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Synthesis and properties of new transparent (co)polyimides based
on adamantane-containing diamines and aromatic tetracarboxylic dianhydrides*
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New (co)polyimides possessing good thermal and physicomechanical characteristics, high
hydrolytic stability, and transparency at the best world level were synthesized. It was shown that,
depending on the natures of diamine and dianhydride used in the synthesis, the optical proper-
ties of polymers also change. These properties of (co)polyimide films correlate with the
AF value, which is defined as the difference between the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) energies of the polyimide
repeating unit. It was shown that the use of 1,2-dichlorobenzene makes it possible to obtain
high-molecular-weight (co)polyimides with a set of enhanced performance characteristics.
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Polyimides (PIs) occupy an important place among
various classes of thermally stable polymers. Owing to
excellent combination of thermal, electrical, and physico-
mechanical properties, polyimide materials are widely
used in various fields of technology, first of all, as heat-
resistant dielectrics.! They are applied in microelectronics
and electrical engineering, for the production of tapes for
magnetic core winding, base films for flexible printed
circuits, carrier tapes with self-gluing, magnetic tapes,
shielding films with controlled temperature for satellite
channels, efc.2—5

Fast development of optoelectronic engineering,
especially portable smart devices, brought about high
demand for the development of optical films with good
thermal stability and high optical transmittance, which
can be used as flexible substrates.

Traditional materials, such as ultra-thin glass, often
do not possess the set of performance characteristics
required for optoelectronic industry. Meanwhile, poly-
imide materials have excellent mechanical and dielectric
properties and good chemical stability. However, the
intense color and poor processability of many Pls are
the key factors limiting their use as optical products.
Most often, in the case of commercially manufactured
polyimide films, their dark-brown or deep yellow color
is due to the presence of electron-donating and electron-

* Dedicated to Academician of the Russian Academy of Sciences
V. N. Charushin on the occasion of his 70th birthday.

withdrawing groups and related intramolecular and
intermolecular charge transfer.®

In 2016, the Kolon company manufactured the
world s first optically transparent polyimide film, which
was considered to be a substitute for glass used in vari-
ous displays.” It is noteworthy that a major challenge
faced by the development of colorless transparent poly-
imide films is to find a balance between thermal, optical,
mechanical, and other properties. There appeared the
necessity of fabricating monomer structures that would,
on the one hand, enhance the thermal stability and
physicomechanical characteristics of the obtained poly-
mers and, on the other hand, possess relatively high opti-
cal transparency.8—10

Results and Discussion

Synthesis of monomers. The monomers were synthe-
sized as described in Scheme 1.

In the first step, compounds 1a,b were reduced with
lithium aluminum hydride!! or Raney nickel!2 in 2-me-
thyltetrahydrofuran (2-MeTHF) to give amines 2a,b,
which were then converted to salts. The reaction of the
salts with acetanilide in the presence of trifluoroacetic acid
(TFA) and subsequent hydrolysis of the resulting deriva-
tives!3 afforded the corresponding diamines 3a,b in good
yield (96%) and with high purity (99%)

This synthetic route furnishes the target and inter-
mediate compounds with a purity of at least 98—99%, with
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the yields of products in each step being 70—96%. The
structures of the intermediate and target compounds were
confirmed by NMR and IR spectroscopy and the purity
was checked by GC/MS analysis.

Synthesis of polyimides and copolyimides. New (co)
polyimides (CPIs) were prepared by one-step high-tem-
perature polycyclization in solution using adamantane-
containing diamines 3a or 3b, 9,9-bis(4-aminophenyl)-
fluorene (4), and 3,4,3’,4 -tetracarboxydiphenyl dian-
hydride (BPDA) or 5,5'-(1,1,1,3,3,3-hexafluoropropane-
2,2-diyl)bis(2- benzofuran-1,3-dione) (dianhydride 6FDA)
(Scheme 2).

