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Abstract: Cobalt(II) chloride (CoCl2) being in the vicinity of polyimide chains entails modifi-
cations in terms of the molecular dynamics, which are mainly governed by the possible pres-
ence of amic acid residual groups, by the transition-metal-type characteristics of cobalt and by
the CoCl2 content. Polyimide was synthesized using poly(amic acid) according to the reaction
of 2,2′-bis(3,4-dicarboxylphenyl)hexafluoropropane dianhydride (6FDA) with 3,3′-dimethyl-4,4′-
diaminodiphenylmethane (MMDA) in N,N-dimethylacetamide. CoCl2 was added before the thermal
imidization of the poly(amic acid). An experimental approach was designed to establish the interac-
tion between the polyimide and CoCl2 and whether the interaction depends on the quantity of the salt.
Evidence for the existence of residual amic acid groups was obtained using second derivative Fourier
Transform Infrared Spectroscopy (FTIR) and with the help of 2D correlation spectroscopy (2D-COS).
Moreover, FTIR, along with X-ray photoelectron spectroscopy (XPS), revealed the interaction between
the polymer and CoCl2, primarily in the form of Co(II)-N coordinated bonds. Nevertheless, the
coordination of cobalt with suitable atoms from the amic acid groups is not precluded. The results
of dynamic mechanical analysis (DMA) featured a specific relaxation assigned to the presence of
CoCl2 in the polymeric film and demonstrated that its (non)reinforcing effect depends on its content
in the polyimide.

Keywords: polyimide; thermal imidization; dynamic mechanical analysis; cobalt chloride; viscoelastic
behavior

1. Introduction

Polyimides are considered to have one of the longest histories in the field of ther-
mostable polymers. Since they were first obtained in the shape of films, using a poly(amic
acid) precursor in the laboratories of DuPont, the applications of this class of polymers
have been extended due to joining outstanding thermal behavior with excellent mechanical
properties in the same materials [1–3]. For example, superior film-forming properties
have opened up various possibilities for using them in various fields, like microelectronics,
coatings and membranes [4,5]. The combination of polyimides and various additives takes
advantage of the properties that come from both components [6,7]. As an example, metal
salts can be incorporated into polyimide films to make them conductive or magnetic or to
impart other properties [8–14]. For instance, cobalt(II) chloride (CoCl2) has been largely
used as a dopant to prepare conductive polymers [15,16], as a catalyst for polymerization or
pyrolysis [17,18], as a hydrogen storage material [19] and in polymeric films with hexago-
nally ordered pores [20]. The last two applications rely on the hygroscopicity of CoCl2 given
that it interacts even with traces of water. Moreover, in the presence of water, CoCl2 converts
from its pink color, characteristic of the anhydrous form, into blue. The process is reversible
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under the action of heat or a vacuum [21,22]. Chromism was employed in the construction
of optical humidity sensors by including CoCl2 in polymers [23–26]. Furthermore, the
presence of CoCl2 additives [27–29] changes the immediate environment of polymer chains,
and this is reflected in their molecular dynamics. The fact that the salt contains a transition
metal with incompletely filled d-electronic orbitals should not be neglected. Cobalt ions
are able to coordinate with the lone pairs of specific atoms (oxygen or nitrogen) that are
part of the structure of the polymer [30]. When this interaction occurs, they can exert their
influence on certain decisive properties of the final material. This kind of interaction has
been evidenced in CoCl2–chitosan films, CoCl2–polyvinylpyrrolidone/poly(vinyl alcohol)
blends and CoCl2–poly(ethylene oxide) hybrid materials, mainly using Fourier Transform
Infrared Spectroscopy (FTIR) and X-ray photoelectron spectroscopy (XPS) [25,26,31]. In
N-picolyl polyurethane, the transition metal ions act as a crosslinker between two pendent
pyridine groups [32]. Huang et al. have used CoCl2 as a coordination crosslinker (non-
covalent) in acrylonitrile–butadiene rubber. The results of dynamic mechanical analysis (a
higher storage modulus on the rubbery plateau) indicated a slight coordination reaction
between the cobalt ions and the nitrile groups of the rubber [33].

Polyimide films are usually obtained using the classic two-step method: the synthesis
of poly(amic acid) from diamines and dianhydrides, followed by its thermal conversion
into polyimide [1,34]. The incorporation of the metal salt into the solution of poly(amic
acid) is performed before the thermal cyclodehydration.

