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A B S T R A C T

Dendronized polymers are suitable candidates for the preparation of biomimetic membranes for ion transport in 
fuel cells, which is nowadays a sustainable way of producing electrical energy. To prepare materials for these 
high-technology applications, it is necessary to understand the role of the different parts that make up these 
supramolecular structures. Another key factor is optimizing the preparation processes to ensure the materials 
achieve their maximum performance potential. Following these premises, in this work we report on the char
acterization of side chain liquid crystalline polyamines synthesized by chemical modification of poly[2-(aziridin- 
1-yl)ethanol] (PAZE) with lateral benzoate groups and the dendron 3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy] 
benzoate (TAP) by using the following techniques: liquid and solid-state Nuclear Magnetic Resonance (NMR), 
Differential Scanning Calorimetry (DSC), Polarized Optical Microscopy (POM) and Dielectric Thermal Analysis 
(DETA). This in-depth investigation allowed us to understand the effect of parameters that could influence the 
organization of the different parts of the resulting supramolecular structures and their dynamics: introduction of 
benzoate lateral spacers, grafting with different amounts of TAP mesogenic group, and the thermal treatment 
used in the orientation of the polymer chains. NMR investigations confirmed that the melting of both copoly
amines took place thanks to the mobility gained by the aliphatic tails of the TAP dendron between 256 and 272 
K. Furthermore, the evaluation of variable temperature 13C solid-state NMR experiments proved that the clearing 
transition was related to the aromatic moieties of these polyamines. DETA studies of oriented and non-oriented 
membranes corroborated that the application of the thermal treatment increased the temperatures of the 
detected transitions: γ-relaxation, αTg and αClear. The results obtained demonstrated that the adjustment of the 
aforementioned parameters is essential for designing membranes intended for ion transport applications.

1. Introduction

Currently, the increase of extreme events (heat waves, floods, forest 
fires, crop losses, etc.) and their high impact across the planet are clear 
evidence of the acceleration of the climate crisis [1–3]. To prevent this 
scenario from becoming irreversible, there is a need to reduce our car
bon footprint. Among the main actions to avoid climate change is the 
production and use of energy from renewable sources such as fuel cells 
or artificial photosynthesis [4,5]. In both energy systems, polymer 
membranes play an important role as they separate the compartments of 
the fuel and the oxidant and drive the protons in a selective manner 

across the membrane from anode to cathode [6,7]. Although most of 
these membranes are still manufactured from perfluorinated polymers, 
their limitations (high production cost and high methanol crossover 
towards the polymer membrane) push investigation in this topic to
wards other polymers [5,8].

One of the most attractive polymers are liquid crystalline polymers 
(LCPs), since they combine the properties of polymers such as high 
thermal resistance, good mechanical strength and lightweight with the 
exceptional optical and electrical properties of liquid crystals [9]. This 
combination of properties explains why LCPs are used in distinct fields: 
optical devices [10], 4D printing [11], preparation of ultra-strong fibres 
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[12], food containers [13], in the automotive sector [14], sunlight 
sensors [15], medical diagnostics [16] and solid polymer electrolytes 
[5], among others. For example, polyazomethines are a family of poly
meric materials that have been widely used to synthesize LCPs [17]. One 
type of LCPs are side chain liquid crystalline polymers (SCLCPs), which 
were reported for the first time by Finkelmann and co-workers [18]. 
During the last decades, one of the fields in which SCLCPs have greatly 
attracted the scientific community is the design of ion-conducting 
membranes by self-assembling that contain ion transport channels as 
occurs in biological processes such as photosynthesis [19].

Following this idea, one of the main investigations of our research 
group consists of the design, synthesis and characterization of SCLCPs by 
chemical modification of polyethers [20–22] and polyamines [23,24] 
with the dendron 3,4,5-tris[4-(n-dodecan-1-yloxy)benzyloxy]benzoic 
acid (TAP) to prepare novel proton transporting materials. The 
tapered shape of this mesogen governs the self-assembly process of the 
polymer backbones into helical structures, in which the polymer main 
chains can act as cation transport channels thanks to their columnar 
organization [25]. We have also reported another strategy based on the 
direct cationic ring-opening polymerization (CROP) of a dendritic 2-oxa
zoline monomer, 2-(3,4,5-tris(4-dodecyloxybenzyloxy)phenyl)-4, 
5-dihydro-1,3-oxazole) (TAPOx), to obtain a family of SCLC polyamines 
[26]. Moreover, self-supported membranes able to transport cations 
with high selectivity were prepared in the case of copolyethers [21,22,
27]; on the other hand, it was observed that the family of side chain 
liquid crystalline copolyamines synthesized by chemical modification of 
poly[2-(aziridine-1-yl)ethanol] (PAZE) with different amounts of TAP 
tend to crystallize, limiting the mechanical properties of the resulting 
membranes [23]. To overcome this drawback, the introduction of 
another side group (benzoate groups) in addition to TAP let to the 
obtention of a family of SCLC polyamines that exhibited liquid crystal
line mesophases over a broader temperature range, while preventing 
their crystallization [24]. Besides, homeotropically oriented membranes 
from these polyamines presented remarkable cation permeability and 
good selectivity [28]. Despite these membranes have been widely 
characterized, there is a considerable interest in understanding their 
structural organization, their phase behavior, and elucidating their 
structure-property relationship. Advanced solid-state NMR methods like 
fast magic angle spinning (MAS) performed at variable temperature, 
multidimensional analysis [29–31] or dielectric thermal analysis can 
provide detailed information on local molecular structure and mobility 
of these supramolecular structures [32–35].