Previously, m-cresol was used most often as the solvent
for the one-step synthesis of PIs containing the adaman-
tane moiety.1415 However, it was shown13 that the syn-
thesis in m-cresol may be accompanied by side reactions
and, under certain conditions, the polycondensation can
become reversible. Meanwhile, it was reported!6 that
1,2-dichlorobenzene (DCB) can be an efficient solvent
for the one-step high-temperature synthesis of PIs. Using
this solvent, it is possible to avoid the undesirable side
reactions and, possibly, also to shift the polycondensation
equilibrium towards the products. Therefore, (co)polymers
based on adamantane-containing diamines were synthe-
sized in DCB. It is noteworthy that with DCB being used
as the solvent, the reduced viscosity of polyimides was
markedly higher than in m-cresol (0.96—1.39 vs. 0.6—0.8,
respectively).

The structures of PIs and CPIs were confirmed by IR
spectroscopy. The IR spectra of all synthesized PIs and
CPIs exhibit absorption bands at 750 and 1380 cm™!,
characteristic of the imide ring, and bands at 1780 and
1740 cm~!, which correspond to C—N and C=0 modes
in the ring, respectively.

The dependence of the reduced viscosity (1,.q) of PIs
and CPIs on the molar concentrations of the starting

monomers in the reaction mixture was studied in relation
to the sample PI-6. When m-cresol was used as the solvent,
this dependence was nonmonotonic, with the viscosity
maximum being attained at concentration of 0.3 mol L~!.
In the case of DCB, 1,4 virtually did not depend on the
initial reactant concentrations in the 0.2—0.4 mol L~!
range. The unusual pattern of dependence observed in the
case of DCB in the chosen range of monomer concentra-
tions may be attributable to, first, the absence of side reac-
tions with the solvent and, second, to the shift of reaction
equilibrium towards the products. In addition, 1,4 and
the yields after PI precipitation and reprecipitation were
markedly higher for the products synthesized in DCB than
for those synthesized in m-cresol (Table 1).

Film preparation. The films were prepared by casting
of 13% solutions of specified PIs and CPIs in 2-MeTHF
on a glass substrate. Note that the use of this solvent re-
duces the temperature and duration of film drying.

The cast films were dried in vacuo with stepwise tem-
perature rise to 80 °C for 1 h to remove the solvent. The
film thickness was 15—20 pm.

Optical properties. The main factors considered to be
responsible for coloring of polyimide films are the intra-
molecular charge transfer between the alternating electron-
donating and electron-withdrawing moieties and the
formation of intermolecular charge transfer complexes.%16
Since the formation of these complexes is directly related
to the structure and geometry of molecular orbitals, we
performed quantum chemical calculations for synthesized
PIs. They included both preliminary geometry optimiza-
tion for molecular structures of the polyimide moiety and
the subsequent energy calculations. The calculations were
performed by density functional theory using the B3LYP
exchange correlation potential and the Gaussian basis set.
Previously, it was shownl® that the electron transition
energy (AE) from the highest occupied molecular orbital
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(HOMO), located around the imide nitrogen atom, to the
lowest unoccupied molecular orbital (LUMO), located
around the carbonyl carbon atoms, is determined by the
electron-donating properties of the diamine and electron-
withdrawing properties of the dianhydride. Thus, the
presence of highly basic alicyclic diamines 3a and 3b in the
polyimide molecule leads to considerably higher AE values.

Higher AE values found for PI-8 and PI-12 compared

to those for PI-2 and PI-6 are due to the presence of bulky 15—20 um thick.

M
A0 L b

=100,n=0;PI-7:m=0,n=100,

170—180°C
TR

C(CF;3), groups in their molecules; these groups considerably
decrease the intermolecular interactions between the poly-
mer chains due to steric hindrance and low polarizability of
fluorinated groups. The dihedral angles between the imide
and benzene rings in polyimides PI-1—PI-12 vary from 72°
to 74°. The calculation results are summarized in Table 2.

