymers

In recent years, the acidic hydrolysis of commercial poly(2-ethyl-2-oxazoline) polymers
of different molecular weights has become a standard approach for the synthesis of L-PEI
hydrochloride (PEI-HCI) materials [12,37]. These polymeric solid materials have been
studied by ss-NMR using standard or filtered '*C CP-MAS experiments, which allowed
the detection of differences in molecular order. Specifically, 'H dipolar or 'H spin-lock
filters allowed the detection of the magnetization coming from either the amorphous
(813C = 44.5 ppm) or the crystalline regions (5!3C = 42.9 ppm), respectively [12]. In the
present work, linear PEI-HCI polymers were neutralized with a NaOH solution in order
to yield the corresponding solid PEI free-base (PEI-FB) polymers. Even though the syn-
thetic procedure is relatively simple, some precautions need to be taken into account in
order to yield a particular crystalline phase in the samples. According to previous works
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of Chatani et al. done on crystallized samples of PEI-FB [38-40], the XRD profiles are
particularly relevant to determine which of the four crystalline phases are present in the
powder samples. This is because the water molecules induce phase transitions among the
crystalline arrangements of PEI-FB, giving rise to four different structures depending on
the ratio between the monomer and water molecules (-CH,CH,NH-:H,O): anhydrate (1:0),
hemihydrate (1:0.5), sesquihydrate (1:1.5) and dihydrate (1:2). Within these phases, the
polymer chains adopt the fully extended planar-zigzag form in the three types of hydrates,
while adopting the double-stranded helical conformation in the anhydrate state due to
the different hydrogen bonding in each crystal form. Interestingly, the XRD profiles of the
different PEI-FB samples were completely different when the same experimental procedure
was used (Figure 1). Moreover, the PEI-FB samples with molecular weights of 11 and
22 kDa presented dihydrate crystalline structures in contrast to the hemihydrate pattern
observed for the 87 kDa PEI-FB sample. The 217 kDa PEI-FB sample did not fit in any
particular crystalline model, being intermediate between the hemihydrate and dihydrate
forms. Although crystalline profiles are known to vary with temperature and humidity [41],
in this work we demonstrated that the crystalline arrangement was also strongly affected
by the synthesis conditions used to obtain PEI-FB from the corresponding PEI-HCI forms.
Interestingly, the use of water that was not freshly distilled during the neutralization pro-
cess allowed the detection of additional XRD reflections consistent with the presence of a
bicarbonate-containing phase or species co-crystallized with PEI-FB (Figure S1), whereas
when freshly distilled water was employed in the preparation of working solutions, the
cocrystallization of this chemical species was prevented. Moreover, the rapid addition of
the NaOH solution resulted in an XRD profile corresponding to one water molecule per
PEI monomer in the 22 and 87 kDa PEI-FB samples (Figure S1).

217 kDa PEI-FB

87 kDa PEI-FB

T T T T T — T 1

22 kDa PEI-FB

11 kDa PEI-FB

10 15 20 25 30 35 40
20 (°)

Figure 1. XRD spectra of PEI-FB samples with different molecular weights.
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Different factors affected the diffraction patterns obtained by XRD. The protonation of
amine groups (PEI-HCI) yields a completely different XRD spectrum compared to PEI-FB
materials. However, among the PEI-HCI samples, different molecular weights do not
result in differences in their XRD patterns as was previously shown [12]. Regarding the
PEI-FB materials, hydration, and thus sample preparation, has a primary impact on the
XRD spectra, with the hemihydrate, monohydrate, and dihydrate phases being obtained
in this work (Figures 1 and S1 and Table S1). For this reason, before performing the
characterization techniques in all the samples, the XRD spectra were measured to be able
to infer the present crystalline structure. In addition, the measurements were carried
out within 4 h of their synthesis (after being dried) to avoid transformations by contact
with humidity.

Regardless of the molecular weight, the solution-state NMR spectra of PEI-FB per-
formed in deuterated methanol (CD3OD) were essentially identical, showing two [8'H
(ppm) = 2.74 (s, -CH,-CH;-NH-, main signal) and 3.40 (t, ] = 7.1 Hz, -NH-CH,-CH,-OH,
terminal group)] and four resonance signals [6!3C (ppm) = 41.7 (-NH-CHj3, terminal group),
48.0 (-NH-CH,-CH,-OH, terminal group), 49.7 (-CH;,-CH,-NH-, main signal) and 58.3
(-NH-CH,-CH,-OH)] in the 'H- and *C-NMR spectra, respectively (Figure S2). These
NMR results were relevant to study the terminal groups and the main monomeric structure
of the PEI polymers. The terminal methyl group of the linear PEI polymer could not be
resolved due to the overlapping of its signal with the main signal in the 'H-NMR spectrum;
however, this signal was observed in the 13C-NMR spectrum at 41.7 ppm. Additionally, the
reaction with carbon dioxide and the amine groups could be detected by the visualization of
the carbamate groups at 5'°C = 165.3 and 161.4 ppm (~O,C-"NH,-CHj-), which is relevant
for materials intended for direct air capture and CO, removal [42-47].

As for the 13C ss-NMR characterization, all the PEI-FB samples exhibited higher
chemical shift values (5!3C ~48-54 ppm) in comparison with those corresponding to the
PEI-HCI samples (5'3C ~38-47 ppm) (Figure 2). As in the hydrochloride samples, two *C
resonance signals were observed in the '3C CP-MAS spectra for the free bases. Previous
works employing '*C-NMR edition experiments with 'H dipolar filter and 'H spin-lock
filter allowed the assigning of each signal to differences in the molecular ordering in
PEI-HCI materials [12]. In the case of PEI-FB, these experiments did not allow us to obtain
the same information for each C signal. In particular, the 11 kDa PEI-FB sample displayed
signals at slightly lower '3C chemical shift values (5'*C = 48.4 and 50.3 ppm) compared
with the samples with other molecular weights. Considering the shorter polymer chain
length in comparison with the other PEI samples, it is possible that a different degree of
molecular confinement may take place; however, further studies are needed to support
this possibility.

Another aspect analyzed by ss-NMR was the treatment of the PEI-FB samples with HCI-
saturated isopropyl alcohol (IPA-HCI) to precipitate the corresponding PEI-HCI samples.
Upon addition of IPA-HCl to a methanolic PEI-FB solution, the PEI structure showed a 13C
spectrum compatible with complete protonation, displaying only one signal at 42.9 ppm
(PEI-HCI, Figure 3C). In contrast, the addition of IPA-HCI to the solid PEI-FB sample
resulted in an intermediate protonation state for the PEI structure (PEI-IPA-HC], Figure 3D).
Thus, this heterogeneously protonated form showed at least four 1*C resonance signals
at 51, 48, 44 and 43 ppm. The signals at 51.8/51.1 and 43.7/43.0 ppm were tentatively
assigned to the methylene carbons bonded to non-protonated and protonated nitrogen
atoms, respectively. For the signals at 47.8 and 47.0 ppm, the protonation degree varied
along with the degree of confinement of the polymeric regions into crystalline or amorphous
domains, as evidenced by the chemical shift values obtained for PEI-IPA-HCI (Figure 3).
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Figure 2. 13C CP-MAS spectra (MAS rate = 10 kHz, 150.91 MHz) of the PEI-FB and PEI-HCI samples.
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Figure 3. 13C CP-MAS spectra (MAS rate = 10 kHz, 150.91 MHz) of the PEI-FB (A), PEI-HCl as
synthesized (B), PEI-HCl obtained from the addition of IPA-HCl to a PEI-FB methanolic solution (C),
and PEI-IPA-HCI (D) samples. All the materials were synthesized from the corresponding 87 kDa
PEI-FB materials.

The addition of TFA, in turn, yielded the corresponding PEI trifluoroacetate (PEL-TFA).
The ATR-FTIR spectrum for the PEI-TFA sample (Figure S3) shows the ionic interaction
between the trifluoroacetate and protonated amine groups due to the characteristic sig-
nals from the asymmetric (v, = 1672 cm~ 1) and symmetric (Vsyn, = 1440 cm™1) stretching
modes of the carboxylate groups (RCO; ™) in comparison with the stretching mode of
the carbonyl group of the carboxylic acid (RCO,H) in the trifluoroacetic acid present at
~1783 cm~! [48-50]. Furthermore, the asymmetric stretching of the C-F bond is present
at 1196 cm~!. Additionally, the protonated PEI structure presents an intense absorp-
tion bands associated with its strong intermolecular hydrogen-bonding network around
2900-2300 cm ™~ L. Moreover, the 13C ss-NMR result shows values at 43.3 (-CH,-*NH,-) and
117 (-CF3)/163.3 (-CO, ™) ppm associated with the PEI and TFA moieties, respectively
(Figure 4). In particular, the -CF3 signal appeared as a broad resonance peak at 117 ppm.
This broadening arose from both the coupling between '3C and F nuclei and the low
efficiency during the 'H — '3C cross-polarization step in the '*C CP-MAS acquisition.
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Furthermore, the XRD profile of PEI-TFA was markedly different from those of the PEI-FB
samples, indicating a different crystalline arrangement together with an amorphous back-
ground contribution (Figure 4). To the best of our knowledge, this structural organization
has not been previously described for linear PEI-TFA (Figure 4). The diffraction pattern
for the PEI-TFA sample revealed the coexistence of ordered and disordered regions, as
evidenced by the intense reflections at 26 = 19.5 and 20.5°, as well as the broad amorphous
background extending throughout the entire spectrum. The presence of sharp and well-
defined peaks suggested that the interaction between PEI and TFA promotes a high degree
of short-range ordering within the material. As with the hydrochloride salt, the protonation
of the PEI-FB amine groups by TFA gave rise to ionic pairs (PEI- TFA). In this structure,
the trifluoroacetate anion provided a sterically demanding and highly electronegative
environment that might influence chain packing and intermolecular interactions. Previous
studies on TFA-containing organic salts have shown that this anion can promote strong
hydrogen bonding interactions while simultaneously inducing segregation of fluorinated
domains [24,51,52]. The peaks observed at 20 = 30.1 and 32.4° are unusual for semicrys-
talline PEI materials [12,35,40] and may be tentatively associated with short-range packing
involving trifluoroacetate groups and dense arrangements of fluorine and oxygen-rich
domains. However, additional structural studies are required to confirm these assignments.

10

43.3
PEI-TFA A
T L L ] 1 L] - L] AVIAqI L) L]
42.9
PEI-HCL JL
50.8
PEI-FB
T T T L} 1 w"’ | § T
25 30 35 40 200 180 160 140 120 60 40 20 0
26 () 8 3C (ppm)

Figure 4. XRD spectra (left) and 13C CP-MAS spectra (MAS rate = 10 kHz, 150.91 MHz) (right) of the
87 kDa PEI materials.

Furthermore, the introduction of other counterions results in dramatic changes to the
XRD profiles, as seen when switching from chloride to TFA or sulfate ions (Figures 4 and S4).
In particular, the PEI-sulfate samples, where protonated PEI chains were crosslinked with
sulfate ions, had previously been reported using copper sulfate [12]. In this work the
PEI-H,S0, and PEI-Na;SO4 samples were synthesized from aqueous solutions of PEI-HCI
and sulfuric acid or sodium sulfate, respectively. The physicochemical characterization of
these materials was practically identical among all samples (Figures 5S4 and S12). Particu-
larly, the PEI-sulfate materials are of interest for industrial application. In this regard, Yang
et al. reported the combination of PEI with ammonium sulfate as a composite leaching
agent for mining [53].