In this way, the purpose of this work was to carry out a deep inves
tigation on how different parameters, such as the introduction of ben
zoate units as lateral spacers, the grafting degree with dendritic TAP 
groups and the orientation of polymer chains using a thermal treatment, 

affect the molecular mobility of two SCLC polyamines based on PAZE 
modified with both benzoyl chloride and different amounts of TAP: PA3 
and PA3.2 (Fig. 1). Furthermore, the analysis of the dielectric relaxation 
spectra allowed us to elucidate the function of the polyamine backbone 
and the amount of both side groups (benzoate and TAP) grafted on the 
resulting organization of the polymeric columns of these supramolecular 
structures, since they are important parameters in the design of efficient 
membranes for ion transport applications.

2. Experimental section

2.1. Materials

The starting polyamine (poly[2-(aziridine-1-yl)ethanol]), PAZE, was 
synthesized as described in a previous paper (degree of polymerization 
= 44, as determined by SEC-MALLS) [36]. Chemical modification of 
PAZE was performed using a two-step synthetic route that involves first 
modification of PAZE with benzoyl chloride followed by modification 
with the dendron TAP as described in a previous study [24].

Membranes derived from dendronized polymers were prepared by 
immersion precipitation process (Scheme 1a). This process consists of 
the following steps: 1) A homogeneous polymer solution in tetrahy
drofuran (THF, 30 % w/w) was cast on a FEP (fluorinated ethylene 
propylene) sheet support and immersed in a bath of Milli-Q water; 2) 
The solvent diffused into the precipitation bath, while the non-solvent 
(water) diffused into the cast film; 3) After a time, in which the sol
vent and the non-solvent were exchanged, the polymer solution (wet 
film) became thermodynamically unstable and demixing took place; 4) 
Afterward, a solid polymer membrane was formed with an asymmetric 
structure; 5) Finally, the membrane was dried overnight at room tem
perature (RT = 25 ± 5 ◦C).

Oriented membranes were obtained by using a baking process 
(Scheme 1b). In this thermal process, the polymer membrane along with 
FEP sheet was mounted on a Linkam TP92 (Linkam Scientific In
struments, Tadworth, UK) hot stage and it was heated above the clearing 
temperature (130 ◦C in the case of the tested membranes); then it was 
allowed to cool slowly (0.5 ◦C/min) to a temperature slightly below than 
the clearing temperature of the polyamine (this temperature was chosen 
accordingly to the clearing temperature of each LC copolymer). At this 
temperature, an annealing process was applied during 24 h to allow the 
orientation of the polymer chains into columns, which was followed by 
slow cooling (0.5 ◦C/min) to 30 ◦C. After the baking process, the 
membrane was kept at RT for approximately 1 h and then it was sepa
rated from the FEP sheet and obtained as an intact, uniform membrane 
with thickness between 120 and 200 μm. The thickness of the mem
branes was measured using a micrometer with a sensitivity of 2 μm. The 

Fig. 1. Chemical structures and modification degrees of PA3 and PA3.2 copolyamines.
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measurements were carried out at various points, and the membranes 
were found to have constant thickness. Oriented membranes are labelled 
with the suffix: O.

2.2. Characterization techniques

2.2.1. Differential scanning calorimetry (DSC)
Calorimetric analyses were carried out on a Mettler DSC-821 in

struments calibrated using indium (156.6 ◦C) and zinc (419.6 ◦C) pearls. 
Samples were placed in an aluminium standard crucible of 40 μL with 
pierced lids (between 4 and 6 mg of sample), which were analysed in N2 
atmosphere (gas flow rate of 50 cm3/min). Heating and cooling rate of 
10 ◦C/min was always employed.

2.2.2. Polarized optical microscopy (POM)
Liquid crystal mesophases were investigated by polarized optical 

microscopy (POM). The textures of the samples were observed with an 
Axiolab Zeiss optical microscope equipped with a Linkam TP92 hot stage 
and a Moticam S6 digital camera.