The optical characteristics of polyimide films are given
in Figures 1—3 and in Table 2. All of the films were

Table 1. Dependence of the reduced viscosity and yield of PlIs based on dianhydride BPDA

and diamine 3b on the monomer concentration

Monomer Solvent Nreq/dL g~! Pl yield after
concentration/mol L1 reprecipitation (%)
0.1 m-Cresol 0.26 68

0.2 m-Cresol 0.31 76

0.3 m-Cresol 0.56 84

0.4 m-Cresol 0.38 70

0.1 1,2-Dichlorobenzene 1.00 98

0.2 1,2-Dichlorobenzene 1.03 Quantirtative
0.3 1,2-Dichlorobenzene 1.06 Quantirtative
0.4 1,2-Dichlorobenzene 1.06 Quantirtative
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Table 2. Calculated Eyowmo, ELumo, and AE (eV)
for some of synthesized Pls

Polymer EHOMO ELUMO AE

PI-2 —4.980 -2.531 2.449
PI-6 —4.980 -2.531 2.449
PI-8 —6.014 —2.476 3.537
PI-12 —6.014 —2.476 3.537
PI-13 —5.660 —2.585 3.075

It is worth noting that the results of UV spectroscopic
measurements of PI solutions (see Fig. 1) were in good
agreement with calculation results. A solution of PI-12
sample containing the 6FDA moiety, had a lower absorb-
ance in the 300—360 nm range than BPDA-based PI-6
sample. The PI-12 sample, unlike BPDA-based PI (PI-6)
did not absorb in the region above 400 nm.

Figure 2 shows the UV and visible spectra of 0.05%
solutions of polyimides PI-6, PI-12, and PI-13in 2-MeTHF.
Note that the PI-6 and PI-12 samples containing 100%
alicyclic diamine units exhibit two absorption maxima,
which is probably due to the presence of imide rings of
different natures in the macromolecule. In the case of
PI-13, the spectrum shows one broad peak, with the ab-
sorption maximum being shifted to longer wavelengths. It

0.12
0.10
0.08
0.06
0.04
0.02

320 340 360 380 400 420 440 460 480

1 L 1 | L L 1

A/nm

Fig. 1. Absorption spectra of solutions of polyimides PI-6 (/)
and PI-12 (2) in the UV and visible regions.
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Fig. 2. Absorption spectra of 0.05% solutions of polyimides
PI-6 (1), PI-12 (2), and PI-13 (3) in 2-MeTHF.
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Fig. 3. Transparency of the obtained polyimide films and com-
mercial kapton film.

is also noteworthy that all solutions based on diamine 3b
and dianhydride 6FDA had no absorption bands in the
region above 360 nm.

These results are in good agreement with the calculated
AFE values (eV). Polyimides based on BPDA have much
smaller AE than PIs in which 6FDA was used as the
monomer. The AF value calculated for model PIs contain-
ing imide rings either only at aliphatic or only at aromatic
moieties (see Table 1) accounts for the presence of two
peaks in the UV spectrum of PIs based on diamine 3b.

The transparency of polyimide films in the visible range
was also studied by spectophotometry (Fig. 3). The opti-
cal transparency at 400, 420, and 450 nm, the average
transmittance (7,,, %), and the yellowness index of the
obtained samples are summarized in Table 3.

Note that the Pls consisting of adamantane-based
diamine and dianhydride 6FDA moieties demonstrated
much better optical properties (A.yiof = 305—337 nm,
T,, = 89%) than the commercial Kapton film (A o =
=470 nm, T,, = 69%). As the amount of alicyclic diamine
in the monomer increased, the transmittance of polyimide
films increased and the yellowness index decreased (see
Table 3). Indeed, the polyimide films PI-6 and PI-12,
containing 100% diamines 3a and 3b in the molecules,
respectively, have the lowest A, ;_o values (305—306 nm)
and the highest transmittance at 400 nm wavelength
(75—76%).

Polyimide films based on adamantane-containing
diamines and dianhydride 6FDA also have relatively low
yellowness indices. For example, for PI-12, containing
100% diamine 3b, T,, = 89%, and the yellowness index is
1.76, while for the commercial Kapton film, T,, = 69%
and the yellowness index is 93 (see Table 3).