Additionally, the 'H ss-NMR spectra at a MAS rate of 60 kHz of the different PEI
materials showed well-resolved signals (Figure 5). These signals corresponded to the hydro-
carbon chain (§'H = 2-4 ppm), the protonated amine groups (-*NH,-, 'H > 9-10 ppm) and
water molecules (8'H = 5-7 ppm), including both free water and water that was hydrogen-
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bonded to the -NH- groups. Surprisingly, the §'H values for the hydrocarbon skeleton of
the PEI-HCl samples were greater than those of the PEI-FB materials, in contrast to the
trend observed for the 5'C values. In the case of the PEI-HCI material, the crystallized
sample showed slight differences when compared to the lyophilized sample. Particularly,
the methylene moieties in the crystallized sample of PEI-HCl appeared at §'H = 3.39 ppm,
the region of water molecules appeared at §'H = 5.37 ppm and the -*NH,- signal was
observed at 8'H ~10 ppm (Figure 5). In the lyophilized PEI-HCl samples, methylene
signals, water molecules and -*NH,- groups resonated at 5'H of 3.65, 6.05 and ~9.8 ppm,
respectively (Figure 5). In particular, the broad -*NH;- signal was more defined in the
case of the crystallized PEI-HCI in comparison with the lyophilized PEI-HCI. During the
lyophilization process, the disorder of the hydrocarbon chain of PEI increased, giving rise to
a more heterogeneous distribution of local environments consistent with the redistribution
of the signal toward the interfacial component observed by TD-NMR which may explain
the broader signal for the -*NH,- in comparison with the crystallized sample. Moreover,
the 'H signal for water molecules was detected at different §'H values, being higher for the
lyophilized PEI-HCl sample. The different crystallized PEI-HCI polymers showed a similar
behavior; however, the water populations were not observed in the 'H-MAS spectra. This
might be due to the broader signal of the methylene segments and the stronger 'H-'H
dipolar interactions, which likely overlapped with the water signal at 8'H = 3.66 ppm
in the PEI polymers of other molecular weights. The PEI-FB materials only showed the
'H resonance signals associated with the methylene (5'H = 2.58 ppm) and -NH-/water
molecule moieties (5'H = 5.04 ppm) (Figure 5).

Protonated -*‘NH,- H,0/-NH- -CH,-

1 / N\ PEI-TFA

. PEI-IPA-HCL

g PEI-FB

Lyophilized
a PEI-HCL

Crystallized
PEI-HCL

20 15 10 5 0 -5 —;0
8 'H (ppm)

Figure 5. 1H ss-NMR spectra (MAS rate = 60 kHz, 499.70 MHz) of the 87 kDa PEI materials.
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3 DQ (ppm)

Additionally, the PEI-IPA-HCI system, which consisted of a partially protonated struc-
ture as determined by the 3C ss-NMR studies (Figure 3D), showed a 'H-MAS spectrum
that was quite similar to that of the PEI-FB polymer (Figure 5). No signal corresponding to
the protonated form was detected at 8'H ~10 ppm. This observation may be associated
with the rapid proton exchange between the small fraction of protonated nitrogen sites,
resulting from the fast addition of IPA-HCl, and the water population at §'H = 4.86 ppm.
Alternatively, the crystalline signal of the PEI-FB might have masked the signals corre-
sponding to the low content of PEI-HCI, preventing them from being detected in 'H-MAS
RMN experiments.

In the different samples, the assignment of the !H resonance signal of water molecules
was based on the information obtained from the 2D 'H-'H SQ-DQ experiments (Figure 6).
Using different rotor-synchronized times (1-4), it was demonstrated that the water signals
(H,O in Figure 6) did not display a strong interaction with the PEI hydrocarbon structure
in the different protonated materials (PEI-HCI or PEI-FB) neither in the crystallized nor in
lyophilized PEI-HCl samples. This phenomenon is attributed to the mobile nature of these
water molecules, as opposed to crystallographic or rigid water molecules [54].

| -CH,- (b) | -CHz- (b)

-*NH2- H,0 “NH,- H,0 ||

(a)

@ A\

||/DQ=8SQ.+SQ,

A} (B)

13.5=10+3.5 [ | DQ=SQ,+8Q, (FH~—t>)12.0=8.2+3.8

—T
20

T
20

H20 /\-CH,- -*NH,- /\-CH,- (b)
2 fAS 27
-NH- (a+2) qu oY
(©) (D)
; DQ = sQa ora’ * sz el r°
e 13=10+3 \ .
Es 15=12+3 .,_..._....
52 ..~...,§.\. DQ= sQa + sQa‘ a
s 22=12+10 e

35Q (ppm)

Figure 6. 2D SQ-DQ ss-NMR spectra (MAS rate = 60 kHz, 499.70 MHz) with two rotor-synchronized
times of crystalline (A) and lyophilized PEI-HCI (B), PEI-FB (C) and PEI-TFA (D) materials. In
all spectra, the 'H-MAS spectrum (black line) is superimposed on the SQ dimension from the
2D experiment.

Specifically, the PEI-TFA sample showed four 'H-NMR signals at 5'H = 2.88 (-CHj-),
6.94 (H0), 9.82 (-*NH>-), and 12.24 (-*NH,-) in the solid state (Figure 5). These 'H-NMR
patterns differed from those of the other PEI structures. As confirmed by the 2D 'H-'H
S5Q-DQ spectrum analyzed below (Figure 6D), at least two well-resolved resonance signals
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could be attributed to different protonated states of the nitrogen atoms in the PEI-TFA
(signals a and a’ in Figure 6D). Although these resonance signals can only be attributed
to the protonation of the amine groups by the action of the TFA molecules, the main
hypothesis is that these protonated structures coexist in different segments during the
crystallization of the polymeric chains. Interestingly, and unlike in the 'H-MAS (SQ)
spectrum, in the 2D I1H-1H SQ-DQ spectrum obtained for the PEI-TFA sample, the water
signal at 5'H = 6.94 ppm (“H,0” in Figure 6B) was absent, which is due to the sufficient
rotational/translational dynamics that average out the dipolar couplings and hinder the
detection of DQ coherences. However, the 2D 'H-'H SQ-DQ spectrum was particularly
useful to demonstrate that both protonated structures (5Q = 12.2 and 9.8 ppm) are in close
spatial proximity to each other, as evidenced by the off-diagonal signals at DQ = 22.0 ppm,
along with the signal corresponding to the hydrocarbon chain of the PEI-TFA polymer
(DQ = 13.8 ppm, Figure 6D).

Likewise, the 1N CP-MAS spectra were acquired at natural abundance for PEI-HCI,
PEI-FB, PEI-TFA and PEI-IPA-HCI (Figure 7) and for the sulfate-containing PEI samples
(Figure S4(IIC)). PEI-FB exhibited a single resonance signal at 5'°N = —342.6 ppm, which
was shifted upfield relative to PEI-HCI (§!°N = —334.9 ppm) [NO_PRINTED_FORM]. This
upfield shift contrasts with the downfield shift observed for PEI-FB relative to PEI-HCl in
the 13C CP-MAS spectra reported in this work (Figures 2 and 7).

—346.6

PEI-IPA-HCl

-334.9

PEI-HCL

I L L L} L] L L] L} 1
-300 -310 -320 -330 -340 -350 -360 -370 -380
3 '*N (ppm)
Figure 7. 15N CP-MAS spectra (MAS rate = 10 kHz, 60.80 MHz) of the 87 kDa PEI materials.
Particularly, the PEI-TFA, PEI-H,SO4 and PEI-Nay;SO4 samples resonated at —345.1,
—343.3 and —342.9 ppm, respectively. Thus, all three salt forms lie within 2.1 ppm of PEI-FB,

whereas their >C resonances show a consistent upfield displacement of approximately
6-8 ppm relative to the free base (Figures 3, 4 and S4). These observations show that, for the
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counterions studied here, the 1°N chemical shift alone does not provide an unambiguous
measure of protonation. The assignment of the protonated salt structures relies instead
on the combined 3C- and 'H- solid-state NMR and FTIR experiments (described in the
Supplementary Material Section).

PEI-IPA-HCl showed two resolved resonances at —341.9 and —346.6 ppm (Figure 7),
demonstrating distinct local nitrogen environments, in agreement with the heterogeneity
inferred from its 13C CP-MAS spectrum (Figure 3D). Their proximity to the free-base reso-
nance does not, by itself, identify their protonation states or quantify the corresponding
populations. These results support the coexistence of nitrogen sites with different pro-
tonation states and local structural organizations, giving rise to multiple N resonance
signals. Previous studies conducted on lyophilized PEI-HCI allowed the identification of
crystalline and amorphous domains with resonances at §'N = —334.9 and —333.4 ppm,
respectively [12], demonstrating that the differences in molecular order may also contribute
to the resolution of distinct nitrogen environments.

2.2. DFT Calculations

To assess whether the differences observed in the 13C CP-MAS spectra arose from the
protonation degree or from chain packing, theoretical calculations were carried out. In
addition to the standard functional, dispersion-corrected calculations were performed to
evaluate their influence on the results. The inclusion of dispersion improved the agreement
with the experimental values for the fully protonated systems, but did not alter the relative
trends on which the following analysis is based; the values obtained at the different levels of
theory are detailed in Tables S2-57. In the calculated models, the protonation of the internal
secondary amines shifted the resonance of the neighboring carbons upfield (Table 1). The
six internal backbone carbons (C3-C8, Figure 8A), which are flanked on both sides by
protonatable secondary amines, exhibited an average calculated chemical shift of 57.2 ppm
in the unprotonated system (with 0% protonation corresponding to the PEI-FB). Upon full
protonation, the average calculated chemical shift decreased to 47.9 ppm for the chloride-
containing model (Figure 8B) and to 45.7 ppm for the TFA-containing model (Figure 8C),
corresponding to changes of approximately 9.3 and 11.5 ppm, respectively. For both
counterions, the calculated results were compared with experimental data using the same
two metrics: the absolute chemical shift of the fully protonated form, and the protonation-
induced shift Ad relative to the free base (Table 1). For the absolute shift, the calculated
values (47.9 ppm for chloride and 45.7 ppm for TFA) reproduced the experimental values
(42.9 and 43.3 ppm, respectively). For the protonation-induced shift, the calculated Ad
was 9.3 ppm for chloride and 11.5 ppm for TFA, compared with experimental values of
approximately 7.9 and 7.5 ppm; the agreement was therefore good for chloride but the shift
was overestimated for TFA.

Table 1. Calculated isotropic 3C chemical shifts of the internal backbone carbons of the PEI model
systems as a function of the protonation degree, the counterion and the packing model.

S . Protonation 5 Center 5 Range Dispersion
ystem Counterion o
(%) (ppm) (ppm) (ppm)

Hexamer - 0 57.2 57.1-57.2 0.2
Hexamer Cl~ 25 53.6 51.0-57.0 6.0
Hexamer Cl~ 50 52.0 50.8-53.1 2.3
Hexamer Cl~ 100 479 44.9-49.1 4.3
Hexamer CF3CO,~ 25 53.3 49.5-56.8 7.3
Hexamer CF5CO,~ 50 (trans) 49.6 45.7-52.8 7.1
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Table 1. Cont.
System Counterion Protoonatlon & Center 6 Range Dispersion
(%) (ppm) (ppm) (ppm)
Hexamer CF;CO,~ 50 (cis) 51.2 46.7-54.5 7.8
Hexamer CF;CO, ™ 100 45.7 45.0-46.7 1.7
Dimer - 0 56.7 55.9-57.3 1.4
Dimer Cl 100 48.5 46.4-50.3 3.9
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Figure 8. Optimized geometries of the unprotonated linear PEI hexamer (free base, 0% protonation)
showing the numbering of the backbone carbon atoms (A), the fully protonated PEI-HCI (B), the fully
protonated PEI-TFA (C), and the dimeric PEI models of unprotonated (0%) (D) and fully protonated
(100%) (E).