2.2.3. Solution-state nuclear magnetic resonance (NMR) spectroscopy
1H NMR and 13C NMR spectra were recorded at 400 and 100.4 MHz, 

respectively, on a Varian Gemini 400 spectrometer with proton noise 
decoupling for 13C NMR. The central peak of the solvent was taken as the 
reference, and the chemical shifts were given in parts per million from 
TMS (tetramethylsilane). The 13C NMR spectra of the polymers were 
recorded at 303.2 K, with a flip angle of 45◦, and the number of tran
sients ranged from 20,000 to 40,000 with 10–20 % (w/v) sample solu
tions in deuterated chloroform (CDCl3). A pulse delay time of 5 s for the 
1H NMR spectrum was used.

Quantitative 13C NMR spectra were performed using deuterated 
chloroform (CDCl3) at 30 ◦C with a pulse delay time of 5 s. Delay time 
was selected on the basis of the relaxation times determined for the 
monomer 1-(2-hydroxyethyl)aziridine.

2.2.4. Solid-state nuclear magnetic resonance (NMR) spectroscopy
Solid-state NMR experiments were performed using a Bruker Avance 

III NMR spectrometer (Bruker, Billerica, MA, USA) equipped with a 
superconducting magnet: 19.9 T standard bore (850.27 MHz 1H Larmor 
frequency and 213.8 MHz for 13C). Commercial double resonance MAS 
probes supporting zirconia rotors with 2.5 mm and 4.0 mm outer 
diameter allowed the experiments to be performed at MAS spinning 
frequencies of 25 and 10 kHz, respectively. The 90◦ pulse length used 
was 2.5 μs and the repetition delay 2 s. The cross-polarisation magic 

angle spinning (CP-MAS) spectra have been acquired with a CP contact 
pulse length of 1 ms and 2048 transients, using SPINAL64 decoupling 
during acquisition. The temperature was varied in eight linearly spaced 
steps in the range 256–364 K using a BSVT temperature control and a 
BCU-II cooling unit. The spectra were externally referenced to the CH3- 
signal of solid L-Alanine (1.34 ppm for 1H and 20.5 ppm for 13C).

The experiments listed below were performed. 

- 1H MAS (Magic angle spinning) and 13C CP-MAS (cross-polarisation 
magic angle spinning) variable temperature (VT) studies.

− 13C INEPT (Insensitive Nuclei Enhanced by Polarisation Transfer 
Experiment) MAS, which in our case was: 1H → 13C transfer, using a 
145 Hz J coupling.

2.2.5. Dielectric thermal analysis (DETA)
The impedance measurements were conducted using a Novocontrol 

Broadband Dielectric Impedance Spectrometer (BDIS) connected to a 
Novocontrol Alfa-A Frequency Response Analyzer. The measurements 
were run at a frequency of 103 Hz between 130 and 390 K. All the 
measurements were performed under isothermal conditions by 
increasing steps by 2.5 K.

The dielectric spectra were analysed in terms of the complex 
permittivity (ε*). All the characteristic parameters of each relaxation 
process were determined as shown in the following equation: 

ε* (ω)= ε∞ +
Δε

(1 + (iωτHN)
α
)

β (1) 

In this equation, τHN is the Havriliak-Negami relaxation time, α and β are 
parameters corresponding to the width and asymmetry of the relaxation 
peak, respectively. Δε is the value of the relaxation strength.

3. Results and discussion

Polyamines bearing benzoate and the tapered 3,4,5-tris[4-(n- 
dodecan-1-yloxy)benzyloxy]benzoic acid (TAP) dendron were synthe
sized by chemical modification of poly[2-(aziridine-1-yl)ethanol] 
(PAZE) as described in a previous work by following a two-step pathway 
[24]. The resulting degrees of modification of the copolyamines char
acterized in this paper are visualized in Fig. 1. The modification degrees 
were calculated based on solution NMR spectroscopy data. Table 1 re
ports 1H and 13C NMR solution spectrum data of PA3.2 performed at RT 
in CDCl3 (Figure S1 and Figure S2). Quantification was carried out from 
the 13C NMR by comparing the areas of the carbon of methylene c and c’’ 
in the modified monomeric units (signal between 62.6 and 63.0 ppm) 

Scheme 1. a) Immersion precipitation process used for the preparation of self-supported polyamine-based membranes. b) Thermal treatment (or baking process) 
applied to orient membranes prepared with copolyamines PA3 and PA3.2.
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and the carbon of methylene c’ in the unmodified monomeric unit 
(signal at 60.1 ppm).