It was found that A;,,_gfor PI-8—PI-12 are markedly
lower than that for PI-13, which contains diamine com-
ponent 4.

It is known that AE approximately coincides, in the
order of magnitude, with the energy of quantum corre-
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Table 3. Optical properties of PI and CPI films based on diamines 3a, b, and 4 and dianhydride 6FDA
Polymer d? M outoft Transmittance® (%) Yellowness
ind
/um /nm T400 Ty Tys0 Ty fnaex
PI-8 20 305 75 82 86 89 2.80
PI-9 20 337 62 80 86 88 2.84
PI-10 20 329 66 81 87 88 2.74
PI-11 20 319 67 80 87 88 2.48
PI-12 20 306 76 84 87 89 1.76
PI-13 20 348 60 80 86 87 2.89
Kolon Industries PI¢ 25 300—320 31-70 41-77 80—87 84—88 1.82—9.7
Kapton/ 60 470 0 0 0 69 93

@ Film thickness;

b cut-off wavelength;

¢ transmittance at 400, 420, 450 nm;

4 average transmittance in the visible region (400—780 nm);
¢ published data;

/ the properties of commercial PI film Kapton are given for comparison.

sponding to the absorption edge wavelength (Ag) in the
UV/Vis spectra (A is the wavelength corresponding to the
point of intersection of two tangent lines to the absorption
curve). All of the polyimide films, except for commercial
Kapton film, virtually did not absorb in the region above
370 nm. It was found that Az values for PIs decrease in the
order PI-13 > PI-9 > PI-10 > PI-11 = PI-8 > PI-12,
which is consistent with the calculated AF values. Thus,
the results confirm that the structures of proposed diamines
provide increased transparency and decreased yellowness
indices for PIs based on them.

Thermal and mechanical properties. Usually, the pres-
ence of bulky substituents and aliphatic moieties in the
chain has an adverse effect on the thermal properties of
PIs. In particular, 5% weight loss temperature (75q),
important for the application of polymers, somewhat
decreases.1?

Note that the thermal oxidative stability of alicyclic-
containing PIs is somewhat lower than that of fully aro-
matic ones, but it still remains fairly high. Indeed, 5%
weight loss for PI based on diamine 3b and 6FDA was
observed at a temperature of 470 °C. The results of study-
ing the thermal oxidative stability of PIs are summarized
in Table 4. Generally, the synthesized Pls possess relatively
high thermal oxidative stability; the T5¢ and T are
higher for polymers based on dianhydride 6 FDA than for
those based on BPDA (see Table 4). Furthermore, they
considerable exceed these values for the previously ob-
tained PIs based on adamantane-containing diamines and
3,4,3’,4’ -tetracarboxydiphenyl oxide dianhydride (ODPA)
(Tse, = 380°C),17 although they are somewhat lower than
those of fully aromatic PI-7 and PI-13.

Generally, the physicomechanical characteristics of
the synthesized films are relatively high (see Table 4),
although some of them are lower than those of Kapton

films. For example, the tensile strength of the films we
obtained was 70—79 MPa, while the tensile elongation
was 5—7%.

Solubility and hydrolytic stability of the powders. High
solubility expands the scope of applicability of PIs, may
facilitate their processing, and, in addition, it is useful for
more extensive studies of Pls.

The solubility of the obtained Pls was studied by con-
sidering their ability to form stable 5% solutions at room
temperature or on heating (Table 5). The presence of bulky
moieties and asymmetric molecules in the PI structure is
known to increase the polymer solubility.!8 It was found
that the PI-8—PI-13 samples were soluble not only in
bipolar aprotic solvents with high dielectric constants, such
as N,N-dimethylformamide (DMF, € = 36.71), N,N-di-
methylacetamide (DMA, € = 37.78), dimethyl sulfoxide
(DMSO, € =46.45), and N-methylpyrrolidone (NMP, ¢
=32.2), but also in solvents with low dielectric constants
such as CHCl; (¢ =4.89), CH,Cl, (¢ =8.93), tetrahydro-