Bogges and Taylor have investigated polyimides doped with CoCl2, derived from the
diamine 4,4′-oxydianiline (ODA) or 4,4′-diaminodiphenylsulfide (DDS) and the dianhy-
dride 3,3′,4,4′-benzophenonetetracarboxylic dianhydride (BTDA) or 4,4′-bis(3,4-dicarboxyp
henoxy)diphenylsulfide dianhydride (BDSDA) [35]. They have deduced using XPS and
UV–Vis spectroscopy that there is little interaction of the polyamic acids or polyimides
with CoCl2. Also, Varma et al. have reported, based on IR data, the absence of interactions
between polypyromellitimide and CoCl2. Nevertheless, the dopant had an influence on
the cyclodehydration reaction, and the tensile strength of the polyimide was reduced in its
presence [36]. Through investigation of the same polyimide for the purpose of creating a
moisture indicator, Halper and Villahermosa have assumed, by taking into consideration
an IR analysis, that CoCl2 did not inhibit imidization [37]. The studies based on IR spectra
rely on checking whether the positions of characteristic bands are changed by the additive.
Extensive research had shown that IR measurements are not always sufficient to ascertain
the completeness of the imidization reaction or the absence of the interaction of the polymer
with the additive. For example, in the range between 1650 cm−1 and 1780 cm−1, the IR
absorption signals of various groups of atoms within the polyimide and the poly(amic
acid) are often difficult to separate [38–41]. The symmetric stretching IR peaks of C=O in
imide and the carboxylic group in amic acid are about 15 cm−1 apart (around 1730 cm−1

and 1715 cm−1, respectively), and their individual contributions cannot be quantitatively
measured. The amide I band near 1665 cm−1 appears less than 100 cm−1 apart from them.
All of these bands may shift to lower wavenumbers when N–H and C=O groups are in-
volved in hydrogen bonds [42–45]. Moreover, the picture becomes even more complicated
in the presence of CoCl2 given that it exhibits vibration bands near 1600 cm−1 and in the
N–H and O–H stretching vibration region (3100–3500 cm−1) [20,26,46]. Because of these
complications, other experimental characterizations are often needed in addition to IR
measurements. The presence of residual amic acid groups in a polyimide can be easily
identified, using dynamic mechanical analysis (DMA), as a supplementary relaxation peak
before the main relaxation of the polyimide [47–50]. Practically, the imidization of incom-
pletely transformed polyimides is continued in the oven of the DMA device. This issue
was detailed by a few authors in previous publications [51,52]. There are also instances
where imidization was enhanced in the presence of the additive [53–55].

Some questions related to the overlap between characteristic bands in the IR spec-
tra have been partially answered with the help of the two-dimensional correlation spec-
troscopy technique developed by Noda. Basically, by applying a cross-correlation analysis
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to sinusoidally perturbed IR linear dichroism spectra, the 2D correlation spectra were
obtained [56]. Generalized two-dimensional correlation spectroscopy (2D-COS) allows
us to apply this analysis technique to the investigation of any reasonable spectroscopic
signals (IR, NMR, X-ray, chromatography, etc.) that have been perturbed by any physical
or chemical variable (time, temperature, pressure, concentration) [57–59]. The 2D-COS
method has also been used to analyze the sequences of chemical structure changes during
thermal imidization [60–64].

In this work, three perspectives are offered to shed light on the nature of the interaction
between CoCl2 and the polyimide obtained from 2,2′-bis(3,4-dicarboxylphenyl) hexafluoro-
propane dianhydride and 3,3′-dimethyl-4,4′-diaminodiphenylmethane. Previous studies have
investigated the mechanism responsible for the color change as a function of humidity, as
well as the physico-chemical behavior of CoCl2-filled fluorinated polyimide materials [65,66].
The use of 2D-COS and the exploitation of the second derivative of conventional FTIR can
establish the completeness of the thermal conversion of poly(amic acid) into polyimide. The
representation of the vibrational structure designates whether CoCl2 acts as more than an
additive. The electronic state of the cobalt, determined using the XPS technique, will be
indicative of the interaction between the salt and the polyimide, if there is one. These findings
will support the assignment of the relaxations revealed in the dynamic mechanical analysis
investigations, performed both in the isochronal and multi-frequency modes.