The interchain packing, defined here as the effect of stacking two chains held at
the same extended conformation, had a much smaller effect on the 3C chemical shifts.
Upon comparing the isolated hexamer with the dimeric model at the same protonation
degree, it was found that the center of the backbone resonances changed by only 0.5 ppm
in the free base (57.2 to 56.7 ppm) and by 0.6 ppm in the fully protonated system (47.9
to 48.5 ppm). In these models, and at constant chain conformation, the contribution of
interchain packing to the '3C chemical shifts was roughly one order of magnitude smaller
than that of protonation.

The chain conformation, however, was not independent of the counterion. In the
dimeric models with chloride, the two chains are extended and strictly equivalent in the un-
protonated system, whereas upon full protonation, the chains folding and this equivalence
is lost, with differences of up to 4 ppm between formally equivalent carbons (Figure 8D,E).
A comparable folding is observed in the fully protonated hexamer containing chloride,
but not in the corresponding hexamer containing TFA, where the chain remains unfolded
(Figures S5 and S6). This finding is consistent with the small, compactly charged chloride
ion, which can bridge adjacent ammonium groups, thus favoring the generation of folded
conformations. Conversely, the bulkier TEA moiety hinders such compact arrangement.

The steric role of the counterion is further supported by the arrangement it can
adopt along the chain. Placing the chloride ions on the same side of the backbone (cis)
rather than on opposite sides (trans) leads to the generation of a slightly less unfolded
conformation, but leaves the calculated 13C shifts essentially unchanged, indicating that the
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results are robust with respect to the specific placement of the counterions. The equivalent
cis arrangement could not be stabilized by TFA since during optimization, spontaneous
proton transfer from the ammonium groups to the carboxylates occurred, with the resulting
neutral acid molecules being reoriented towards the trans-like disposition. Conversely, the
corresponding trans arrangement, optimized under identical conditions, retained the ion
pair. Minor conformational adjustments therefore left the '3C shifts unaffected, whereas
the pronounced folding described above induced a substantial change in the chemical shift.

The interchain packing was therefore modeled only with chloride, as the steric require-
ments of TFA made a comparably compact arrangement unlikely. This conformational
difference contributed to the '3C shifts through additional through-space interactions,
constituting a third variable, which is different from interchain packing as defined above,
which modulated the resonances of the backbone carbons.

Protonation and packing differ not only in the chemical shifts they produce, but also in
their dispersion among the individual backbone carbons. Full protonation causes internal
carbons to resonate within a narrow frequency range (1.7-4.3 ppm, depending on the
counterion), yielding a single, broad signal. Partial protonation, in contrast, can generate
markedly inequivalent environments, with dispersions of up to 7.8 ppm, depending on
how the protonated sites are distributed along the chain. The multiple backbone resonances
observed for the PEI-IPA-HCI sample, spanning ~ 8 ppm, are therefore likely to reflect a
combination of two distinct contributions. On the one hand, the heterogeneous distribution
of protonation environments, which alone accounts for dispersions of up to 7.8 ppm; on the
other, the counterion-induced folding described above, which can add up to 4 ppm. Pure
interchain packing, accounting for less than 1 ppm, is by contrast a minor contribution.

The correlation between calculated dispersion and protonation state is consistent
with the number of signals observed experimentally. The unprotonated free base and the
fully protonated forms, which show the smallest calculated dispersions, correspond to the
samples displaying essentially a single backbone resonance. The intermediate protona-
tion states show the largest calculated dispersions, in line with the partially protonated
PEI-IPA-HCI sample, where multiple backbone resonances are observed. The origin is
not strictly identical in the two cases. In a single model chain, the dispersion arises from
inequivalent sites along the chain, whereas in the real material it reflects the coexistence
of domains with different protonation degrees. However, in both cases, the same under-
lying cause applies: a heterogeneous distribution of protonation gives rise to multiple,
inequivalent carbon environments.

The GIAO calculations were also extended to >N nuclei of the hexamer and dimer
models, at the same protonation degrees and levels of theory used for 1*C (Tables S8-510).
For the unprotonated and fully protonated systems, where the four internal nitrogen
atoms are chemically equivalent, the calculated shift reproduced experimentally observed
downfield displacement upon protonation for chloride. For the partially protonated models
(25% and 50%), each internal nitrogen atom was close to either the free-base or the fully
protonated value rather than to an intermediate one. This bimodal behavior, consistent with
the two resolved '°N signals observed for the partially protonated PEI-IPA-HCI sample,
further supports the coexistence of nitrogen sites in discrete protonation states rather than
a continuum of intermediate environments along a single chain.

In contrast to the '3C chemical shifts where interchain packing contributed less than
1 ppm, the dimeric chloride models showed a substantially larger packing-induced dis-
persion among nominally equivalent atoms (6 to 8 ppm for the free base, 16 to 17 ppm for
the fully protonated form). This is consistent with the higher intrinsic sensitivity of 1°N,
relative to 1C, to the hydrogen-bonding and packing environment [55]. Experimentally,
the trifluoroacetate and sulfate resonances are all close to that of PEI-FB, whereas the
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PEI-HCI value differs appreciably (Figures 7 and S4). Steric or conformational arguments
specific to trifluoroacetate cannot be extended to the sulfate observations, since sulfate
is a small, compactly charged anion that acts as a bidentate bridge between protonated
chains. Differences in ion pairing, hydrogen bonding and local solid-state organization are
possible contributors, as the ion-pair and hydrogen-bond structures of alkylammonium
salts are strongly anion-dependent [56]. It is worth mentioninig that no sulfate model was
calculated, and gas-phase models used here do not reproduce the complete experimental
counterion dependence.

2.3. Molecular Dynamics in PEI Polymers

Dipolar refocusing experiments, such as the magic sandwich echo (MSE) ss-'H NMR,
are widely used in polymer and material characterization [57-62]. Specifically, this sequence
employs a pulse train that reverses dipolar interaction, thereby preventing the signal loss
from the more crystalline or rigid domains during acquisition, a common issue caused by
instrument dead time.

Beyond the structural and protonation-state differences described above, low-field
time-domain NMR experiments using the MSE sequence were performed to further in-
vestigate proton mobility and dynamic heterogeneity in the different PEI materials. The
MSE-FID analysis revealed the coexistence of three dynamically distinct proton popula-
tions, which can be assigned to rigid (associated with crystalline regions), interfacial, and
mobile domains (associated with amorphous regions) (Figure 9 and Table 2). The domains
reported in Table 2 and Figure 9 correspond to single measurements per material. Error bars
represent the standard error of each fitted amplitude coefficient, reflecting the precision
of the fit given the model and the signal-to-noise ratio of each individual decay curve; as
only one measurement was performed per sample, these do not capture inter-preparation
reproducibility, which is acknowledged as a limitation of the present study. The quantita-
tive analysis of the samples revealed a matrix that was structurally dominated by rigidity,
where the combined rigid and interfacial fraction accounted for approximately 60% to 83%
of the total proton signal in the three-component samples; for the two-component sulfate-
containing samples, the rigid fraction alone accounted for 70-72% (Table 2), indicating that
most protons experienced strongly constrained environments. The high proportion of con-
strained protons observed in both PEI-FB and PEI-HCl samples was consistent with a dense
intermolecular packing and a highly interconnected hydrogen-bonding network, resulting
in strong effective 'H-'H dipolar couplings (Table 2). Lyophilization and crystallization
of PEI-HCI materials further modified the relative proportions of the rigid, interfacial,
and mobile populations, reflecting a protonation-dependent reorganization rather than a
uniform increase in matrix rigidity.

The Abragam function parameters [63] corresponding to the rigid component (T,,
w; Table 3) remained essentially unchanged with molecular weight and protonation state
(a = 18-23 us, b = 135-168 kHz across PEI-FB, PEI-HCl, PEI-Na;SO4 and PEI-H,SO,
samples), indicating a similar local dipolar coupling network within rigid domains for
these materials. This suggests that, despite variations in rigidity, the local organization and
dynamic characteristics of the rigid domains was similar in all samples. In contrast, the
interfacial component showed an increase in the spin—spin relaxation time (T) in PEI-HCI
samples, indicating a change in segmental mobility in regions connecting the more rigid
and mobile domains. The most significant effect was observed in the mobile fraction. While
the PEI-FB samples exhibited relatively short T, values (~0.07-0.1 ms), the PEI-HCl systems
showed an increase in these values, reaching up to ~1.3 ms. This increase in T, values
was consistent with weaker effective "H-'H dipolar couplings and enhanced motional
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averaging in the non-rigid domains. This behavior may reflect reduced local constraints
and/or changes in hydration and chain packing.
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Figure 9. Estimation of the rigid, interfacial and mobile domains for the indicated PEI polymer
materials using time-domain NMR studies for the PEI-HCI (A) and PEI-FB (B) materials with different
molecular weights and different 87 kDa PEI materials (C).

Table 2. Estimation of the rigid, interfacial and mobile domains for the indicated PEI polymer
materials using TD-NMR (MSE), obtained from fitting Equation (S2) (see Supplementary Information).
Uncertainties are propagated from the standard errors of the fitted amplitude coefficients.

Material Rigid (%) Interfacial (%) Mobile (%)
11 kDa PEI-FB 55+5 16 + 6 30+3
22 kDa PEI-FB 51 +4 2345 26+ 3
87 kDa PEI-FB 5545 17 + 4 28+5
217 kDa PEI-FB 5745 18+ 6 25+3
11 kDa PEI-HCI 53 +3 29 + 4 18+1
22 kDa PEI-HCl 54 +2 2142 25+1
87 kDa PEI-HCl 47 +2 2442 2942
217 kDa PEI-HCI 50 + 3 2743 2342
87 kDa Deuterated PEI-HCl 49+6 3446 17 £2
87 kDa Lyophilized PEI-HCI 40 + 4 4144 19 £2
87 kDa PEI-TFA 31+2 2942 40 +1
87 kDa PEI-Na,SO4 (D 7241 — 28+1
87 kDa PEI-H,SO4 (D 70 42 — 30+2

@ Two-component model (Abragam + 1 exponential); interfacial and mobile fractions were not
resolved as separate populations for this sample and are reported as a single combined mobile-like
fraction (Mobile column).
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Table 3. Abragam function and exponential decay (T) parameters obtained from TD-NMR (MSE)
fitting for the indicated PEI polymer materials. The a and b are the Gaussian decay time and
damping/oscillation frequency of the Abragam (rigid-domain) term, respectively (Equation (S2), see
Supplementary Information).

Material 2 (ms) b (kHz) T, Interfacial T, Mobile
(ms) (ms)

11 kDa PEI-FB 0.022 + 0.003 161.5 + 8.7 0.018 + 0.006 0.072 + 0.004
22 kDa PEI-FB 0.023 + 0.003 168.3 + 8.3 0.020 + 0.005 0.077 £ 0.005
87 kDa PEI-FB 0.018 + 0.002 145.6 + 14.9 0.035 + 0.016 0.097 + 0.010
217 kDa PEI-FB 0.022 + 0.002 162.6 + 7.8 0.016 + 0.004 0.070 + 0.004
11 kDa PEI-HCI 0.022 + 0.003 156.6 4+ 9.2 0.025 + 0.003 0.494 + 0.030
22 kDa PEI-HCl 0.022 + 0.002 160.9 + 6.9 0.034 + 0.004 0.694 + 0.053
87 kDa PEI-HCl 0.023 + 0.002 161.8 & 6.5 0.032 + 0.003 1.338 + 0.205
217 kDa PEI-HCl 0.023 + 0.003 158.3 £ 8.1 0.025 + 0.003 0.781 + 0.064
87 kDa Deuterated PEI-HCl 0.020 + 0.004 134.8 +21.5 0.024 + 0.004 0.381 + 0.028
87 kDa Lyophilized PEI-HCI 0.022 + 0.004 151.0 + 13.2 0.024 + 0.002 0.870 + 0.107
87 kDa PEI-TFA 0.028 + 0.004 2034 + 6.2 0.027 + 0.003 0.167 + 0.004
87 kDa PEI-Na,SO, @ 0.021 =+ 0.001 138.7 £ 4.1 — 0.057 + 0.002
87 kDa PEI-H,S0, (U 0.023 £ 0.001 135.5 + 3.9 — 0.055 + 0.002

(@ For 87 kDa PEI-Na,SO, and PEI-H,SOy, interfacial and mobile T, were not resolved separately;
the single value shown corresponds to the combined mobile-like component from the two-component
model [38-40,64].