Table 4. Thermal and physicomechanical characteristics of CPI
films based on adamantane-containing diamine 3b, diamine 4,
and 6FDA

Polymer T59/°C  Ty99/°C o/MPa € (%)
PI-8 470 510 70 5
PI-9 470 510 72 5
PI-10 480 520 78 7
PI-11 500 530 75 6
PI-12 510 550 79 7
PI-13¢ 520 550 78 8

Kolon Industries PI>  350—530 400—570 70—112 5—12

@ Data for fully aromatic polyimide are given for comparison,;
b published data.
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Table 5. Solubility of PIs and CPIs

Polymer Nred Solvent
/dLe™' 7 Cresol CHCL, CH,Cl, NMP _ DMA  DMSO  DMF 2-Me-THF THF

PI-1 1.10 + — — +a + + + — —
PI-2 1.05 + — — +a + + + — —
PI-3 0.99 + — — +a + + + — —
PI-4 1.23 + — — +a + + + — —
PI-5 1.39 + — — +a + + + — =
PI-6 1.03 + — — +a + + + — -
PI1-7° 0.96 + — + + + + + - -
PI-8 1.10 + + + + + + + + +
PI-9 1.06 + + + + + + + + +
PI-10 1.23 + + + + + + + + +
PI-11 1.10 + + + + + + + + +
PI-12 1.15 + + + + + + + + +
PI-13% 1.20 + + + + + + + + +

2 Polymers are dissolved on heating.
b Data for fully aromatic polyimide are given for comparison.

furan (THF, ¢ = 7.58), and 2-methyltetrahydrofuran
(2-MeTHEF, € = 6.97). The excellent solubility of these
PIs is attributable to the presence of both fluorine-con-
taining and methyl groups in the chain. This leads to
decreasing intermolecular interactions and prevents the
formation of coplanar structures; consequently, the pack-
ing density of PIs decreases. Meanwhile, BPDA-based Pls
were much less soluble. Polyimides based on 6FDA and
diamine 3b were soluble in a very broad range of solvents,
while polymers based on the same diamine and BPDA
were insoluble in THF or 2-MeTHF and poorly soluble
in NMP.

A drawback of aromatic Pls is the reduced stability to
the action of alkalis, which restricts some applications of
polyimide films with good optical properties. Previously,
it was shown!7 that PIs based on adamantane-containing
diamines and dianhydride ODPA possess relatively high
hydrolytic stability. However, the thermal oxidative stabil-
ity of these polymers was insufficiently high in comparison
with Pls based on the same dianhydride and aromatic
diamines. Therefore, we studied the hydrolytic stability
and thermal properties of PI-1—PI-7 based on alicyclic
diamines and BPDA. The absence of a pivotal atom in the
BPDA molecule may result, in our opinion, in a consider-
able increase in the thermal oxidative stability, with the
relatively high level of hydrolytic properties being retained.

The hydrolytic stability of the polymers was studied by
their degradation under the action of superheated steam
under heterogeneous conditions and was estimated as the
relative change in the reduced viscosity (1,.4) of the
samples. The thermal stability was evaluated from the 5 and
10% weight loss temperatures for polymer samples (Table 6).

The alicyclic structures present in Pls increase the
hydrolytic stability, which is probably attributable to
shielding of the sterically poorly accessible reaction centers

with bulky hydrophobic groups. One more possible cause
is that highly basic amino groups of the adamantane-
containing diamine decrease the electrophilicity of the
carbonyl carbon atoms of the imide rings.