2. Materials and Methods
2.1. Materials

The cobalt(II) chloride hexahydrate and N,N-dimethylacetamide (DMAc) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA) and used as received. The 2,2′-bis(3,4-
dicarboxylphenyl)hexafluoropropane dianhydride (6FDA) was acquired from the former
Hoechst Celanese (Summit, NJ, USA) and purified via recrystallization from acetic acid
anhydride. The diamine used in this study, 3,3′-dimethyl-4,4′-diaminodiphenylmethane
(MMDA), was synthesized according to a reported method [34].

2.2. Synthesis of the CoCl2/Polyimide Film Materials

The polymer precursor, polyamic acid (PAA), was synthesized according to the reac-
tion of dianhydride and diamine in DMAc, with a 15% solid concentration, using a method
previously described [65,66]. According to typical synthesis, 4,4′-diamino-3,3′-dimethyl-
diphenylmethane was dissolved in DMAc, and an equimolar amount of hexafluoroiso-
propylidenediphthalic dianhydride was added under stirring, which was continued for 4 h
at room temperature, resulting in a viscous polyamic acid yellow solution being generated.
A part of this solution was processed to obtain a pristine polyimide film, and the other part
was mixed with different quantities of cobalt chloride. The precursor film was obtained by
casting this homogeneous solution onto glass plates and drying it at 100 ◦C–110 ◦C for 4 h
to evaporate the solvent. The subsequent heating of the precursor films at 150, 180, 210,
240–250, and 260–280 ◦C consecutively (for 40 min at each temperature) resulted in the
final polyimide films. The color of polyimide films that contain CoCl2 shifts from bright to
dark green, as the content of the salt increases from 0 to 20%: PI, PICo5, PICo10, PICo15,
PICo20. The structure of the polyimide films is shown in Scheme 1.
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2.3. Characterization

The FTIR spectra of the studied samples were measured at a 4 cm−1 resolution and
using 64 scans on a Bruker ALPHA FTIR spectrometer (Ettlingen, Germany) in attenuated
total reflection (ATR) mode (equipped with a diamond crystal). Processing the spectra
was performed using the Grams 9.1 program (Thermo Fisher Scientific, Waltham, MA,
USA). The second derivative spectra were obtained using the Savitski–Golay method, with
21-point smoothing. The two-dimensional correlation (2D-COS) intensities were calculated
in MATLAB program using the generalized 2D correlation method developed by Noda [67].

Information on the surface elemental composition and chemical states of the elements
present at the sample surface was derived from XPS measurements carried out using a
PHI 5000 VersaProbe photoelectron spectrometer (Ulvac-PHI, Chansen, MN, USA). The
XPS system was equipped with a monochromated Al Kα X-ray source (1486.7 eV). The
photoelectron take-off angle was kept at 45◦ and the vacuum kept at 2 × 10−6 Pa during
the measurements. The calibration of the binding energy (BE) scale was performed by
considering the BE of the C 1s peak (284.6 eV) from the carbon contamination layer. Peak
deconvolution was conducted using the PHI MultiPak software, version 9.1.

The dynamic mechanical analysis (DMA) tests were carried out in tension mode on a
PerkinElmer Diamond (Waltham, MA, USA) instrument by using polymeric films with a
length of 10 mm, a width of 10 mm and a thickness in the range of 0.1–0.2 mm. A temperature
scan from −150 ◦C up to over 350 ◦C, at a heating rate of 2 ◦C/min, was applied. The
experiment was conducted at 1 Hz. The variation in the storage modulus (E′), loss modulus
(E′′) and loss tangent (tan δ) as a function of the temperature was obtained. The drops in the
E′ curves and the peaks in the E′′ and tan δ plots report the relaxations in the polymers. The
multi-frequency experiments (0.5, 1, 2, 5, 10 Hz) were effectuated in the same temperature
range, with 2 ◦C/min. The apparent activation energy of the relaxations was determined
using the Arrhenius equation:

f = A exp(−Ea/RT)

using the plot of the frequency logarithm vs. the reciprocal temperature of relaxation:

lnf = lnA − (Ea/RT)

where f is the frequency (Hz), A is the pre-exponential factor (Hz), R is the gas constant
(8.314 J·mol−1 K−1), T is the absolute temperature (K) and Ea is the activation energy
(J·mol−1). The PICo0 and PICo15 films were subjected to consecutive thermal processes:
heating 1 (−150 ◦C ÷ 125 ◦C) − isothermal (125 ◦C, 10 min) − cooling (125 ◦C ÷ −150 ◦C)
− heating 2 (−150 ◦C ÷ 350 ◦C), with 2 ◦C/min.