The lyophilized PEI-HCl sample showed a different behavior: even when the rigid
component fraction was reduced, the increase in T, values was less significant when
compared to the crystallized PEI-HCI] sample (Tables 2 and 3). This finding indicates
that the decrease in the rigid fraction did not directly translate into enhanced mobility,
evidencing a decoupling between structural order and molecular dynamics. Considering
the mobility regimes exhibited by the PEI-HCI and PEI-FB samples, it was observed that
freeze-drying affected both the mobile and rigid domains (Tables 2 and 3), resulting in an
increase in the interfacial region for PEI-HCI. In this regard, the precipitation/crystallization
of PEI-HCI and PEI-FB polymers during the synthetic procedures appears to provide a
controlled environment for PEI chain ordering. Conversely, freezing PEI-HCI solutions and
subsequently sublimating the water molecules induces stress in the material, leading to a
tendency toward a certain degree of ordering, as evidenced by interfacial and rigid fractions
of 41% and 40%, respectively (Table 2). Relative to the non-deuterated 87 kDa PEI-HCl
sample, deuteration was accompanied by a marked decrease in the mobile-component T5
(1.338 to 0.381 ms) and a smaller decrease in the interfacial T, (0.032 to 0.024 ms), reflecting
the change in the observed proton population and dipolar couplings upon deuteration,
rather than a moderate increase in either parameter. Overall, these results demonstrate
that molecular mobility in these systems was not solely governed by the number of rigid
domains. Instead, specific interactions arising from different protonation states played a
dominant role in modulating polymer dynamics, particularly in the mobile and interfacial
regions (Figure 9).

In contrast, the PEI-TFA polymer exhibited the most significant changes among the
polymers treated with monodentate anions, with a decrease from approximately 24 to
16 percentage points in the rigid fractions, as compared to PEI-FB and PEI-HC], respectively
(Table 2). In addition, the PEI-TFA samples shows markedly higher values of the Abragam
function parameters (a =27.7 &= 4.1 ps, b = 203.4 =+ 6.2 kHz) than the other materials (Table 3),
suggesting that the trifluoroacetate anion locally altered the packing/dipolar coupling
network of the rigid domains—consistent with the pronounced disorder evidenced by XRD
experiments (Figure 4).
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However, the sulfate-containing materials showed the greatest impact on the mobility
of the PEI chains, with rigid proton fractions of 72% for PEI-NaySO4 and 70% for PEI-H,SO4
(Table 2). Their bulk S:N ratios of approximately 0.49, together with the enrichment relative
to the sulfate added (Supplementary Materials), provide independent compositional sup-
port for the formation of sulfate-rich ionic associations in the isolated materials. Combined
with the relaxation behavior, these observations are consistent with ionic crosslinking by
the bidentate sulfate anion restricting PEI segmental motion. However, near-stoichiometric
charge compensation does not establish that every sulfate ion forms an interchain bridge,
and the TD-NMR rigid fraction should not be interpreted as a percentage of crosslinked
repeat units.

2.4. SAXS Studies in PEI Materials

The chain long-range ordering of PEI-FB and PEI-HCI dry samples was assessed by
SAXS (Figure 10). Two common features were observed in all samples. These features were
the presence of a steep slope at the low g regime and a correlation peak at the high g range.
Therefore, in order to model the SAXS profiles, two equations were combined. For the low
g regime, a power-law model was chosen since the profiles follow a characteristic scaling
behavior. For the correlation peak, due to peak shape, a Lorentzian peak fitting model was
chosen. The adjustment parameters are shown in Table 4. First, at low g, the steep slope
represented by the power-law exponent « varied between 3.5 and 4, which is related to
the fractal dimension, D (Tables 4 and S11). For mass fractals regimes, « = Dm, varying
between 1 and 3. For surface fractals, « is equal to 6—Ds and varies between 3 and 4, giving
values for Ds between 3 for rough surfaces and 2 for smooth interfaces [64,65]. This implies
that at the higher nanometer range, the nature of the scattering particles is related to surface
fractals [66]. Second, at high g, a peak corresponding to a highly ordered structure was
observed. This feature was observed between 0.08 and 0.1 A~ for most samples except
for 22 and 217 kDa PEI-FB, which showed a subtle bump for which the maximum is not
clear, probably indicating a low proportion of this structure in these materials. This peak
corresponds to PEI long period with d = 27t/4 in the range of 56-76 A. A similar range for
hydrated PEI samples was found by Hashida et al. [67]. This finding indicated that both
free bases and hydrochlorides shared a similar nanoscale structure regarding their lamellar
stacking and surface fractal structures. Nevertheless, in the case of the hydrochlorides, this
peak appeared at a q value that was lower than that corresponding to the free bases. It can
be assumed that the protonation state and/or counterion of PEI influences its nanoscale
structure. This phenomenon was not evidenced when comparing the peak g value among
PEI of different molecular weights. In the latter case, no trend could be observed.

The relevance of the protonation state and /or counterion effect was more evident when
comparing SAXS profiles of the 87 kDa PEI polymer prepared under different experimental
conditions (Figure 11). To carry out a proper comparison, these samples were also modeled
using an equation that combines a power-law and a Lorentzian peak equation. From the
comparison of the profiles, it was clearly observed that the influence of the counterions on
the fractal dimension of the aggregates was negligible, as when molecular weights were
compared, their « being between 3.5 and 4 values (Ds from 1.9 to 2.5) (Tables 5 and 512). In
contrast, the correlation peak g and the proportion of this structure in the bulk material were
found to be highly affected by the different PEI treatments. Seemingly, the hydrochlorides
presented the least prominent correlation peaks, either as HCl, lyophilized HCI (PEI-HCI-L),
or obtained from IPA-HClI solutions.
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Figure 10. SAXS profiles for PEI-FB (A) and PEI-HCI (B) samples.
Table 4. SAXS power-law, Lorentzian peak model parameters for PEI free bases and hydrochlorides.
PEI Material o Ds Peak g (A-1) Peak d (A) 2@
11 kDa PEI-FB 3.877 £+ 0.002 2.123 4+ 0.002 0.1124 + 0.0002 55.90 + 0.10 12.226
22 kDa PEI-FB 3.992 + 0.002 2.008 + 0.002 0.0933 £ 0.001 nd. @ 1.9554
87 kDa PEI-FB 3.893 + 0.002 2.107 + 0.002 0.1003 £ 0.0002 62.6 £ 0.1 2.6112
217 kDa PEI-FB 3.944 + 0.001 2.056 4+ 0.001 0.0673 £ 0.0005 nd. @ 79.837
11 kDa PEI-HC1 3.5234 + 0.0009 2.4766 4+ 0.0009 0.0894 + 0.0001 70.28 + 0.08 17.105
22 kDa PEI-HC1 3.6471 £ 0.0006 2.3529 4+ 0.0006 0.08905 + 3 x 107° 70.56 + 0.02 157.64
87 kDa PEI-HCl 3.645 + 0.002 2.355 4+ 0.002 0.0824 + 0.0003 76.3 + 0.3 1.6831
217 kDa PEI-HC1  3.7115 =+ 0.0008 2.2885 + 0.0008 0.08851 + 7 x 107> 70.99 4+ 0.06 16.624

() Chi-squared goodness-of-fit for the combined model. ¥ Not determined due to diffuse maximum.
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Figure 11. SAXS profiles for PEI polymers with different counterions (C1~, SO42~, F3CCO, ™) and
protonation degrees.
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Table 5. SAXS power-law, Lorentzian peak model parameters of 87 kDa PEI samples.
. Peak g Peak d 2(1) 2nd Peak q 2nd Peak d 22

PEI Material 4 Ds A-1) A) X (A-1) A) X
PEI-FB 3.893 £ 0.002  2.107 £ 0.002 0.1003 £ 0.0002 62.64 +0.12 2.6
PEI-HCl 3.645 +0.002  2.355 £ 0.002 0.0824 £ 0.0003 76.25 + 0.28 1.7

PEI'HCI-L®)  3.809 +0.002  2.191 + 0.002 0.0813 = 0.0003 77.28 +0.29 12

PEI-IPA-HCl  4.058 4 0.001  1.942 £ 0.001 0.112 4+ 0.001 56.10 = 0.50 10.7

PEI-H,S04 3.695 4+ 0.002  2.305 £ 0.002 0.09700 £ 0.00005 64.78 + 0.03 9.1 0.2035 £ 0.0006 ~ 30.88 + 0.09 1.3

PEI-Na,SO;  3.614 £0.002  2.386 + 0.002 0.11081 + 0.00002 56.70 = 0.01 120.8 0.2209 £0.0004  28.44 4+ 0.05 4.1
PEI-TFA 3.454 +0.002 2.546 £0.002  0.055929 4 0.000004  112.34 + 0.01 190.4

(M Chi-squared goodness-of-fit for the combined model. @ Chi-squared goodness-of-fit for the higher
q Lorentzian peak model. ® PEI-HCI-L refers to the lyophilized sample of the PEI-HCL.

In order to analyze the effect of counterions other than TFA, PEI-H,SO4 and
PEI-NaySO4 materials were synthesized from the corresponding PEI-HCI aqueous so-
lution and the addition of sulfuric acid or sodium sulfate solutions, respectively
(Figures 11 and S8). Under these different preparation conditions, sulfate ions are expected
to interact ionically with protonated PEI chains, potentially acting as ionic crosslinkers
between polymer segments. Although the amount of sulfate added during the synthesis
corresponds to only approximately 0.28 sulfate ions per PEI repeat unit, the isolated solids
contain approximately 0.49 sulfate ions per repeat unit (Table S14). This enrichment was
consistent with the selective precipitation of a sulfate-rich polymer fraction, so that the
composition of the isolated materials differs from that of the initial reaction mixture. Inter-
estingly, PEI-H,SO,4 and PEI-NaySOy exhibited similar XRD patterns and TH/13C ss-NMR
spectra (Figure 54), suggesting the existence of comparable local chemical environments
and a crystalline arrangement [12]. Remarkably, sulfate- and TFA-containing samples
presented more intense peaks than PEI-HCI. These differences may arise from variations
in the relative abundance of the correlated domains, their degree of organization, and the
electron-density contrast introduced by the different counterions. In particular, PEI-TFA
exhibited a broad and intense correlation peak that was shifted toward the lowest g and
higher d. The assumption of the effect of the counterion was further supported by the
observation that both samples obtained with sulfates showed two correlation peaks with
different d corresponding to the first- and second-order reflections of a lamellar stacking
(Figure 11).