Thus, we synthesized new (co)polyimides possessing
good thermal and physicomechanical characteristics and
high hydrolytic stability in comparison with the fully aro-
matic polyimide PI-7. It was shown that the adamantane
moiety present in PI molecules provides very good optical
properties of the PI-based polymer films in comparison
with commercial Kapton films. These properties are fully
correlated with the AE value, which is defined as the energy
difference between the HOMO and LUMO of the repeat-
ing unit. The use of 1,2-dichlorobenzene as the solvent
provides the synthesis of polyimides with relatively high
reduced viscosities in comparison with the same polymers

Table 6. Resistance to hydrolysis ad thermal properties of Pls
and CPIs based on adamantane-containing diamines, diamine 3,
and BPDA

Polymer m Nred/Mred init” Tso T19%
6h 12h °C
PI-1 50 0.93 0.78 470 480
PI-2 100 1 1 440 460
PI-3 20 0.87 0.70 470 500
PI-4 50 0.94 0.80 460 490
PI-5 80 0.97 0.84 450 480
PI-6 100 1 1 430 470
PI-7%° 0 0.80 0.57 500 520

% The measurements were carried out in symm-tetrachloro-
ethane at 7= 25%0.1 °C; hydrolysis was conducted at 180 °C
in glass tubes.

b Data for fully aromatic polyimide are given for comparison.
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obtained in m-cresol. We developed a convenient synthetic
route to 1,4-adamantane-containing diamines, compris-
ing less steps than the previously known methods of syn-
thesis of this type of compounds and giving the target
diamines in high yields and with high purity.

Experimental

Mass spectra were recorded on a Saturn-2100 gas chromato-
graph/mass spectrometer. 'H and 13C NMR spectra were mea-
sured on a Mercury 300 plus BB Varian instrument (internal
HMDS, CDCls, CCly). IR spectra were measured on a Nicolet
6700 FTIR spectrometer (attenuated total reflectance (ATR)
mode). The film transparency in the visible range and the yellow-
ness index were determined using an SF-56 spectrophotometer
with software and mathematical data processing function. The
absorption spectra of polymer solutions were recorded on an
Agilent spectrophotometer.

Quantum chemical calculations were performed by the
GAMESS software (US). Density functional theory with the
B3LYP hybrid functional and 6-31G(d) basis set was used.
Preliminary geometry optimization was done by semiempirical
PM3 quantum chemical method.

The viscosity of dilute solutions of PIs was measured using
a VPZh-2 viscometer at 25+0.1 °C in symm-tetrachloroethane.
The capillary diameter was 0.56 mm.

The dynamic thermogravimetric analysis of polymer samples
was carried out on a Q-1000 derivatograph (MOM); the heating
rate was 10 °C min~!; the sample weight was 70—100 mg.

The hydrolytic stability of the polymers was studied by their
degradation on treatment with superheated steam under hetero-
geneous conditions and estimated as the relative change in the
reduced viscosity (1,.4) of the polymers. A polymer powder (0.1 g)
with known 1,4 and distilled water (10 mL) were placed into
a 30 cm?3 heat resistant glass tube. The tube was sealed and kept
at a constant temperature in a thermostat for a specified period
of time. Then the tube was broken, the polymer was separated
on a filter, washed with acetone, and dried, and the 1.4 value of
the sample after hydrolysis was determined in symm-tetra-
chloroethane.

The physicomechanical testing of PI and CPI films was car-
ried out on a Tinius Olsen tensile machine. The speed of the
lower grip was 5 mm min~!. The basic film length was 20 mm,
the width was 8.1 mm, and thickness was 15—20 pm. Testing was
performed at a tensile speed of 5 mm s~! and a load of 104 N.

The following commercial chemicals were used: 9,9-bis(4-
aminophenyl)fluorene (4, BLDpharm), 3,4,3",4"-tetracarboxy-
diphenyl dianhydride (BPDA, Aldrich) and 5,5°-(1,1,1,3,3,3-hexa-
fluoropropane-2,2-diyl)bis(2-benzofuran-1,3-dione) (6FDA,
J&K). Dianhydrides were preheated in air for 1 h at a bath tem-
perature of 200 °C. All dianhydrides and diamines were purified
by sublimation at a reduced pressure (4 Torr). m-Cresol, 1,2-di-
chlorobenzene, NMP, DMAC, DMSO, and DMF were distilled
preliminarily under vacuum of a water jet pump; 2-MeTHEF,
THF, CHCI;, and CH,Cl, were purified by distillation. The
other commercial chemicals were used as received.