The multi-frequency experiments were also performed by increasing the temperature
in step-scan mode, with steps of 2 ◦C, a soak time of 300 s and working frequencies 0.01,
0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, 10 and 20 Hz.

3. Results and Discussion
3.1. Structural Characterization of the Polyimide Films Using FTIR

The FTIR spectra of the polyimides are presented in Figure 1a. The regions 3800–2700 cm−1

and 1800–1400 cm−1 are enlarged in Figure 1b,d. Generally, the second derivative curves
(Figure 1c,e) resolve the overlapped component bands. The 3318 cm−1 broad characteristic band
(Figure 1b) is assigned to the stretching vibration of the OH and NH groups, while the succession
of bands identified at 3070, 2958, 2925 and 2855 cm−1 is associated with the symmetric and
asymmetric vibration of CH from the methyl or methylene groups of the aromatic and aliphatic
structures.
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Figure 1. FTIR spectra of PI, CoCl2·6H2O, PICo5, PICo10 and PICo15 hybrid materials:
3700–700 cm−1 spectral region (a), 3700–2700 cm−1 spectral region (b) and its second derivative
(c) and 1800–1400 cm−1 spectral region (d) and its second derivative (e).

In the 1800–1400 cm−1 spectral region (Figure 1d), specific imide bands are located at
1785 cm−1 (asymmetric stretching vibration of the C=O groups), 1721 cm−1 (symmetric
stretching vibration of the C=O groups) and 1636 cm−1 (bending vibration of the NH
groups). Also, the following bands are characteristic of polyimide structures: 1373 cm−1

(stretching vibration of the C-N groups) and 720 cm−1 (bending vibration of the C=O
groups) (Figure 1a). Moreover, the bands located at 1597 cm−1 and 1503 cm−1 correspond
to the quadrant stretching of the carbon-to-carbon double bonds in the aromatic ring and at
1437 cm−1 to the stretching vibrations of the C-H groups from the aromatic ring (Figure 1e).
The band found at 1247 cm−1 corresponds both to the stretching vibrations of the C(CF3)
groups and the stretching vibrations of the (CO)2NC imide groups. The latter are also
identified at 1205 cm−1 [42,50,68].

The FTIR spectra and second derivative spectra of the polyimides containing vary-
ing CoCl2 contents (Figure 1b,c) show significant differences in the 3600–2700 cm−1 and
1800–1400 cm−1 spectral regions. In the first mentioned spectral region, the band assigned
to the free and bonded OH and NH groups shifts to a higher wavenumber, from 3320 cm−1

to 3355 cm−1. This fact indicates that the amic acid groups were involved in the formation
of hydrogen bonds. At the same time, a new band located at 3647 cm−1 emerges. This can
be assigned to the free OH groups that overlap with the bands assigned to the CoCl2, which
can be observed in all the polyimide–CoCl2 systems. In the second mentioned spectral
region, a shift to a lower wavenumber (1600 cm−1) of the band located at 1636 cm−1 is
evidenced. The second derivatives of this region (Figure 1e) indicate the presence of five
overlapping bands between 1670 and 1530 cm−1: 1648, 1628, 1607, 1579 and 1545 cm−1.
With an increasing CoCl2 content, the band located at 1648 cm−1 is shifted to 1653 cm−1,
and the band located at 1607 cm−1 is shifted to 1599 cm−1. This result indicates that the
addition of CoCl2 can cause modifications in the structure of the polymeric films.
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The frequency shift can be correlated with the level of specific molecular interactions.
An alternative view is that the apparent peak position shift is caused by the change in the
population of different chemical species. In this case, the position of the peak maximum
tends to shift due to the variation in the relative intensity contributions of closely overlapped
bands, with their individual frequencies essentially unchanged.

In order to increase the spectral resolution and to simplify the interpretation of the spectra,
generalized two-dimensional IR correlation spectroscopy was applied (Figure 2a–d).
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Figure 2. 2D-COS spectra for 3700–2750 cm−1 region (a,b) and 1850–1400 cm−1 region (c,d) for
PICo15 polymer film.