2.5. HRMAS NMR Studies in PEI-Gel Materials

In general, NMR is the gold standard spectroscopic technique for characterizing a wide
range of materials at the atomic scale. Regarding gel or soft materials, the HRMAS NMR
methodology allows the study of these structures in the swollen state using deuterated
solvents at very low MAS rates (4-5 kHz). In this sense, the experiments render solution-
state-like NMR spectra similar to those observed for dissolved molecules. Complementing
the solid-state characterization presented above, HRMAS NMR was used to examine how
the local chemical environments of PEI persist and evolve upon swelling in gels and PEI-
containing films. As a reference for signal assignment, the EGDE-IM gel (synthesized
from ethylene glycol diglycidyl ether = EGDE and imidazole = IM) [22] model compound
was analyzed first, followed by the PEI-EGDE gels, the starch-PEI films, and the effect of
sulfate-induced crosslinking and swelling. Previously, we have reported the use of HRMAS
NMR experiments to study the chemical structure of hydrogels from PEI-HCI polymers
and the chemical crosslinking with EGDE due to their relevance in the adsorption of copper
ions and the removal of emerging contaminants from water [25-27]. In this work, we will
address the use of this technique to study the synthesis of these PEI hydrogel structures in
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acetonitrile, their swelling capacity in organic solvents and the inclusion of PEI polymers
in starch films as well as the crosslinking with sodium sulfate.

First, the 'H HRMAS NMR spectrum is shown for the EGDE-IM hydrogel [22] swollen
in D,0 to indicate where the proton resonance signals corresponding to the crosslinking
segments at §'H = 3.2-4.5 ppm are observed (Figure 12). In addition, the signals associated
with the mono and disubstituted imidazole rings and moieties of EGDE bounded to
the imidazole ring are shown at 8'H = 6.5-8 and 4-4.5 ppm, respectively. When PEI-
EGDE hydrogels are analyzed, the regions associated with the EGDE resonate around
3.25-4.20 ppm while the PEI segments are present at 2.25-3.25 ppm. The complete NMR
analysis of the PEI-EGDE hydrogels synthesized in water was reported previously [25].
In this work, the PEI-EGDE gel was synthesized by replacing water with acetonitrile. In
this regard, the 'H HRMAS NMR spectra for the PEI-EGDE gels synthesized in water or
acetonitrile were similar, indicating comparable local chemical environments in both cases.
Thus, chemical crosslinking can be carried out in both solvents, with water being more
appropriate to reduce environmental impact during the synthetic procedure. Interestingly,
the reaction time for the synthetic procedure was reduced to 40 min in acetonitrile, in
contrast with 120 min in water. This can be associated with the higher solubility of EGDE in
acetonitrile than in water. Moreover, the PEI-EGDE hydrogel shows an interesting swelling
in CDClj3 (swelling capacity (5%) = 980 +£ 67) which allowed its study by HRMAS NMR.
Again, the 'H HRMAS NMR spectrum in CDCl3 was similar to those in D,O, with a slight
decrease in the segment corresponding to the methylene moieties of the PEI structure
(8'H = 2.25-3.25 ppm). This effect can be attributed to the lower swelling of the protonated
PEI segments within the gel when CDCl; was used. However, the EGDE regions may
contribute to the high swelling in the organic solvent.

‘Uu \“/h\ e~

ClCH
i S 6 5 W 20
, 7 6 5 20
JW (B) \ M
: 7 6 5 30
f 4LA|‘ T T JAJJ\\ T \ T T T i
7 6 5 3.0 2.5 2.0
81H(ppm)

Figure 12. Full (left) and partial (right) I'H HRMAS NMR spectra (MAS rate = 4 kHz, 600.09 MHz)
for the following gel materials: EGDE-IM (A) and PEI-EGDE synthesized in water (B) or acetonitrile
(C) swollen in D,O; and the PEI-EGDE synthesized in water and swollen in CDCl3 (D).

Then, 13C HRMAS NMR experiments were performed in different PEI-related struc-
tures: starch-PEI film (10% PEI) [15] and PEI-EGDE gel synthesized in water (Figure 13) [25].
In both systems the protonated PEI moieties are shown around 43-44 ppm with the rest
of the characteristic carbon resonance signals corresponding to the starch or crosslinker
(EGDE) at chemical shift values higher than 60 ppm. Particularly, two different 13C envi-
ronments can be observed at 43.3 and 43.7 ppm for the PEI segments in comparison with
the starch-PEI film (§'3C PEI = 44.1 ppm), where the polymeric structure is dispersed in the
starch structure and not covalently bounded. In the PEI-EGDE gel, the polymeric struc-
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ture can be confined in different regions within the hydrogel as the result of the chemical
crosslinking in the gel structure.

466 44.0
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100 90 80 70 60 50 40 30 20 10 0

43.3/43.7 B
s ©)
| o | > | . I . | . | : | e | E | . I Y |
100 90 80 70 60 50 40 30 20 10 0

I [ [ [ [
100 90 80 70 60 50 40 30 20 10 0

8 13C (ppm)

Figure 13. 13C HRMAS NMR spectra (MAS rate = 4 kHz, 150.91 MHz) for the starch-PEI film (A) and
PEI-EGDE gel swollen in D,O (B) or 100 mM of NaySOy in D,O (C).

Finally, the '3C HRMAS NMR spectrum for the PEI-EGDE hydrogel swollen in 100 mM
of NaySO4 in D,O was studied (Figure 13). The spectrum shows a new 13C resonance
signal at 46.6 ppm, consistent with an additional chemical environment arising from the
ionic interaction between protonated PEI amine groups and sulfate ions. It is important
to remark that the ss-NMR results did not detect differences in the '*C chemical shift
values between PEI-H,SO,4 and PEI-NaySO4 in comparison with the PEI-HC] material
(Figure 54). In the gel state, crosslinking with sulfate ions of PEI-EGDE gel may give rise to
different environments where the carbons of the protonated PEI structures (5'3C = 43.3 and
43.7 ppm) were shifted to higher frequency values (§'3C = 46.6 ppm) due to the interaction
with sulfate ions. Unfortunately, the PEI-H,SO4 and PEI-NaySO, materials did not present
observable HRMAS NMR signals, tentatively attributed to their markedly lower swelling
combined with insufficient segmental mobility to narrow the 'H linewidths under HRMAS
conditions in comparison with PEI-EGDE hydrogels (5% = 4291 =+ 281).

The swelling values for the PEI-H;SO4/PEI-Na;SO4 were 180 £+ 4/185 £ 7,
174 +9/167 £ 3 and 136 + 2/133 £ 3 at pH 4.0, 6.0, and 8.0, respectively. In particu-
lar, PEI-H,SOy4 and PEI-NapSO4 materials exhibited a decreasing trend in the swelling
values with increasing pH. Values at pH 4 and 6 were quite similar, whereas the value at
pH 8 was lower than that at pH 4. The decrease in the swelling properties with increas-
ing pH is consistent with reduced protonation of PEI amine groups, whereas the higher
positive charge density under acidic conditions may favor hydration and chain expansion,
contributing to greater liquid retention.

3. Conclusions

In this work, we report a comparative solid-state characterization of linear PEI poly-
mers with molecular weights ranging from 11 to 217 kDa in their free-base and protonated
forms, including materials containing chloride, sulfate, and trifluoroacetate counterions,
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updating the state of the art in the solid state for L-PEI polymers. By combining solid-
state NMR, XRD, SAXS, TD-NMR, and DFT calculations, this study provides a multiscale
description of how molecular weight, protonation state, counterion type, and sample-
processing conditions influence the local chemical environments, crystalline organization,
nanoscale structure, and molecular mobility of L-PEI materials.

The experimental conditions used to prepare the PEI-FB samples strongly influenced
the crystalline phases obtained from the corresponding PEI-HCI polymers. XRD allowed
the identification of different hydrated crystalline arrangements in the PEI-FB samples,
whereas their 13C CP-MAS spectra did not reveal significant differences among the different
molecular weight or crystalline phases. These findings indicate that changes in long-range
crystalline organization do not necessarily produce substantial differences in the local 1*C
chemical environments of the polymer backbone.

All materials were studied by ss-NMR experiments, focusing on the 'H, 13C, and °N
nuclei, which allowed us to characterize the changes produced according to the proto-
nation state (free bases or hydrochlorides), as well as the effect of chloride, sulfate, and
trifluoroacetate ions on the chemical shifts. DFT calculations supported the predominant
influence of protonation on the calculated '3C chemical shifts and helped distinguish their
contribution from those of chain conformation and interchain packing. In particular, the
presence of proton signals between 5 and 7 ppm in the 'H-MAS spectra at a MAS rate of
60 kHz could be associated with non-structural mobile water molecules for PEI materials,
as demonstrated by 2D 'H-'H SQ-DQ spectra, where no interactions were observed in the
double coherences between these signals and those of the polymer. The novel PEI-TFA
polymer exhibited an XRD spectrum with notable changes, as compared to that of other
PEI materials. Likely, these changes were associated with the size of the trifluoroacetate
anion, as well as different protonated populations of PEI chains associated with coexisting
and interacting polymer regions in the solid, based on the SQ-DQ NMR results.

SAXS results complemented XRD findings, indicating that the characteristic organiza-
tion at shorter nanometer length scales was more strongly influenced by counterion type
and sample treatment than molecular weight. In contrast, the low-q behavior associated
with larger polymer aggregates was broadly similar among the samples, suggesting that
the large-scale aggregate morphology was predominantly governed by the polymeric
framework and was less sensitive to the ionic composition.

TD-NMR revealed the coexistence of rigid, interfacial, and mobile proton populations
in the PEI materials. Both the relative contributions of these domains and their relax-
ation behavior depended on protonation, counterion type, hydration, and preparation
conditions. PEI-FB samples exhibited relatively short T, values for the mobile fraction
(~0.07-0.1 ms), whereas PEI-HCIl showed values of up to ~1.3 ms, consistent with greater
motional averaging in its non-rigid domains. Sulfate-containing materials exhibited more
constrained polymer environments, consistent with ionic crosslinking between protonated
PEI chains, whereas PEI- TFA showed a larger mobile fraction combined with a shorter
mobile-component T than PEI-HCL

Particularly, the use of HRMAS NMR experiments were useful to demonstrate both the
incorporation of PEI in different types of hydrogels and films, as well as that the synthesis
of PEI-EGDE gels can be done in acetonitrile or water. On the other hand, PEI-EGDE gels
showed a high swelling in chloroform, which may allow chemical modifications to be
made on the amino group for different applications. In addition, the 1*C HRMAS NMR
experiments showed the ionic interaction of PEI moieties with sulfate ions through the
new resonance signal at 46.6 ppm as opposed to the protonated PEI regions at 43.4 and
43.7 ppm in PEI-EGDE gels.
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Overall, this multitechnique characterization using ss-NMR, XRD, SAXS, TD-NMR,
DFT and HRMAS NMR shows that the structural organization and molecular dynamics
of L-PEI depend collectively on protonation state, counterion type, molecular weight,
hydration and processing history, and that these solid-state features persist even in the
swollen gels and films derived from PEI. This characterization provides a framework for
the rational selection of L-PEI forms in the future development of nanoparticles, responsive
gels, films, and gene-delivery systems.

4. Materials and Methods
4.1. Materials

Poly(2-ethyl-2-oxazoline) (PEOX) (molecular weights of 25, 50, 200 and 500 kDa),
sodium hydroxide, hydrochloric acid, sulfuric acid, trifluoroacetic acid, hydrogen chloride
solution (1.25 M in 2-propanol = IPA-HCI), sodium sulfate, anhydrous CaCl, (>96%),
deuterium oxide (deuteration degree min. 99.9%), deuterated chloroform (99.8 atom % D)
deuterated methanol (deuteration degree min. 99.8%) and anhydrous methanol (>99.9%)
were of analytic grade and used without further purification (Sigma-Aldrich, St. Louis,
Missouri, USA). The PEI-HCI polymers with a molecular weight of 11, 22, 87, and 217
kDa as free bases were synthesized as described previously [12]. The EGDE-IM [22,68],
PEI-EGDE [25] and starch-PEI [15] materials were described previously. In general, all
experimental procedures and characterization techniques were performed at 24 1 °C and
relative humidity between 40 and 50%, unless otherwise specified.