3.1. Calorimetric characterization and evaluation of the molecular 
mobility

The two synthesized polyamines exhibited a LC mesophase. The DSC 
analysis (Fig. S3) of these copolymers put into evidence two endo
therms: the first was assigned to the melting phenomenon and the sec
ond one to the clearing transition, respectively, by the aid of POM. The 
growth of the LC textures on cooling from isotropization was observed 
by POM (Fig. 2). Table 2 summarizes the values of the transitions 
observed for PA3 and PA3.2. As observed, both copolymers melt at 
similar temperatures. Regarding their clearing temperatures and en
thalpies, they increased on increasing the content of the mesogenic 
group, similarly to what was reported for columnar copolyethers and 
copolyamines modified only with TAP [21,23]. On the other hand, Tg 
was not observed in any of these two copolymers by DSC.

Furthermore, VT 1H MAS and 13C CP-MAS NMR experiments were 
carried out to understand the nature of dynamic processes that occur in 
these copolyamines.

Fig. 3 shows the 1H MAS and 13C CP-MAS NMR spectra of copoly
amine PA3 at variable temperature. As observed in the 1H MAS NMR 
spectra (Fig. 3a), this copolyamine is very rigid at 256 K. Nevertheless, 
the proton spectra exhibit a remarkable line narrowing with the 
increasing temperature between 256 and 364 K. The differences in the 

definition of the peaks in the spectra recorded at 256 and 272 K proved 
that the copolymer becomes more mobile after surpassing its melting 
temperature (260 K). In particular, the best spectral resolution corre
sponds to the outer aliphatic side chains of the TAP dendron (0.7–1.7 
ppm) since two different peaks can be observed in the spectra recorded 
at 272 K. Moreover, two new weak peaks can be detected in the spectra 
when it is recorded at 364 K, that is. 

- A peak centred at 7.6 ppm, which is attributed to the protons in orto- 
position of the benzoate units attached to the copolymer.

- Another peak centred at 4.4 ppm that corresponds to the methylene 
units of the copolyamine main chain.

The observation of these two peaks in the 1H MAS spectra indicates 
that both the external and internal parts of the polymer columnar 
structures are quite mobile, and that the system is close to the clearing 
temperature detected by DSC and POM (373–377 K).

In the 13C CP-MAS NMR spectra, a homogeneous decay in intensity of 
the peaks attributed to the side chains and the polymer backbone is 
observed between 256 and 364 K, which implies that the molecular 
mobility of the polymer chains increases (Fig. 3b).

In a similar manner as described for 1H MAS NMR, the peaks in the 
13C CP-MAS NMR spectrum at 256 K are very broad when compared 
with the peaks of the same spectrum performed at 272 K. In the aliphatic 
region, the intensity of the signal centred at 14.7 ppm, which corre
sponds to the methyl group of the aliphatic chains of the side dendrons, 
decrease at higher temperature than the melting point (260 K), thus 
proving that the outer part of the dendrons gain some mobility in this 
temperature range. As observed in Fig. 3b, a broad peak centred at 31.6 
ppm in the spectrum recorded at 256 K is attributed to the carbons 2 and 
4–9 of the TAP chains being in all-anti conformation. When the tem
perature is increased to 272 K, this signal is split into two narrower 
signals and one of them moves upfield in the spectrum (around 31.0 
ppm); this can be associated to conformational changes of the aliphatic 
chains of TAP groups from a predominant anti at low temperatures to a 
more random with stronger gauche contributions. This information is in 
agreement with the observed transition at 260 K by DSC and confirms 
that the outer aliphatic regions of the dendrons contribute to the melting 
of PA3 copolymer.

The signals attributed to the main chain of the polymer can be 
observed as a broad peak in the region between 42.7 and 64.9 ppm when 
the 13C CP-MAS spectra is recorded at low temperatures (Fig. 3c). At 
256 K, the attached benzoate and TAP groups induce stiffness of the 
inner part of the polymer and an irregular conformation of virgin sam
ples (Fig. 4). As a result, this irregular conformation determines a very 
broad distribution of the signals attributed to the carbons of the polymer 
main chain (signals a, a’ and a’’) and the lateral ethylidene groups 
bonded to the nitrogen atoms of the polyamine backbone (signals b, b’, 

Table 1 
NMR data and structure of the PA3.2 copolymer in CDCl3.