The synchronous spectrum in the 3700–2750 cm−1 region shows a large auto-peak at
3384 cm−1 and two negative cross-peaks at 3348 vs. 2921 and 2858 cm−1. Thus, it seems
that this auto-peak consists of more than one peak. The observed negative cross-peak
indicates the variation in the opposite direction of the bands involved in its formation.
It is known that the asynchronous spectrum has a deconvolution capacity. In this case,
the broad band located at 3384 cm−1 is split into five bands: 3598, 3556, 3384, 3294 and
3176 cm−1. The first and second ones, located at 3598 and 3556 cm−1, correspond to the
stretching vibrations of free OH and NH groups. The third band, at 3384 cm−1, corresponds
to the stretching vibrations of H-bonded OH groups, overlapping with the bands assigned
to the CoCl2. The fourth band (3294 cm−1) and the fifth band (3176 cm−1) correspond to
H-bonded NH groups [59].

Two auto-peaks (1720 cm−1 and 1597 cm−1) were observed in the synchronous spec-
trum constructed for PI-CoCl2, in the region 1850–1450 cm−1: one positive cross-peak
at 1785 vs. 1720 cm−1 and one negative-cross-peak at 1720 vs. 1597 cm−1. The sign of
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the cross-peaks indicates that the bands located at 1720 and 1785 cm−1 vary in the same
direction and in the opposite direction to the band located at 1597 cm−1. As observed from
the asynchronous spectrum, the broad bands centered at 1720 cm−1 and 1597 cm−1 are
each composed of three component bands: at 1743, 1722 and 1678 cm−1 and at 1595, 1560
and 1502 cm−1, respectively. The bands at 1785 cm−1 and 1722 cm−1 can be assigned to
the asymmetric and symmetric stretching of the C=O groups from the cyclic imide [45,62].
The band located at 1743 cm−1 can be assigned to the symmetric stretching vibration of
the C=O groups in the intermolecular links and the band at 1678 cm−1 to the stretching
vibration of the C=O groups from the amide I linkage (amic acid groups). The band lo-
cated at 1597 cm−1 corresponds to the quadrant stretching of the carbon-to-carbon double
bonds in the aromatic ring, which overlaps in part with the vibration bands of amide I [45]
and CoCl2. The band found at 1502 cm−1 is assigned to the ring-breathing modes of the
para-substituted benzene ring [39], while the one found at 1560 cm−1 can be assigned to
the stretching of NH in the amide that belongs to the amic acid groups [69]. Therefore, 2D
IR correlation spectroscopy suggests that amic acid groups and intermolecular links are
present together with the imide ring in the PI-CoCl2 samples.

Analysis of the synchronous and asynchronous 2D correlation spectra revealed that the
bands associated with the imide C=O groups are changed before the bands corresponding
to the C=O groups from the amide and the intermolecular links and also before the bands
located at 1600 cm−1, which are assigned to the stretching vibrations of the C=C groups and
amide I. This fact indicates that the formation of the imide ring occurs before the changes
in the amide groups.

The IR spectra of the PICo15 sample were deconvoluted in the 1800–1400 cm−1 region
according to the observed band in the asynchronous spectrum, using the method proposed
by Niu et al. [70] (Figure 3).
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IR curve is red and the others are obtained after the deconvolution process.

Ten bands were obtained after the deconvolution process: 1785, 1735, 1719, 1687, 1657,
1631, 1602, 1565, 1531 and 1503 cm−1. The bands’ positions remained constant for all the
studied samples and differences appear only in the band area and/or band width. The
most important information for our rationale was included in Table 1.
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Table 1. The area of the main bands that are assigned to polyimide structure.

Sample
Band Area

1784 cm−1 1719 cm−1 1630 cm−1 1604 cm−1 1555 cm−1

PI 4.7 41.2 12.8 5.9 -
PICo5 3.8 32.7 10.6 17.9 0.3
PICo10 5.4 42.9 8.3 16.8 2.0
PICo15 4.7 35.3 8.4 25.3 4.1

When the areas of the bands associated with the asymmetric and symmetric vibrations
of the C=O groups (1784 cm−1 and 1719 cm−1) are compared with the area assigned to
the amic acid groups (1630 cm−1), it becomes evident that the polyimide contains a non-
negligible quantity of unreacted amic acid. This represents a hint that the imidization
was incomplete. Moreover, both the aromatic C=C groups and the CoCl2 are responsible
for the 1604 cm−1 band. However, intuitively, the increase in the area of this band with
the quantity of CoCl2 is credited mainly to the salt, which interacts in some way with the
polymer.

3.2. X-ray Photoelectron Spectroscopy

The nature of the cobalt and the coordination geometry of the potential donor atoms
from the polyimide films (N, O) to the cobalt were studied using XPS. Differences in the
coordination and oxidation states are expected to exist in the chemical shifts, satellite
structure and valence band structure.