4-(Aminomethyl)tricyclo[3.3.1.13:7]decan-1-ol (2a) was syn-
thesized by a previously reported procedure.12

4-(2-Aminoethyl)tricyclo[3.3.1.13:7]decan-1-0l (2b) was
synthesized by a previously reported procedure.!1

4-[4-Aminomethyl)tricyclo[3.3.1.13:7]dec-1-yl]aniline (3a)
was synthesized by a known procedure,!3 except that 8.8 g of
4-(2-amino)methyladamantan-2-ol sulfate was used. The yield
was 92% and the purity was 99%, m.p. 91—93 °C. IR, v/cm~!:
3373 (NH,); 2900, 2851 (CH); 1672 (NH,); 1615 (C—C—Ar);
1451 (CH,); 1313, 1139, 1009, 961, 838, 744, 722. MS (EI,
70 €V), m/z (I (%)): 257 [M + 1] (31.7), 256 [M]* (100), 239
[M — NH;] (62.8), 213 [M — CH — NH;] (4.4); 169 [M — CH, —
— CH3(Ad) — CH — NH;] (3.2); 156 [M — CH; — C,H5 —
—CHj;(Ad) — CH — NHj3] (9.8), 133 (disubstituted Ad) (20), 106
(16.1), 77 (3.5). 'H NMR (300 MHz, CCly, 8). 0.78 (s, 2 H,
AdCH,NH,); 1.20 (m, 2 H, AdCH,NH,); 1.43—2.00 (m, 14 H,
H (Ad)); 2.40 (t,2 H, AACH,NH,, /J=7.1 Hz, /= 0.9 Hz); 3.68
(s,2 H, Ar, NH,); 6.70 (m, 2 H, H(2,6)); 7.02 (m, 2 H, H(3,5)).

4-[4-(2-Aminoethyl)tricyclo[3.3.1.13,7]dec-1-yl]aniline (3b)
was synthesized according to the previously reported procedure.13

Synthesis of (co)polyimides PI-1—PI-13 (general procedure).
Diamine 3a or 3b (0.01 mol), dianhydride BPDA or 6FDA
(0.01 mol), and DCB (33 mL) were charged into a reactor
equipped with an inlet for inert gas and a hydraulic lock. The
reactant concentration was 0.30 mol L~!. The reaction mixture
was heated for 1 h from 20 to 175 °C with continuous purging of
inert gas to remove the reaction water and kept under these
conditions for additional 12 h. Then, after cooling, the reac-
tion mixture was dissolved in chloroform and poured into acet-
one. The precipitated polyimide was collected on a filter, washed
with acetone, and reprecipitated from chloroform. The yield
of the polymer was 97—98% of the theoretical yield, N,q =
=1.20—1.40dL g L.

(Co)polyimides with different unit ratios (m : n) were prepared
in a similar way using appropriate amounts of the components.

Polyimide films were obtained by casting of a filtered 13%
solution of a polymer in 2-MeTHF on a glass substrate followed
by stepwise heating to 80 °C for 1 h and conditioning at this
temperature in a vacuum chamber for 1 h. Then the film was
heated to 150 °C and kept under these conditions in a vacuum
chamber for 1 h.

The study was carried out using using equipment of the
Center for Collective Use "Physicochemical Investigation
Methods" of the Volgograd State Technical University.

The study was financially supported by the Russian
Foundation for Basic Research (Project No. 19-33-
90119-19).

This paper does not contain descriptions of studies
on animals or humans.

The authors declare no competing interests.

References

1. M. 1. Bessonov, M. M. Koton, V. V. Kudryavtsev, L. A. Laius,
Poliimidy — klass termostoikikh polimerov |Polyimides as
a Class of Thermally Stable Polymers|, Leningrad, Nauka,
1983, 328 pp. (in Russian).

2. K. L. Mittal, Polyimides and Other High Temperature Polymers:
Synthesis, Characterization and Applications, CRC Press, 2007,
2—4, p. 425.