1H NMR 13C NMR

Signal (ppm) Assignment Signal (ppm) Assignment

12 0.8 12 14.2
3–11 1.1–1.4 11 22.8
2 1.6 3 26.2
a, a’, a’’, b, b’, b’’ 2.3–3.0 2, 4–9 29.5–29.8
c’ 3.5 10 32.0
1 3.8 a, a’, a’’, b, b’, b’’ 51.4–56.8
c, c’’ 4.3 c’ 60.1
e’’ 4.8 c, c’’ 62.6–63.0
Ar 6.5–7.9 1 68.0
​ ​ e’ lateral 71.0
​ ​ e’’ central 74.8
​ ​ II’ 108.9
​ ​ VII’ 114.0–114.5
​ ​ I’ 125.1
​ ​ I-IV, V′, VI’ 128.6–133.0
​ ​ IV’ 142.7
​ ​ III’ 152.7
​ ​ VIII’ 159.0
​ ​ COO 166.1–166.4

Fig. 2. Optical micrographs between crossed polars recorded on cooling from the isotropic phase of: a) PA3 at 348 K, and b) PA3.2 at 343 K.
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Table 2 
Transitions observed by DSC, 1H MAS and13C CP-MAS NMR for PA3 and PA3.2 copolyamines and associated clearing enthalpy as determined by DSC.

Copolyamine Transition DSC (K) 
a

ΔHc (kJ/ 
mol) b

1H and 13C CP-MAS NMR 
(K) c

Chemical shifts (ppm) of 1H MAS 
NMR d

Chemical shifts (ppm) of13C CP-MAS NMRd

PA3 Melting 260e – 256–272 0.0–8.5 14.7–166.6
Clearing 373–377 1.7 Not reachedf – –

PA3.2 Melting 263e – 256–272 0.0–8.5 14.7–166.2
Clearing 366–370 1.4 348–364 0.7–1.6; 3.0–4.9; 5.8–7.8 22.9; 26.4–32.5; 67.8; 71.1; 74.7; 114.1; 129.9 (peaks 

that vanish)

a Determined by DSC second heating scan and POM [24].
b Associated enthalpy to the clearing transition expressed per mol of TAP group as determined by DSC second heating scan [24].
c Temperature at which melting and clearing transitions are detected.
d Chemical shifts of the groups involved in the melting and clearing transitions.
e Temperature of the peak maximum of the melting endotherm.
f Clearing temperature not reached using the selected VT range.

Fig. 3. a) 1H MAS NMR, b) 13C CP-MAS NMR spectra of copolyamine PA3 at VT, and c) zoom of the 13C CP-MAS NMR spectra of copolyamine PA3 at VT (256–287 
K). The given temperature values are corrected for the frictional heating under fast MAS conditions.
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b’’, c, c’ and c’’) in the 13C CP-MAS spectra at lower temperatures than 
the melting. The intensity of this broad signal decreases considerably 
when the temperature rises, which shows that the polymer main chain 
also gains some mobility above the melting point, as reasonably 
expected.

Furthermore, the presence of some residual peaks in the spectrum 
acquired at 364 K (Fig. 3b) indicates that the clearing temperature of this 
copolymer was not reached under the employed conditions; neverthe
less, their low intensity proves that this temperature is close to the 
clearing transition. For this SCLC polyamine, the peaks observed in the 
aliphatic (26.2–31.9 and 67.8 ppm) and the aromatic regions (114.1 and 
129.5 ppm) at the spectrum recorded at 364 K corroborate that the ar
omatic moieties and their adjacent aliphatic regions are mainly involved 
in the clearing of PA3.

To compare the behaviour of both materials, copolyamine PA3.2 was 
also investigated using the VT 1H MAS and 13C-CP-MAS NMR 

experiments. Table 2 summarizes the transitions observed by DSC, 1H 
MAS and 13C CP-MAS NMR analyses for this copolyamine and the 
associated enthalpy to the clearing as determined by DSC.

Both 1H MAS and 13C CP-MAS NMR spectra of copolyamine PA3.2 at 
VT are displayed in Fig. 5. From 1H MAS spectra (Fig. 5a), PA3.2 pre
sents a rigid structure at 256 K, analogously to copolyamine PA3. At 272 
K the peak corresponding to the aliphatic chains of the dendron (region 
between 0.5 and 2 ppm) was split into 2 peaks, thus showing that the 
outer part of the columnar structures had acquired some mobility after 
melting (at 266 K, as from DSC analysis). Moreover, proton spectra 
exhibit a gradual line narrowing on increasing the temperature between 
256 and 364 K. The main difference between copolyamines PA3 and 
PA3.2 is that the peaks attributed to the protons in orto-position of the 
benzoate units attached to the copolymer (7.7 ppm) and the ones that 
correspond to the methylene units of the main chain (centred at 4.5 
ppm) can be observed when the spectra was recorded at 348 K for the 

Fig. 4. General chemical structure of dendronized copolyamines that self-assemble into columnar structures.