The Co 2p XPS spectrum exhibits two major peaks, with the binding energy values at
797.5 eV and 781.5 eV attributed to the Co 2p1/2 and Co 2p3/2 spin-orbit peaks, respectively
(Figure 4).
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Figure 4. Deconvoluted 2p X-ray photoelectron spectra of CoCl2 and PICo5, PICo10 and PICo15
films. Images of the anhydrous CoCl2 and the polyimide films without (PI) and with additives (PICo)
are on the right side of the figure.

The Co 2p1/2−Co 2p3/2 energy separations are around 16 eV, and two strong associ-
ated satellites are located at the high-binding-energy side of the main peaks (Table 2).
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Table 2. Binding energies (eV) of the component elements of the undoped and doped films *.

Sample N 1s
O 1s Co 2p

Ether Imide Satellite 1 Co 2p1/2 Satellite 2 Co 2p3/2

CoCl2 - - - 803.5 797.5 787.0 781.5
PI 399.7 533.5 531.8 - - - -
PICo5 400.0 533.4 531.8 802.9 797.3 785.8 781.3
PICo10 399.8 533.4 531.8 802.6 797.3 785.3 781.5
PICo15 399.7 533.2 531.6 802.8 797.4 785.5 781.5

* ±0.2 eV.

All of these features are commonly found for high-spin Co (II) compounds [15,71,72].
After the polyimides were doped with CoCl2, the main 2p peaks have broadened and
slightly changed. The presence of strong satellite bands indicates that the oxidation state of
the cobalt was not changed: it is equal to +2. It is known that cobalt compounds with a +3
oxidation state have very weak satellite peaks or do not have them at all [11].

High-spin cobalt compounds usually present a tetrahedral or octahedral geometry.
The blue color of the anhydrous CoCl2 is ascribed to the formation of tetrahedral complexes.
The appearance, position and binding energy values, almost consistent with those in CoCl2,
indicate a predominant tetrahedral environment around the cobalt in the Co-doped PI.
This feature is also confirmed by the green color of the PI-CoCl2 films (the blue color of
CoCl2 combined with yellow color of the polyimide film). The presence of the tetrahedral
environment around Co2+ was also confirmed using UV–Vis absorption spectroscopy [66].
The absorbance from the tetrahedral structure is more intensive than that of the octahedral
structure, which almost disappeared.

For a complete characterization of the electronic and chemical state of the cobalt,
analysis of the N 1s and O 1s peaks is necessary. The N spectrum is composed of a single
component at 400 eV corresponding to the nitrogen of the imide groups. The O spectrum is
composed of two components at 531.8 eV and 533.5 eV, assigned to the carbonyl oxygens
from the imide rings and the oxygen coming from the ether, respectively (Table 2).

A positive binding energy shift for nitrogen and negative shift for oxygen are observed
for the cobalt-doped PI relative to the undoped PI. The positive shift for nitrogen is con-
sistent with the decrease in the electronic density upon the donation of its lone pair of
electrons to the cobalt [73]. So, the XPS results indicate that Co(II)–N coordinated bonds
were formed. The coordination of an oxygen atom to a metal ion results in an increase
in binding energy [35]. In our case, a negative shift for oxygen can be rationalized as the
capacity of the cobalt to coordinate with the amic acid groups.

3.3. Dynamic Mechanical Analysis

Dynamic mechanical analysis provides information on the relaxation behavior of
polymers, which depends on the local molecular environment. Therefore, the DMA results
can offer an understanding of the coordination linkage and reinforcement mechanism of
the cobalt ions in a polyimide, if they exist. Before discussing the doped polymers, detailed
comments on the viscoelastic behavior of undoped polyimide are necessary.

The DMA behavior of PI is represented in Figure 5, and the main viscoelastic charac-
teristics are included in Table 3.
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Table 3. The main viscoelastic characteristics of the polyimides as derived from the DMA experiment.