4.2. Synthesis of PEI Materials

The different synthetic procedures of PEI materials are found in the Supplementary
Content (SP).

4.3. Characterization Technigues

The different characterization techniques of PEI materials are found in the Supplementary
Content (CT).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/gels12100912 /s1. Figure S1: XRD spectra for the dihydrate (A) or
monohydrate (B) forms for the 22 kDa PEI-FB material and hemihydrate (C) or monohydrate (D) forms
for the 87 kDa PEI-FB material. The asterisks indicate the signals corresponding to sodium bicarbonate
within the sample. Figure S2: TH- (A) and 13C-NMR spectra (B) for the 87 kDa PEI-FB sample
dissolved in methanol-d4. Figure S3: ATR-FTIR spectra for the 87 PEI kDa samples: PEI-TFA (A),
PEI-HCI (B) and PEI-FB (C). Figure S4: (I) XRD spectra for the PEI-H,SO4 and PEI-Na;SOy4 samples,
(II): solid-state NMR results for the PEI-H,SO4 and PEI-NaySO, samples, 13C CP-MAS (@10 kHz) (A),
IH-MAS (@60 kHz) and >N CP-MAS (@10 kHz) (C) spectra. Figure S5: Optimized geometries
of the linear PEI hexamer models with trifluoroacetate as counterion, at increasing protonation
degrees: 25% (A), 50% (trans) (B), 50% (cis) (C), and 100% (D). Figure S6: Optimized geometries of
the L-PEI hexamer models with chloride as counterion, at increasing protonation degrees: 25% (A),
50% (trans) (B), 50% (cis) (C) and 100% (D). Figure S7: Fitting of SAXS results for PEI-FB and PEI-HCl
samples. Figure S8: Fitting of SAXS results for the 87 kDa PEI materials. Figure S9: SAXS fitting errors
(Residual weights). Figure S10: Solution-state TH-NMR spectra (600.09 MHz) of PEOX 50 kDa (D,0),
PEI-HCl 22 kDa (D,0) and PEIL-FB 22 kDa (CD?OD). Synthetic procedures (SP): Synthesis of PEI-FB,
PEI-TFA, crystallized PEI-HCI, PEI-IPA-HCI, PEI-Na,;SOy4, PEI'-H,SO,, deuterated PEI'HCI and
lyophilized PEI-HCI samples. Figure S12: Panoramic XPS spectra for the PEI-HCI (A), PEI-NaySOy4
(B) and PEI-H,SOy (C) samples. Figure S13: 1H-MAS solid-state NMR spectra (MAS rate = 60 kHz,
499.70 MHz) for the 87 kDa PEI-HCI and deuterated 87 kDa PEI-HCI samples. Characterization
Techniques (CT): General procedures, XRD, NMR, computational methodology, TD-NMR, SAXS and
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swelling studies. Table S1: Comparison between the experimental XRD (Figure 1) and the theoretical
XRD according to Chatani et al. [38—40]. Table S2: Calculated 13C values (relative to TMS) for free base
and hydrochloride hexamers with 25% protonation state; Table S3: Calculated 13C values (relative to
TMS) for hydrochloride hexamers with 50% protonation state (cis and trans); Table S4: Calculated 1BC
values (relative to TMS) for hydrochloride hexamers with 100% protonation state; Table S5: Calculated
13C values (relative to TMS) for trifluoroacetate hexamers with 25% and 100% protonation state;
Table S6: Calculated 13C values (relative to TMS) for trifluoroacetate hexamers with 50% protonation
state (cis and trans); Table S7: Calculated 13C values (relative to TMS) for dimers with 0% and 100%
protonation state; Table S8: Calculated (relative to nitromethane) and experimental 15N chemical shifts
of the internal backbone nitrogen atoms for the free base and the fully protonated PEI salts; Table S9:
Calculated 1°N values (relative to nitromethane) for trifluoroacetate hexamers with 50% protonation
state (cis and trans); Table S10: Calculated °N values (relative to nitromethane) for hydrochloride
hexamers with 50% protonation state (cis and trans); (DFT calculations): XYZ coordinates of PEI
derivatives (DFT calculations); TD-NMR fittings. Table S11: SAXS power-law, Lorentzian peak model
parameters for PEI free bases and hydrochlorides. Table S12: SAXS power-law, Lorentzian peak
model parameters of 87 kDa PEI samples. Table S513: Organic elemental analysis in PEI-TFA sample.
Figure S11: Solution-state "F-NMR (564.69 MHz) of PEI-TFA sample with the addition of NaF in D?O.
Table S14: Organic elemental analysis in PEI-sulfate samples. References [25,38-40,63,69-72].

Author Contributions: Conceptualization, A.J.B., D.V. (Daniel Vladimir) and J.M.L.-M.; formal
analysis, A.].B., D.V. (Daniel Vega), Y.G.-L., G.J.C., AFC., D.V. (Daniel Vladimir), M.B., P.G.F. and
J.M.L.-M,; investigation, A.].B., D.V. (Daniel Vladimir), Y.G.-L., G.J.C., AEC., D.V. (Daniel Vega),
M.B., PG.F. and ].M.L.-M.; methodology, A.].B., D.V. (Daniel Vladimir), Y.G.-L., AEC. and J M.L.-M.;
data curation, A.J.B., Y.G.-L., G.J.C., AEC. and ]. M.L.-M.; writing—original draft preparation, A.].B.,
D.V. (Daniel Vladimir), Y.G.-L., GJ.C., A.EC. and ].M.L.-M.; writing—review and editing, A.].B.,
D.V. (Daniel Vladimir), A.F.C., PG.E. and ] M.L.-M,; supervision, ].M.L.-M.; project administration,
J.M.L.-M.; funding acquisition, ]. M.L.-M. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by Agencia Nacional de Promocién de la Investigacion, el
Desarrollo Tecnolégico y la Innovacién (ANPCYT, Argentina), project PICT 2019-00845 (J.M.L.-M.);
Universidad de Buenos Aires, project UBACyT 2026-2028/20020250300007BA (J.M.L.-M.); Con-
sejo Nacional de Investigaciones Cientificas y Técnicas (CONICET) and project PIP 2025-2027 GI-
11220250100810CO (J.M.L.-M.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Materials.

Acknowledgments: A.J.B., D.V. (Daniel Vega) and A F.C. are grateful for their doctoral (A.].B and D.V.
(Daniel Vladimir)) or postdoctoral (A.E.C.) fellowships granted by CONICET. The authors would like
to thank Paul Hodgkinson (University of Durham, UK) for the ss-NMR acquisition experiments at a
MAS rate of 60 kHz, and Guillermo Nufiez Taquia for the English grammar revision. The authors are
also grateful to the Brazilian Synchrotron Light Laboratory (LNLS, Campinas, Sao Paulo, Brazil) for
SAXS facilities. This work benefited from the use of the SasView application, originally developed
under NSF Award DMR—0520547. SasView also contains code developed with funding from the EU
Horizon 2020 program under the SINE2020 project Grant N° 654000.

Conflicts of Interest: The authors declare no conflicts of interest.

https://doi.org/10.3390/gels12100912


https://doi.org/10.3390/gels12100912

Gels 2026, 12, 912 26 of 29

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Chen, Z; Lv, Z; Sun, Y.; Chi, Z; Qing, G. Recent Advancements in Polyethyleneimine-Based Materials and Their Biomedical,
Biotechnology, and Biomaterial Applications. J. Mater. Chem. B 2020, 8, 2951-2973. [CrossRef]

Ismail, A.; Chou, S.-F. Polyethylenimine Carriers for Drug and Gene Delivery. Polymers 2025, 17, 2150. [CrossRef]

Riva, L.; Fiorati, A.; Punta, C. Synthesis and Application of Cellulose-Polyethyleneimine Composites and Nanocomposites: A
Concise Review. Materials 2021, 14, 473. [CrossRef]

Peng, Y.; Gao, Y.; Yang, C.; Guo, R; Shi, X.; Cao, X. Low-Molecular-Weight Poly(Ethylenimine) Nanogels Loaded with Ultrasmall
Iron Oxide Nanoparticles for T1-Weighted MR Imaging-Guided Gene Therapy of Sarcoma. ACS Appl. Mater. Interfaces 2021, 13,
27806-27813. [CrossRef]

Bracco, L.F,; Liguori, G.L.; Lanati, A.; Ldzaro-Martinez, ].M.; Bollini, M.; Poggio, L.; Bok, M.; Ibafiez, L.I.; Parrefio, V. A Novel
PolyAr87-Based Cell Transfection Protocol for Nanobody Expression Optimized via a Targeted Design of Transfection Approach.
Front. Bioeng. Biotechnol. 2026, 13, 1720185. [CrossRef]

Forcato, D.O.; Fili, A.E.; Alustiza, EE.; Ldzaro Martinez, ].M.; Bongiovanni Abel, S.; Olmos Nicotra, M.F; Alessio, A.P.; Rodriguez,
N.; Barbero, C.; Bosch, P. Transfection of Bovine Fetal Fibroblast with Polyethylenimine (PEI) Nanoparticles: Effect of Particle Size
and Presence of Fetal Bovine Serum on Transgene Delivery and Cytotoxicity. Cytotechnology 2017, 69, 655-665. [CrossRef]
Byrne, A.J.; Infantes-Molina, A.; Rodriguez-Castellén, E.; Glisoni, R.J.; Pérez, M.].; Andreozzi, P; Richichi, B.; Marradi, M.; Franco,
P.G.; Lazaro-Martinez, .M. Linear Polyethyleneimine-Coated Gold Nanoparticles as a Platform for Central Nervous System
Targeting. Polymers 2026, 18, 298. [CrossRef]

Sakib, S.; Andoy, N.M.O.; Yang, J.Y.C,; Galang, A.; Sullan, RM.A.; Zou, S. Antimicrobial and Anti-Inflammatory Effects of
Polyethyleneimine-Modified Polydopamine Nanoparticles on a Burn-Injured Skin Model. Biomater. Sci. 2025, 13, 1770-1783.
[CrossRef]

Ayalew, ZM.; Guo, X.; Zhang, X. Synthesis and Application of Polyethyleneimine (PEI)-based Composite/Nanocomposite
Material for Heavy Metals Removal from Wastewater: A Critical Review. J. Hazard. Mater. Adv. 2022, 8, 100158. [CrossRef]

Gao, W.; Roger Razanajatovo, M.; Song, Y.; Zhao, X.; Zhao, Z.; Peng, Q.; Jiao, T.; Liu, X.; Zhang, Q. Efficient Heavy Metal
Sequestration from Water by Mussel-Inspired Polystyrene Conjugated with Polyethyleneimine (PEI). Chem. Eng. J. 2022, 429,
132599. [CrossRef]

Lambermont-Thijs, HM.L.; van der Woerdt, E.S.; Baumgaertel, A.; Bonami, L.; Du Prez, FE.; Schubert, U.S.; Hoogenboom,
R. Linear Poly(Ethylene Imine)s by Acidic Hydrolysis of Poly(2-Oxazoline)s: Kinetic Screening, Thermal Properties, and
Temperature-Induced Solubility Transitions. Macromolecules 2010, 43, 927-933. [CrossRef]

Lézaro-Martinez, J.M.; Rodriguez-Castellén, E.; Vega, D.; Monti, G.A.; Chattah, A K. Solid-State Studies of the Crys-
talline/ Amorphous Character in Linear Poly (Ethylenimine Hydrochloride) (PEI-HCI) Polymers and Their Copper Complexes.
Macromolecules 2015, 48, 1115-1125. [CrossRef]