Fig. 5. a) 1H MAS NMR, and b) 13C CP-MAS NMR spectra of copolyamine PA3.2 at VT. The given temperature values are corrected for the frictional heating under 
fast MAS conditions.
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sample PA3.2, which does not happen for copolyamine PA3. This is in 
agreement with the slightly lower clearing temperature of copolyamine 
PA3.2 as detected by DSC and POM (366–370 K). In the case of PA3, 
these peaks were only detected from 364 K, which reveals that this 
macromolecule requires more energy for these parts to have certain 
mobility.

Regarding the 13C CP-MAS NMR spectra, the peaks are very broad at 
temperatures below the melting. Once it is surpassed, a uniform drop in 
intensity of the spectrum line is observed as the temperature was 
increased. From what is observed in Fig. 5b, the clearing of this copol
ymer takes place between 348 and 364 K because all the peaks have 
almost vanished at the spectrum performed at 364 K (only a tiny signal 
of the methylene units related to the aliphatic chain of TAP is still 
observable).

As for the PA3.2 copolymer, the following changes were also seen for 
this sample. 

- The decrease in intensity corresponding to the signal attributed to 
the -CH3 group of the aliphatic chains of the side dendron (at 14.7 
ppm) at temperatures above the melting point.

- In the same temperature ranges, the changes associated to the 
different chemical shift and the shape of the peak attributed to the 
vast majority of the carbons of the aliphatic chain of TAP revealed 
that these side chains become mobile above the melting. As an 
example, the broad signal centred at 31.7 ppm in the spectrum 
recorded at 256 K, which is attributed to the carbons 2 and 4–9 of 
Table 1 in all-anti conformation, splits in two thin peaks in the 
spectrum recorded at 272 K, demonstrating that the predominant 
anti conformation has changed to a mainly gauche conformation.

- Furthermore, the intensity of the broad peak attributed to the car
bons of the polymer main chain (between 45.0 and 64.1 ppm in 
Fig. S4) suffers a considerable drop when the melting temperature is 
surpassed (as observed in the 13C CP-MAS NMR spectra recorded at 
272 and 287 K, respectively).

To support these findings, a complementary experiment that allows 
the observation of the mobile regions (VT 13C INEPT MAS NMR) was 
carried out. The resulting spectra are presented in Fig. 6. As observed in 
the spectra, only the aliphatic chains of the dendron gain some mobility 

between 333 and 348 K since peaks corresponding to the aliphatic re
gion mostly appear in the spectra recorded at both temperatures. 
Moreover, most of the carbons of the side alkyl chains are quite mobile 
(carbons 2–12), while carbons C1, and some aromatic carbons also 
present a certain mobility at this temperature range. It is evident that the 
intensity of the peak that appears at 14.7 ppm, which corresponds to the 
methyl group of the long aliphatic chains of TAP is higher than the other 
peaks at these temperatures. This points out that the terminal -CH3 
groups are more mobile than the rest of the aliphatic chain between 333 
and 348 K. This fact, combined with the gradual decrease in the intensity 
of the same peak observed in the 13C CP-MAS spectra (Fig. 5b), confirms 
that the melting transition is correlated with the outer part of the den
drons. However, the signal intensities are still biased by restricted 
mobility at some sites. When we are around the clearing temperature 
(364 K), intense signals that are almost quantitative can be observed in 
all the regions of the spectrum (aliphatic, -OCH2- and the aromatic re
gions of the copolymer structure), which suggest that all these moieties 
are completely mobile and that all of them are involved in the clearing 
transition.

In this way, the combination of different NMR techniques allowed 
the interpretation of the chemical structure and to elucidate the nature 
of the different thermal transitions previously determined by DSC of the 
investigated LC copolyamines. For these systems, two transitions have 
been detected: The first one, which is attributed to the melting and oc
curs between 256 and 272 K, is caused by the gain of mobility of the 
outer part of the TAP side dendrons. The second one, which is attributed 
to the clearing temperature, could only be detected for copolyamine 
PA3.2 in the temperature range employed by solid-state NMR. In this 
case, the comparison of 13C CP-MAS and 13C INEPT MAS NMR is useful 
to determine the rigid and mobile parts at temperatures below and 
above the clearing.

3.2. Dielectric thermal analysis (DETA) characterization

The dielectric spectrum displays the response of the molecular di
poles to an applied electric field, which, combined with the other 
structural information results, enhances and clarifies polymer molecular 
dynamics. Indeed, dielectric analysis is a well-established method that 
can be used to monitor the macroscopic properties of the copolymers 

Fig. 6. a) 13C INEPT MAS NMR spectra of copolyamine PA3.2 at variable temperature (333–364 K). The given temperature values are corrected for the frictional 
heating under fast MAS conditions.
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under investigation. In this way, dielectric measurements were per
formed on non-oriented and oriented membranes based on PA3 and 
oriented membranes based on PA3.2 copolymers. Accordingly, the dif
ferences found in the molecular dynamics of each membrane depend on 
two factors: the concentration of the TAP dendron and the thermal 
treatment employed. These factors alter the copolymer free space, 
orientation, and crystallinity, affecting molecular motions. Further
more, the effect of the addition of lateral benzoate groups was also 
investigated in order to compare it with that of the same LC polyamines 
modified only with the dendron TAP.