3.J. M. Abadie, High Performance Polymers, 2012, p. 244; DOI:
10.5772/2834.



1148  Russ. Chem. Bull., Int. Ed., Vol. 70, No. 6, June, 2021

Novakov et al.

4. V. Mittal, High Performance Polymers and Engineering Plastics,
Scrivener Publishing LLC, 2011, p. 430.

5. K. S. Levchenko, K. A. Chudov, D. Yu. Demin, G. E.
Adamov, N. O. Poroshin, P. S. Shmelin, E. P. Greben-
nikov, S. N. Chvalun, V. P. Zubova, Russ. Chem. Bull., 2019,
68, 1321.

6. B. V. Kotov, T. A. Gordina, V. S. Voishchcv, O. V. Kolninov,
A. N. Pravednikov, Polym. Sci. USSR, Ser. A, 1977, 614.

7. US Pat. 201603; Chem. Abstrs., 2016, 43, 19076A1.

8. K. I. Fukukawa, M. Okazaki, Y. Sakata, T. Urakami, W. Yama-
shita, S. Tamai, Polymer, 2013, 54, 1053.

9. M. Hasegawa, M. Fujii, J. Ishii, S. Yamaguchi, E. Takezawa,
T. Kagayama, Polymer, 2014, 55, 4693.

10. D. A. Sapozhnikov, B. A. Bayminov, A. V. Chuchalov, O. N.
Zabegaeva, Y. S. Vygodskii, S. L. Semjonov, A. F. Kosolapov,
Polymer Sci., Ser. B, 2020, 62, 39.

11. I. A. Novakov, B. S. Orlinson, N. N. Mamutova, E. N.
Savelyev, E. A. Potaenkova, L. A. Pyntya, M. A. Nakhod,
Russ. J. Gen. Chem., 2016, 1255.

12. 1. A. Novakov, B. S. Orlinson, N. N. Mamutova, E. N.
Savelyev, E. A. Potaenkova, Russ. J. Gen. Chem., 2015, 1602.

13. I. A. Novakov, B. S. Orlinson, D. V. Zavyalov, V. 1. Porkhun,
E. N. Savelyev, E. A. Potaenkova, O. V. Vostrikova, M. A.
Nakhod, A. V. Kireeva, A. M. Pichugin, Russ. Chem. Bull.,
2020, 69, 1096.

14. J. Y. Park, Polymer, 1995, 207.

15. S. V. Vinogradova, V. A. Vasnev, Polikondensatsionnye protsessy
i polimery | Polycondensation Processes and Polymers], Moscow,
Nauka, 2000, 373 pp. (in Russia).

16. Shinji Ando, Tohru Matsuura, Shigekuni Sasaki, PolymerJ.,
1997, 69.

17. 1. A. Novakov, B. S. Orlinson, Polimery na osnove proizvod-
nykh adamantana: sintez, svoistva, napravleniya prakticheskogo
ispol zovaniya | Polymers based on Adamantane Derivatives:
Synthesis, Properties, and Practical Applications], Volgograd,
Politekhnik, 2005, 93 pp. (in Russian).

Received November 30, 2021;
in revised form March 29, 2021;
accepted March 30, 2021




	Synthesis and properties of new transparent (co)polyimides basedon adamantane-containing diamines and aromatic tetracarboxylic dianhydrides
	Abstract
	Results and Discussion
	Experimental
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 25
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
    /CourierA
    /CourierA-Bold
    /CourierA-BoldOblique
    /CourierA-Oblique
    /MathFont1
    /NewStandardA
    /NewStandardA-Bold
    /NewStandardA-BoldItalic
    /NewStandardA-Italic
    /NewtonC
    /NewtonC-Bold
    /NewtonC-BoldItalic
    /NewtonC-Italic
    /PragmaticaC
    /PragmaticaC-Bold
    /PragmaticaC-BoldOblique
    /PragmaticaC-Oblique
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 202
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 202
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 610
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.48689
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /RUS ()
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.001 840.999]
>> setpagedevice