Tauhardt, L.; Kempe, K.; Knop, K.; Altuntas, E.; Jager, M.; Schubert, S.; Fischer, D.; Schubert, U.S. Linear Polyethyleneimine:
Optimized Synthesis and Characterization—On the Way to “Pharmagrade” Batches. Macromol. Chem. Phys. 2011, 212, 1918-1924.
[CrossRef]

Zou, Y,; Li, D.; Shen, M.; Shi, X. Polyethylenimine-Based Nanogels for Biomedical Applications. Macromol. Biosci. 2019, 19,
1900272. [CrossRef]

Galaburri, G.; Infantes-Molina, A.; Melian Queirolo, C.M.; Mebert, A.; Tuttolomondo, M.V.; Rodriguez-Castellén, E.; Lazaro-
Martinez, ]. M. Composite Films Based on Linear Polyethyleneimine Polymer and Starch or Polysaccharides from DDGS: Synthesis,
Characterization, and Antimicrobial Studies. Polymers 2025, 17, 458. [CrossRef]

Thiinemann, A.F,; General, S. Poly(Ethylene Imine) n-Alkyl Carboxylate Complexes. Langmuir 2000, 16, 9634-9638. [CrossRef]
Jager, M.; Schubert, S.; Ochrimenko, S.; Fischer, D.; Schubert, U.S. Branched and Linear Poly(Ethylene Imine)-Based Conjugates:
Synthetic Modification, Characterization, and Application. Chem. Soc. Rev. 2012, 41, 4755. [CrossRef]

Perevyazko, 1.Y.; Bauer, M.; Pavlov, G.M.; Hoeppener, S.; Schubert, S.; Fischer, D.; Schubert, U.S. Polyelectrolyte Complexes of
DNA and Linear PEIL: Formation, Composition and Properties. Langmuir 2012, 28, 16167-16176. [CrossRef]

Ahlawat, S.; Mote, K.R.; Lakomek, N.-A.; Agarwal, V. Solid-State NMR: Methods for Biological Solids. Chem. Rev. 2022, 122,
9643-9737. [CrossRef]

Ghriga, M. A ; Grassl, B.; Gareche, M.; Khodja, M.; Lebouachera, S.E.I; Andreu, N.; Drouiche, N. Review of Recent Advances
in Polyethylenimine Crosslinked Polymer Gels Used for Conformance Control Applications. Polym. Bull. 2019, 76, 6001-6029.
[CrossRef]

Rasente, R.Y.; Imperiale, J.C.; Ladzaro-Martinez, ].M.; Gualco, L.; Oberkersch, R.; Sosnik, A.; Calabrese, G.C. Dermatan Sul-
fate/Chitosan Polyelectrolyte Complex with Potential Application in the Treatment and Diagnosis of Vascular Disease. Carbohydr.
Polym. 2016, 144, 362-370. [CrossRef]

https:/ /doi.org/10.3390/ gels12100912


https://doi.org/10.1039/C9TB02271F
https://doi.org/10.3390/polym17152150
https://doi.org/10.3390/ma14030473
https://doi.org/10.1021/acsami.1c04081
https://doi.org/10.3389/fbioe.2025.1720185
https://doi.org/10.1007/s10616-017-0075-6
https://doi.org/10.3390/polym18020298
https://doi.org/10.1039/D4BM01530D
https://doi.org/10.1016/j.hazadv.2022.100158
https://doi.org/10.1016/j.cej.2021.132599
https://doi.org/10.1021/ma9020455
https://doi.org/10.1021/ma5023082
https://doi.org/10.1002/macp.201100190
https://doi.org/10.1002/mabi.201900272
https://doi.org/10.3390/polym17040458
https://doi.org/10.1021/la000991u
https://doi.org/10.1039/c2cs35146c
https://doi.org/10.1021/la303094b
https://doi.org/10.1021/acs.chemrev.1c00852
https://doi.org/10.1007/s00289-019-02687-1
https://doi.org/10.1016/j.carbpol.2016.02.046
https://doi.org/10.3390/gels12100912

Gels 2026, 12, 912 27 of 29

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Lazaro Martinez, ] M.; Chattah, A K.; Torres Sanchez, R.M.; Buldain, G.Y.; Campo Dall’ Orto, V. Synthesis and Characterization of
Novel Polyampholyte and Polyelectrolyte Polymers Containing Imidazole, Triazole or Pyrazole. Polymer 2012, 53, 1288-1297.
[CrossRef]

Hodgkinson, P. NMR Crystallography of Molecular Organics. Prog. Nucl. Magn. Reson. Spectrosc. 2020, 118-119, 10-53. [CrossRef]
Crespi, A.F; Vega, D.; Sanchez, V.M.; Rodriguez-Castellén, E.; Lazaro-Martinez, ].M. Shared Hydrogen Atom Location and
Chemical Composition in Picolinic Acid and Pyridoxal Hydrochloride Derivatives Determined by X-Ray Crystallography. J. Org.
Chem. 2022, 87, 13427-13438. [CrossRef]

Araque, LM.; Pérez, C J.; Infantes-Molina, A.; Rodriguez-Castellén, E.; Copello, G.J.; Lizaro-Martinez, ]. M. Linear PEI-based
Responsive Hydrogels: Synthesis and Characterization. J. Appl. Polym. Sci. 2023, 140, e54057. [CrossRef]

Araque, LM.; Fernandez de Luis, R.; Fidalgo-Marijuan, A.; Infantes-Molina, A.; Rodriguez-Castellén, E.; Pérez, C.J.; Copello,
G.J.; Lazaro-Martinez, ].M. Linear Polyethyleneimine-Based and Metal Organic Frameworks (DUT-67) Composite Hydrogels as
Efficient Sorbents for the Removal of Methyl Orange, Copper Ions, and Penicillin V. Gels 2023, 9, 909. [CrossRef]

Araque, L.M.; Infantes-Molina, A.; Rodriguez-Castellén, E.; Garro-Linck, Y.; Franzoni, B.; Pérez, C.J.; Copello, G.J.; Lazaro-
Martinez, ].M. Ionic Crosslinking of Linear Polyethyleneimine Hydrogels with Tripolyphosphate. Gels 2024, 10, 790. [CrossRef]
Vanoli, V.; Casalegno, M.; Carravetta, M.; Pizzetti, F.; Mele, A.; Rossi, F.; Castiglione, F. Hyaluronic Acid-Based Hydrogels as
Codelivery Systems: The Effect of Intermolecular Interactions Investigated by HR-MAS and Solid-State NMR Spectroscopy.
Carbohydr. Polym. 2025, 350, 123043. [CrossRef]

Holycross, D.R.; Chai, M. Comprehensive NMR Studies of the Structures and Properties of PEI Polymers. Macromolecules 2013, 46,
6891-6897. [CrossRef]

Seidlitz, A.; Thurn-Albrecht, T. Small-Angle X-ray Scattering for Morphological Analysis of Semicrystalline Polymers. In Polymer
Morphology; Wiley: Hoboken, NJ, USA, 2016; pp. 151-164.

Bjorn, L.; Melhado Mazza, R.; Andreasson, E.; Linell, F.; Lutz-Bueno, V.; Guizar-Sicairos, M.; Persson Jutemar, E.; Liebi, M.
Scanning Small-Angle X-Ray Scattering of Injection-Molded Polymers: Anisotropic Structure and Mechanical Properties of
Low-Density Polyethylene. ACS Appl. Polym. Mater. 2023, 5, 6429-6440. [CrossRef]

Ferraro, M.; Filosa, R.; Alamu, Q.A.; Kiedrowski, K.; Jupé, M.; Leonetti, M.; Wabnitz, S.; Marmiroli, B.; Barberi, R.C.; Formoso, V.;
et al. Small-Angle X-Ray Scattering Analysis of Polymer Optical Fibers. Opt. Mater. 2025, 162, 116856. [CrossRef]

Kim, C.; Jarumaneeroj, C.; Rungswang, W.; Jin, K.S.; Ree, M. A Comprehensive Small Angle X-Ray Scattering Analysis on
Morphological Structure of Semicrystalline Linear Polymer in Bulk State. Polymer 2022, 243, 124610. [CrossRef]

Besghini, D.; Mauri, M.; Hashemi, P.; Knarr, M.; Adden, R.; Mischnick, P.; Simonutti, R. Time-Domain NMR Elucidates Fibril
Formation in Methylcellulose Hydrogels. Macromolecules 2023, 56, 4694-4704. [CrossRef]

Soradech, S.; Williams, A.C.; Khutoryanskiy, V.V. Physically Cross-Linked Cryogels of Linear Polyethyleneimine: Influence of
Cooling Temperature and Solvent Composition. Macromolecules 2022, 55, 9537-9546. [CrossRef]

Claramunt, RM.; Lépez, C.; Garcia, M.A.; Denisov, G.S.; Alkorta, I.; Elguero, ]J. Protonation and Phase Effects on the NMR
Chemical Shifts of Imidazoles and Pyrazoles: Experimental Results and GIAO Calculations. New ]. Chem. 2003, 27, 734-742.
[CrossRef]

Mees, M.A.; Hoogenboom, R. Full and Partial Hydrolysis of Poly(2-Oxazoline)s and the Subsequent Post-Polymerization
Modification of the Resulting Polyethylenimine (Co)Polymers. Polym. Chem. 2018, 9, 4968-4978. [CrossRef]

Chatani, Y.; Tadokoro, H.; Saegusa, T.; Ikeda, H. Structural Studies of Poly(Ethylenimine). 1. Structures of Two Hydrates of
Poly(Ethylenimine): Sesquihydrate and Dihydrate. Macromolecules 1981, 14, 315-321. [CrossRef]

Chatani, Y.; Kobatake, T.; Tadokoro, H.; Tanaka, R. Structural Studies of Poly(Ethylenimine). 2. Double-Stranded Helical Chains
in the Anhydrate. Macromolecules 1982, 15, 170-176. [CrossRef]

Chatani, Y.; Kobatake, T.; Tadokoro, H. Structural Studies of Poly(Ethylenimine). 3. Structural Characterization of Anhydrous
and Hydrous States and Crystal Structure of the Hemihydrate. Macromolecules 1983, 16, 199-204. [CrossRef]

Hashida, T.; Tashiro, K. Structural Investigation on Water-Induced Phase Transitions of Poly(Ethylene Imine), Part IV: Changes
of Intra- and Intermolecular Hydrogen Bonds in the Hydration Processes as Revealed by Time-Resolved Raman Spectral
Measurements. Polymer 2007, 48, 7614-7622. [CrossRef]

Heydari-Gorji, A.; Sayari, A. CO2 Capture on Polyethylenimine-Impregnated Hydrophobic Mesoporous Silica: Experimental and
Kinetic Modeling. Chem. Eng. J. 2011, 173, 72-79. [CrossRef]

Zou, F; Liu, H,; Xie, Z,; Li, J.; Chen, H.; Shen, X.; Zhang, Z.; Yan, F. Enhanced Oxidative Stability of EGDE/PEI@MX560 Adsorbent
for CO2 Capture: Anti-Oxidation Mechanism of Double Epoxide Crosslinking. Chem. Eng. J. 2025, 523, 168653. [CrossRef]
Shen, X.; Du, H.; Mullins, R.H.; Kommalapati, R.R. Polyethylenimine Applications in Carbon Dioxide Capture and Separation:
From Theoretical Study to Experimental Work. Energy Technol. 2017, 5, 822-833. [CrossRef]