Sample

E′ (GPa)
Glassy Region α-Relaxation Onset tan δ

α-Relaxations E′ (MPa)
Rubbery Plateau R 6

–140 ◦C 1 20 ◦C 2 E′ (GPa) T (◦C) T (◦C) 3 T (◦C) 4 htanδ
5

PI 2.33 1.80 0.72 210 238 305 1.30 6.7 (350 ◦C) 108.0
PICo5 1.88 1.25 0.50 195 225 279 0.69 5.2 (340 ◦C) 96.0

PICo10 1.80 1.10 0.42 205 - 285 0.89 6.3 (340 ◦C) 66.5
PICo15 1.95 1.14 0.46 202 - 266 0.70 6.6 (325 ◦C) 70.0
PICo20 2.76 1.37 0.40 217 - 272 0.70 5.0 (310 ◦C) 80

1 The temperatures correspond to the region before γ-relaxation; 2 the temperatures correspond to the region
before β-relaxation; 3 the tan δ peak associated with amic acid chain segments; 4 the tan δ peak associated with
imide chain segments; 5 the height of tan δ peak associated with imide chain segments; 6 the ratio between the E′

moduli before α-relaxation and E′ of the rubbery plateau.

A broad γ-relaxation is noticed in the sub-glass transition region, centered around
–113 ◦C (tan δ peak), and is associated with the presence of residual water in the film [74–76].
This peak disappears in the second heating run of the heating–cooling–heating experiment
(Figure 5(bi)). Further on, a large β-relaxation begins around 50 ◦C and spans a range close
to 200 degrees. Generally, the β-relaxation of polyimides is attributed to the rotational
vibrations of various groups [77,78]. During sub-glass transition relaxations, the storage
modulus E′ decreases by less than a factor of two.

An important drop in the storage modulus starts around 210 ◦C and represents the
onset of the α-relaxation. During the α-relaxation, long-range coordinated molecular
motions take place. The decrease in the E′ modulus in two steps is the result of two
different molecular motions. Two peaks are also noticed on the E′′ and tan δ curves. This
means that the imidization was not complete, and the final polyimide includes also amic
acid segments, which usually relax at a lower temperature than imide polymer segments
(Table 3). It is not excluded that imidization continues even in the instrument oven.

The characteristics of the viscoelastic parameters E′, E′′ and tan δ during the glass
transition region depend greatly on the polymer structure. The maximum value of the tan δ

peak is higher than 1 (htanδ, Table 3). This is also reflected in the fact that E′ and E′′ intersect
two times during the α-relaxation (Figure 5a). Therefore, there are no constraints on the
structure of the polyimide that would determine E′ > E′′, i.e., a tan δ peak (htanδ) value
smaller than 1. Also, the tan δ peak decreases with an increasing frequency due to the fact
that no secondary processes overlap with the α-relaxation, which would confer additional
mobility to the polymer chain [79]. The E′ modulus of the rubbery plateau remains constant
until the end of the experiment.
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The viscoelastic behavior of the cobalt-doped MMDA-6FDA polyimide is presented
below. At least theoretically, the cobalt can coordinate with both nitrogen and oxygen atoms,
which belong to one or two polymer chains. In the sub-glass transition region, when compared
with the viscoelastic behavior of PI, a shift in the γ-relaxation to a higher temperature (Figure 6)
and the presence of a new relaxation around −40 ◦C (γCo, Figure 7a,b) are noticed. Figure 7a,b
do not include the E′′ modulus curves in order to keep the figures clear.
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The γ-relaxation shift associated with residual water does not depend on the cobalt
content. Bas et al. associated this shift with an increase in chain packing [76]. The new
γCo relaxation can be attributed only to the inclusion of cobalt in the structure of the
polymer. As far as we are aware, this relaxation has not yet been reported in the literature.
Certain features distinguish this relaxation. The E′ modulus for PICo20 decreases 1.5 times
during this relaxation (Table 3). Actually, PICo20 is the only sample that registers a higher
E′ modulus than PI, but only at very low temperature values. After this relaxation, all
the samples have an E′ modulus lower than that of the PI with no cobalt (Table 3). It is
important to mention the large value of the activation energy for the γCo relaxation, which
is a secondary relaxation (Figure S1, Supplementary Information). The γCo relaxation
is present in the second heating stage, but is shifted to higher temperature (Figure S2,
Supplementary Information), most probably as a result of the elimination of water.
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The onset temperature of the glass transition (E′ onset) decreased initially when a
small quantity of CoCl2 was included in the polyimide, but it had an increasing trend
with the content of the cobalt. The glass transition region comprises two steps for all the
samples, meaning that not all the amic acid groups were converted into imide groups.
An accurate assessment of the glass transition temperature cannot be realized during a
thermal scan experiment if additional imidization cannot be excluded [47,80,81]. Due to
the additional imidization during the DMA experiment, the glass transition temperature
of the incompletely imidized PI increases continually. The values of the glass transition
temperatures estimated from the E′′ and tan δ peaks are not absolute but represent the
glass transition temperature values at a certain moment. Since all the experiments were
performed in the same conditions, the Tg values of the amic acid and imide segments
determined from the tan δ peaks are included in Table 3 for comparison. In this situation, if
we want to talk about the glass transition temperature of the initial materials, the partially
imidized polyimides as they resulted from synthesis, the temperatures of E′ onset are the
most suitable.