The dielectric relaxation spectra of these copolymers were measured 
in terms of the loss tangent (tan δ) across a wide range of temperatures to 
observe the melting, glass transition, and clearing processes. Some of 
these processes were detected using the aforementioned techniques; on 
the other hand, dielectric analysis allows detecting changes of molecular 
mobility more accurately and can confirm the presence of secondary 
relaxations.

The dielectric spectra of the dendronized polyamines are presented 
in Fig. 7, illustrating the differences in the dielectric behaviour of each of 
the copolymers. These dendronized polyamines are composed of three 
dielectric relaxations labelled as γ, αTg, and αClear, respectively, in 
increasing temperature order, which are associated with distinct mo
lecular dynamics within the material.

At low temperatures, specifically around 150 K at a frequency of 103 

Hz, the γ-relaxation is found. Due to the low temperature at which it 
occurs, this molecular motion has not been detected using the previous 
experimental techniques employed to characterise these copolymers, as 
has been observed with similar copolymers [33,34]. This motion is a 
non-cooperative movement that only depends on the benzyloxy termi
nal group of the dendritic mesogen. The concentration of the TAP den
dron appears to have only a minor influence on the movement of this 
group of molecules. As expected, the side chain dendrons will likely have 
greater significance in the movements associated with the main chain. 
Nevertheless, the orientation of the PA3 derived membranes shifts the 
peak of the γ-relaxation to higher temperatures. This shift may be 
attributed to the polymer tendency to self-organize into a more con
strained structure when these copolymers are subjected to annealing due 
to an exorecognition process of the side chain dendrons by intermolec
ular forces and their following self-assembly. The primary difference 
between oriented and non-oriented copolymers is the arrangement of 
their microstructures. Oriented copolymers, which have columns 
aligned parallel to one another, display greater macromolecular order 
compared to non-oriented copolymers. On the other hand, the reduction 
of the TAP side groups in oriented membranes (PA3.2) reduces the 

temperature of the γ-relaxation. This fact could be explained by the 
presence of some free hydroxyl groups that can contribute to the crys
tallinity of this copolyamine through hydrogen bonding.

At higher temperatures, αTg relaxations appear, which in other 
similar copolymers have been associated with the glass transition [33,
34]. It should be noted that glass transition cannot be detected on the 
DSC thermograms (Fig. S3). However, polymer melting also takes place 
in this temperature range, overlapping with the glass transition tem
perature. This zone represents a critical thermal threshold where the 
molecular dynamics of the copolyamines undergo significant changes. 
During the glass transition, large sections of the polymer chains begin to 
gain mobility as the temperature reaches the transition threshold. This is 
confirmed by the data depicted in Fig. 3b, where it is observed that the 
molecular mobility of the polymer chains increases between 256 and 
364 K. In Fig. 7, the αTg relaxation peak appears between 250 and 270 K 
at a frequency of 103 Hz. As described above in the 13C CP-MAS NMR of 
both copolyamines (Figs. 3 and 5), this is evidenced by the decrease in 
intensity of the signal centred at 14.7 ppm when the spectra recorded at 
256 and 272 K were compared. This peak is attributed to the methyl 
groups of the side aliphatic chains, whose conformation also changed at 
this temperature range. It is important to underline that αTg-relaxation 
shows different behaviour depending on the copolymer substitution 
degree and the orientation of the membrane. αTg-relaxation of copoly
amine PA3 occurs at higher temperatures when compared to copoly
amine PA3.2. This result is in line with expectations, as the greater 
quantity of dendrons within PA3 structure determines that more thermal 
energy is needed to initiate molecular motions. The width of these 
relaxation curves remains constant, suggesting that the extent of mo
lecular motion is comparable in both copolymers. However, the orien
tation has a noticeable effect on the values of αTg temperature peak, 
since in the case of the non-oriented membrane, this relaxation occurs at 
lower temperatures than its oriented counterpart. On the other hand, the 
non-complete lateral modification of the copolyamine PA3.2 decreases 
the temperature of this transition, as commented before with the 
γ-relaxation. αTg relaxation occurring in the amorphous regions is more 
prevalent in the less ordered macromolecular structures, which are 
predominant in non-oriented membranes, in contrast to the more or
dered polymer columns present in oriented membranes. These results 
align with previous research on dendronized polyamines, where similar 
patterns of temperature dependence in relation to membrane orienta
tion were reported [33,34]. The thermal treatment and its consequent 
orientation shift the dielectric spectrum towards higher temperatures, 
while the introduction of benzoate spacers seems not to affect these 
transitions too much when compared to the same polyamines only 

Fig. 7. Loss tangent (tan δ) of the PA3.2 and PA3 (oriented and non-oriented) at a frequency of 103 Hz.
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modified with TAP [33]. The higher macromolecular order induced by 
heat treatment restricts molecular motion, resulting in a more pro
nounced increase in the glass transition temperature than that caused by 
TAP groups. These results further emphasize the influence of structural 
orientation on the thermal and dynamic characteristics of these 
copolymers.