Wick-Joliat, R.; Weisshar, EB.; Gorbar, M.; Meier, D.M.; Penner, D. CO2 Capture with Polyethylenimine Supported on 3D-Printed
Porous SiO2 Structures. Materials 2024, 17, 2913. [CrossRef]

https:/ /doi.org/10.3390/ gels12100912


https://doi.org/10.1016/j.polymer.2012.01.031
https://doi.org/10.1016/j.pnmrs.2020.03.001
https://doi.org/10.1021/acs.joc.2c00724
https://doi.org/10.1002/app.54057
https://doi.org/10.3390/gels9110909
https://doi.org/10.3390/gels10120790
https://doi.org/10.1016/j.carbpol.2024.123043
https://doi.org/10.1021/ma4011796
https://doi.org/10.1021/acsapm.3c01007
https://doi.org/10.1016/j.optmat.2025.116856
https://doi.org/10.1016/j.polymer.2022.124610
https://doi.org/10.1021/acs.macromol.2c02550
https://doi.org/10.1021/acs.macromol.2c01308
https://doi.org/10.1039/b210251j
https://doi.org/10.1039/C8PY00978C
https://doi.org/10.1021/ma50003a017
https://doi.org/10.1021/ma00229a034
https://doi.org/10.1021/ma00236a009
https://doi.org/10.1016/j.polymer.2007.10.031
https://doi.org/10.1016/j.cej.2011.07.038
https://doi.org/10.1016/j.cej.2025.168653
https://doi.org/10.1002/ente.201600694
https://doi.org/10.3390/ma17122913
https://doi.org/10.3390/gels12100912

Gels 2026, 12, 912 28 of 29

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

Coralli, I; Giuri, D.; Spada, L.; Ortolani, J.; Mazzocchetti, L.; Tomasini, C.; Stevens, L.A.; Snape, C.E.; Fabbri, D. Valorization
Strategies in CO2 Capture: A New Life for Exhausted Silica-Polyethylenimine. Int. J. Mol. Sci. 2023, 24, 14415. [CrossRef]

He, M.; Tao, L.; Chen, Y. Screening Aminated Fibrous Sorbents for Indoor CO2 Removal: Pore-Engineered PEI-Loaded Activated
Carbon Fibre Felts. Coatings 2026, 16, 646. [CrossRef]

Surewicz, WK.; Mantsch, H.H.; Chapman, D. Determination of Protein Secondary Structure by Fourier Transform Infrared
Spectroscopy: A Critical Assessment. Biochemistry 1993, 32, 389-394. [CrossRef]

Valenti, L.E.; Paci, M.B.; De Pauli, C.P.; Giacomelli, C.E. Infrared Study of Trifluoroacetic Acid Unpurified Synthetic Peptides in
Aqueous Solution: Trifluoroacetic Acid Removal and Band Assignment. Anal. Biochem. 2011, 410, 118-123. [CrossRef]

Kuroda, D.G.; Vorobyev, D.Y.; Hochstrasser, R.M. Ultrafast Relaxation and 2D IR of the Aqueous Trifluorocarboxylate Ion. J. Chem.
Phys. 2010, 132, 044501. [CrossRef]

Crespi, A.F,; Vega, D.; Chattah, A.K.; Monti, G.A.; Buldain, G.Y.; Lazaro-Martinez, ]. M. Gem -Diol and Hemiacetal Forms in
Formylpyridine and Vitamin-B 4 -Related Compounds: Solid-State NMR and Single-Crystal X-Ray Diffraction Studies. J. Phys.
Chem. A 2016, 120, 7778-7785. [CrossRef]

Crespi, A.F; Byrne, A.].; Vega, D.; Chattah, A.K.,; Monti, G.A.; Ldzaro-Martinez, ]. M. Generation and Stability of the Gem -Diol
Forms in Imidazole Derivatives Containing Carbonyl Groups. Solid-State NMR and Single-Crystal X-Ray Diffraction Studies. J.
Phys. Chem. A 2018, 122, 601-609. [CrossRef]

Yang, H.; Sha, A.; He, Z.; Wu, C.; Xu, Y;; Hu, J.; Xu, Z.; Chi, R. Leaching Kinetics and Permeability of Polyethyleneimine Added
Ammonium Sulfate on Weathered Crust Elution-Deposited Rare Earth Ores. ]. Rare Earths 2024, 42, 1610-1619. [CrossRef]
Agosta, L.; Conover, K.; Rzepka, P; Gordeeva, A.; Slabon, A.; Pelczer, I; Selloni, A.; Hermansson, K.; Jaworski, A. Atomic-Scale
Mapping of Interfacial Water on Oxide Surfaces via Proton-Resolved NMR and Ab Initio Simulations. J. Am. Chem. Soc. 2026, 148,
11583-11594. [CrossRef]

Hartman, ].D.; Day, G.M.; Beran, G.J.O. Enhanced NMR Discrimination of Pharmaceutically Relevant Molecular Crystal Forms
through Fragment-Based Ab Initio Chemical Shift Predictions. Cryst. Growth Des. 2016, 16, 6479-6493. [CrossRef]

Fedorova, 1.V.; Safonova, L.P. Ion Pair Structures and Hydrogen Bonding in R, NH4_, Alkylammonium Ionic Liquids with
Hydrogen Sulfate and Mesylate Anions by DFT Computations. J. Phys. Chem. A 2020, 124, 3170-3179. [CrossRef]

Tas, O.; Ertugrul, U.; Grunin, L.; Oztop, M.H. Investigation of the Hydration Behavior of Different Sugars by Time Domain-NMR.
Foods 2022, 11, 1148. [CrossRef]

Gimenez, J.C.F; Bonatti, S.H.F,; Basaglia, M.V.; Garcia, R.H.d.S.; dos Santos, A.; Staffa, L.H.; Samara, M.; Bettini, S.H.P.; de
Azevedo, E.R.; Helal, E.; et al. 1H Time Domain Nuclear Magnetic Resonance and Oscillatory Rheology as a Tool for Uncovering
the Impact of UV-C Radiation on Polypropylene. Polymers 2025, 17, 2727. [CrossRef]

Uguz, S.S.; Ozel, B.; Grunin, L.; Ozvural, E.B.; Oztop, M.H. Non-Conventional Time Domain (TD)-NMR Approaches for Food
Quality: Case of Gelatin-Based Candies as a Model Food. Molecules 2022, 27, 6745. [CrossRef]

Weigand, F,; Bliimich, B.; Spiess, H.-W. Application of Nuclear Magnetic Resonance Magic Sandwich Echo Imaging to Solid
Polymers. Solid State Nucl. Magn. Reson. 1994, 3, 59-66. [CrossRef]

Pieruccini, M.; Sturniolo, S.; Corti, M.; Rigamonti, A. A Novel Analysis for the NMR Magic Sandwich Echo in Polymers:
Application to the x-Relaxation in Polybutadiene. Eur. Phys. ]. B 2015, 88, 283. [CrossRef]

Besghini, D.; Mauri, M.; Simonutti, R. Time Domain NMR in Polymer Science: From the Laboratory to the Industry. Appl. Sci.
2019, 9, 1801. [CrossRef]

Abragam, A.; Carr, H.Y. The Principles of Nuclear Magnetism. Phys. Today 1961, 14, 56-58. [CrossRef]

Brinker, C.J.; Keefer, K.D.; Schaefer, D.W.; Assink, R.A.; Kay, B.D.; Ashley, C.S. Sol-Gel Transition in Simple Silicates II. J. Non.
Cryst. Solids 1984, 63, 45-59. [CrossRef]

Paciello, A.; Santonicola, M.G. Supramolecular Polycationic Hydrogels with High Swelling Capacity Prepared by Partial
Methacrylation of Polyethyleneimine. RSC Adv. 2015, 5, 88866-88875. [CrossRef]

Beaucage, G. Small-Angle Scattering from Polymeric Mass Fractals of Arbitrary Mass-Fractal Dimension. J. Appl. Crystallogr.
1996, 29, 134-146. [CrossRef]

Hashida, T.; Tashiro, K.; Ito, K.; Takata, M.; Sasaki, S.; Masunaga, H. Correlation of Structure Changes in the Water-Induced
Phase Transitions of Poly(Ethylenimine) Viewed from Molecular, Crystal, and Higher-Order Levels As Studied by Simultaneous
WAXD/SAXS/Raman Measurements. Macromolecules 2010, 43, 402-408. [CrossRef]

Torres, D.1.; Lazaro-Martinez, ]. M.; Copello, G.J.; Dall Orto, V.C. Single Step Synthesis of a Polyhydroxy Ether and Its Optimization
to Adsorption of a Textile Dye. J. Environ. Chem. Eng. 2020, 8, 103416. [CrossRef]

Fung, B.M.; Khitrin, A.K.; Ermolaev, K. An Improved Broadband Decoupling Sequence for Liquid Crystals and Solids. J. Magn.
Reson. 2000, 142, 97-101. [CrossRef]

Feike, M.; Demco, D.E.; Graf, R.; Gottwald, J.; Hafner, S.; Spiess, H.W. Broadband Multiple-Quantum NMR Spectroscopy. J. Magn.
Reson. A 1996, 122,214-221. [CrossRef]

https:/ /doi.org/10.3390/ gels12100912


https://doi.org/10.3390/ijms241914415
https://doi.org/10.3390/coatings16060646
https://doi.org/10.1021/bi00053a001
https://doi.org/10.1016/j.ab.2010.11.006
https://doi.org/10.1063/1.3285265
https://doi.org/10.1021/acs.jpca.6b07898
https://doi.org/10.1021/acs.jpca.7b12390
https://doi.org/10.1016/j.jre.2023.08.022
https://doi.org/10.1021/jacs.5c18863
https://doi.org/10.1021/acs.cgd.6b01157
https://doi.org/10.1021/acs.jpca.0c01282
https://doi.org/10.3390/foods11081148
https://doi.org/10.3390/polym17202727
https://doi.org/10.3390/molecules27196745
https://doi.org/10.1016/0926-2040(94)90024-8
https://doi.org/10.1140/epjb/e2015-60417-6
https://doi.org/10.3390/app9091801
https://doi.org/10.1063/1.3057238
https://doi.org/10.1016/0022-3093(84)90385-5
https://doi.org/10.1039/C5RA16576H
https://doi.org/10.1107/S0021889895011605
https://doi.org/10.1021/ma9017857
https://doi.org/10.1016/j.jece.2019.103416
https://doi.org/10.1006/jmre.1999.1896
https://doi.org/10.1006/jmra.1996.0197
https://doi.org/10.3390/gels12100912

Gels 2026, 12, 912 29 of 29

71.  Frisch, M.].; Trucks, G.W.; Schlegel, H.B.; Scuseria, G.E.; Robb, M.A.; Cheeseman, ].R.; Scalmani, G.; Barone, V.; Petersson, G.A;
Nakatsuji, H.; et al. Gaussian 16, Rev. C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

72. Krzywon, J.; Adams, M.; Agouzal, N.; Alina, G.; Attala, Z.; Backman, M.; Bakker, J.; Beaucage, P.; Berger, J.; Bourne, R.; et al.
SasView Version 6.1.3. 2025. Available online: https://zenodo.org/records /18352296 (accessed on 10 May 2026).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ gels12100912


https://zenodo.org/records/18352296
https://doi.org/10.3390/gels12100912

	Introduction 
	Results and Discussion 
	XRD and Solid-State NMR Studies in PEI Polymers 
	DFT Calculations 
	Molecular Dynamics in PEI Polymers 
	SAXS Studies in PEI Materials 
	HRMAS NMR Studies in PEI-Gel Materials 

	Conclusions 
	Materials and Methods 
	Materials 
	Synthesis of PEI Materials 
	Characterization Techniques 

	References