The tan δ peak decreases as more dopant is included in the film. The presence of
cobalt limits the cooperative segmental motions of the polymer chains; a higher cobalt
content makes this effect stronger. At some point, the tan δ peaks of the amic acid and
imide segments merge, and they cannot be separated anymore. The polyimide becomes a
heterogeneous structure with overlapping glass transitions.

Typically, low heating rates and low frequencies separate better overlapping pro-
cesses [82–84]. A step scan experiment performed for the sample PICo15 resolves the large
tan δ peak that emerges in the isochronal ramp experiment in two peaks (Figure 8).
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Figure 8. The variation in E′ and tan δ for the sample PICo15 obtained in a multi-frequency experiment.
The explanation of the curves is the same for the green lines (E’) and for the blue lines (tan δ).

The first and second peaks are associated with the relaxation of the amic acid and
imide chain segments, respectively. The rise in the E′ modulus after the glass transition is
an indication of an increase in the film’s rigidity. It seems that metal ions form crosslinks
with polyimide chains over 320 ◦C. The same has already been reported for CoCl2-modified
N-picolyl polyurethane and NBR [32,33]. However, this gain in rigidity more likely starts
in the last part of the glass transition process. Initially, the descent in E′ is leveled out, and
then it takes an upturn trend. In the experiment performed at five frequencies, this process
is reflected as a shoulder on the descending side of the tan δ peak, as is represented in
Figure 9 for PICo10.
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This shoulder does not have the characteristics of a relaxation (frequency-independ-
ent) [53,82] and occurs in the same temperature range as the E′ increase. The increase in
rigidity is more intense and starts at a lower temperature, as the content in CoCl2 is higher.

The last point in question is why the storage modulus and the glass transition temper-
ature are lower for the doped polymers as compared to the undoped polymers. (Table 3).
Amic acid–imide structures are known for their hydrogen bond intermolecular interactions
and the π-π interactions between the benzene rings of diphenylmethane. Coordination
with the cobalt can break the physical interactions between the macromolecular chains and
may result in a decrease in both the storage modulus and glass transition temperature of
the doped polyimides.

4. Conclusions

Using several combined experimental techniques (DMA, the second derivative FTIR
and 2D-COS), we analyzed the structure and mechanical behavior of the CoCl2–polyimide
systems. The experiments demonstrated that in the systems we studied, the thermal
imidization was incomplete. The spectral vibrational configurations are modified as the
quantity of CoCl2 is increased in a way that does not preclude an interaction between the
salt and the polyimides. With the help of XPS, it was possible to identify a tetrahedral
environment around the cobalt in the polyimide films and Co(II)–N coordinated bonds.
The coordination of the cobalt with the residual amic acid groups is possible. A specific
relaxation (γCo) was revealed using DMA in the CoCl2–polyimide films, around −40 ◦C.
However, the effect of CoCl2 on the film stiffness was not straightforward due to two
competing mechanisms of its interaction with the polymer network. In the first instance,
at a low CoCl2 content, the salt triggers disruption of the intermolecular hydrogen bonds
and/or π-π interactions. This is reflected both in the smaller values of the E′ modulus
and glass transition temperature as compared with those of pristine polyimide. The
stiffness of the films increased when the content of CoCl2 went over 15%. Also, raising the
temperature over 320 ◦C in the DMA oven entailed in the presence of CoCl2 the formation
of a crosslinked structure.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/ma17030753/s1. Figure S1: The Arrhenius plot of the γCo secondary
relaxation for the samples PICo5, PICo10, PICo15 and PICo20 and the corresponding activation energy
(Ea); Figure S2: The γCo relaxation for the sample PICo15 during the first heating stage and the second
heating stage. The isochronal experiment (1 Hz) was performed with 2 ◦C/min during all heating
and cooling stages. The first heating stage was stopped at 125 ◦C, and the sample was maintained
10 min at this temperature before the cooling.
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