Fig. 7 shows another transition, which is associated to the αClear 
relaxation. Similar to other copolymers investigated, it is related to the 
clearing transition [33,34]. The values of the αClear temperature peaks at 
a frequency of 103 Hz are located between 335 and 345 K for the two 
copolyamines studied. Regarding the αClear relaxation, it seems that the 
copolymer orientation does not affect it, probably because the melting 
process of the side chains occurs at a lower temperature than the 
clearing process, as proved before by DSC and POM [24]. As for this 
transition, the introduction of benzoate lateral spacers seems to be the 
most important factor as seen in the curves represented in Fig. 7. In fact, 
the αClear relaxation of these copolyamines is higher than that showed by 
side chain liquid crystalline polyamines prepared by chemical modifi
cation of PAZE with only TAP side groups [33]. Indeed, Fig. 7 confirms 
that the αClear relaxation is broader and occurs at lower temperatures in 
copolyamine PA3.2 than in copolyamine PA3. This suggests that the 
presence of the benzoate moieties plays a crucial role in inhibiting 
crystallinity and enhancing the copolymer mobility, since it introduces 
structural irregularities.

4. Conclusions

Molecular mobility of two side chain liquid crystalline polyamines 
modified with benzoate lateral spacers and with different degrees of 
modification with TAP dendrons was characterized by the combination 
of different techniques: liquid and solid-state NMR (1H MAS NMR, 13CP- 
MAS NMR and 13C INEPT MAS VT studies), DSC, POM and DETA to 
elucidate their local structure and the nature of their different thermal 
transitions.

Solid-state NMR investigations confirmed that both copolymers melt 
between 256 and 272 K, as checked before by means of DSC. Further
more, we proved that the methyl group at the end of the aliphatic chains 
of TAP mesogens gains some mobility at higher temperatures than the 
melting point, denoting that this transition involves mainly the outer 
part of the side chain dendrons grafted to the copolymer.

Concerning the clearing temperature, the introduction of lateral 
benzoate lateral spacers in addition to TAP mesogen provided these 
copolyamines with a higher clearing temperature compared to the 
copolyamines that were only modified with TAP, reported in previous 
studies. By solid-state NMR, only the clearing temperature of copoly
amine PA3.2 was detected between 348 and 364 K, while the same 
transition for the copolyamine PA3 was not achieved with the accessible 
VT range. The higher degree of modification of PA3 with the dendron 
TAP explains why some regions of the copolymers are still rigid at the 
highest temperature tested. Moreover, the analysis of 13C INEPT MAS 
NMR of copolyamine PA3.2 confirms that all parts of the copolymer are 
completely mobile at 364 K, which practically matches the clearing 
temperature detected by DSC and POM. Slightly lower clearing tem
peratures, although showing the same trend, were obtained when these 
samples were analysed by means of DETA due to the difference in the 
frequency of the analyses.

Moreover, the dielectric spectra of oriented and unoriented mem
branes derived from these copolymers show three distinct dielectric 
relaxations for each of them. The main dissimilarity between oriented 
and non-oriented membranes lies in the order of their structures at the 
molecular level: polymer chains in thermally treated membranes exhibit 
higher macromolecular order, and as a result of it, the relaxations 
observed in the spectrum are shifted to higher temperatures. In contrast, 
decreasing the degree of modification with the TAP dendron from 75 to 
55 % decreases the temperature of these transitions, since the greater 
quantity of lateral dendrons within the structure increases the thermal 

energy needed for molecular motions. Thus, the incorporation of ben
zoate lateral groups and the modification degree with TAP influence the 
thermal response of these dendronized copolyamines, which exhibit 
liquid crystal behaviour in a temperature range above 100 ◦C thanks to 
the presence of benzoate lateral spacers.

In conclusion, the combination of solid-state NMR with dielectric 
thermal analysis provides useful information about the local structure of 
dendronized polymers, likewise about the molecular mobility in these 
complex structures. Additionally, these studies are fundamental to fine- 
tuning their function, further emphasizing the influence of structural 
orientation on their thermal and dynamic characteristics.
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