CTPYKTYPA TA BJIACTVBOCTI
STRUCTURE AND PROPERTIES

https://doi.org/10.15407/polymer;j.46.01.030
UDC: 541.64:542.954

NATALIIA KOZAK* ", TETIANA SHANTALII “~, KATERYNA DRAGAN "~, STANISLAV NESIN
Institute of Macromolecular Chemistry NAS of Ukraine, 48, Kharkivske highway, Kyiv, 02155, Ukraine,
*e-mail: kozaksmalt@ukr.net

PHYSICOCHEMICAL AND STRUCTURAL CHARACTERISTICS OF
HYBRID NANOCOMPOSITES BASED ON BRANCHED POLYIMIDE
WITH A LOW CONTENT OF INORGANIC COMPONENT

The series of organic-inorganic hybrid nanocomposites based on branched polyimide matrix and with different amounts of
tetraethoxysilane (TEOS) (5, 20, and 50 wt.% of the initial polyamic acid mass) were synthesized and studied using nitroxyl
paramagnetic probe, measuring dielectric permittivity, X-ray structural analysis and optical microscopy. It was shown that
in some cases the introduction of inorganic component is accompanied by a decrease in the segmental mobility of polyimide
matrix as a result of the partial immobilization of organic macrochains during the formation of inorganic microregions. In
the presence of inorganic component, a weak dependence of the polymer permeability on the content of the organic component
in the system is observed, also the specific density changes little with an increase in TEOS content. Extreme changes in the
segmental mobility and dielectric permittivity of the branched matrix formed in the presence of 5 wt% TEOS were found
compared to systems of other compositions. This can be caused to a large extent by structural changes in the system. At a low
content of TEOS occurs significant «loosening» of organic matrix, a sharp decrease in the dielectric constant and a significant
increase in the segmental mobility of the polyimide matrix. Small angle X-ray scattering diffractograms demonstrate drastic
changes in polyimide composite heterogeneity in the presence of 5 wt.% TEQS content. According to the optical microscopy
data, the introduction of TEOS into polyimide is accompanied by the formation of microaggregates of inorganic nanoparticles
in the system, the number and average size of which depend on the SiO, content and looks most homogeneous at a low TEOS
content.
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OISVKO-XIMIYHI I CTPYKTYPHI XAPAKTEPMCTUKI T'TEPVIHNX HAHOKOMIIO3MTIB HA OCHOBI
PO3TAJTY>KEHOTO IMOMIIMITY 3A HMU3bKOTO BMICTY HEOPTAHIYHOT KOMITIOHEHTH

CHHTe30BaHO Ta JOCIIXKEHO Cepil0 OpraHO-HEOPraHiYHMX TiOPMAHMX HAHOKOMIIO3UTIB Ha OCHOBI pO3ranyXeHoi
noniimMigroi Matpuni ta Terpaerokcucunany (TEOC) sa pisnoro Bmicty TEOC (5, 20 i 50 mac. % Bif BuxigHOi Macu
HO/MiaMiJOKICNIOTII) 3 BUKOPUCTAHHAM HITPOKCM/IBHOTO IIapPaMAarHiTHOIO 30HMA, BUMIPIOBaHHA [ie/IeKTPUYHOI
ITPOHMKHOCTI, PEHTT€HOCTPYKTYPHOTI'O aHajIi3y Ta ONTUYHOI MiKpockorii. [lokasaHo, 1110 B IeAKNX BUIIaJJKaX BBEJIEHHA
HEOPraHiYHOrO KOMIIOHEHTAa CYIPOBOKYETHCSA 3HVDKEHHAM CETMEHTA/IbHOI PYyX/IMBOCTI MOMiimMigHOI Marpuii
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Physicochemical and structural characteristics of hybrid nanocomposites based on branched polyimide with a low...

BHACIOK YacTKOBOI iMMOOiTi3anil opraHivHNX MaKpOMAHIOTIB Ipy (OpMyBaHHI HEOPraHIYHMX MIKPOOOIACTElL.
Criocrepiraerbcs cmabka 3aleXHICTb MPOHMKHOCTI MOJiMepy Bifi BMIiCTy HeOpraHi4HOI CK/IaZloBOi B CMCTeMi, TUTO-
Ma TYCTVMHA TaKOXX Majlo 3MiHI0eTbcs 31 36inpmenusm Bmicty TEOC. BusiBieHO eKCTpeManbHy 3MiHY JieleKTpud-
HOI IPOHMKHOCT] Ta CerMeHTa/IbHOI PYX/IMBOCTI po3ranyskeHoi MaTpuli, cdopmoBaHoi 3a HaaBHOCTI 5 Mac.% TEOC,
MOPIiBHAHO 3 cyucTeMaMy iHmoro ckiaany. lle 3HauyHOI Mipor Moxke OyTM BMKIVIKAHO CTPYKTYPHUMM 3MiHaAMM B
crcremi. 3a Huspkoro BMmictry TEOC BinbyBaerbcsa 3Ha4He «pO3IYLIEHHS» OPraHiYHOI MaTpuli, piske 3HIDKEHHA
HieJIeKTPUYHOI IPOHVKHOCTI Ta 3HaYHe 301/IbILIeHHA cerMeHTa/IbHOI pyX/IMBOCTi noyiimMigHol MaTpui. [Judpakrorpamu
MaJIOKyTOBOT'O PEHTI€HIBChKOIO PO3CiIOBAHHA JEMOHCTPYIOThH Pi3Ki 3MiHM I€TepOreHHOCTI IO/IMIZHOIO KOMIIO3UTY
3a 5 mac. % Bmicty TEOS. 3rigno 3 manuMmn ontiyHoi Mikpockorrii, BBegenHa TEOC y nomiimif cympoBomKyeTbes
YTBOPEHHSM y CUCTeMi MiKpOarperaris HeOpraHi4YHUX HaHOYACTUHOK, Ki/IbKICTb i CepefHiil pO3Mip AKUX 3a7IEXKUTD BifL
Bumicty SiO, i € HaitbinbuT ofHOPigHMM 3a Hu3bKoro BmicTy TEOC.

Kniouosi cnosa: posrany>xeHnit omiiMiz, riOpyaHMil HAHOKOMIIO3UT, TapaMarHiTHWIT 30H/, JUHAMIYHI XapaKTepuCTH-

KI, IPOHVKHICTD.

Introduction

Organic-inorganic composite can combine the ad-
vantages of inorganic filler and organic polymer
matrix. Polyimide (PI) matrix have such valuable
properties as heat resistance, strength, low coeffi-
cient of thermal expansion and dielectric constant
whereas the presence of inorganic particles allows
obtaining advanced materials with valuable phys-
icochemical properties: thermo-mechanical, di-
electric and barrier properties [1-5].

Among the widely applied physical methods
information on structurally heterogeneous nano-
composites based on PI can be obtained by analy-
zing the dynamics of paramagnetic nitroxyl probes
in a size scale close to the size of the molecule of
such a probe [6-9].

This article examines organic-inorganic poly-
imide nanocomposites based on a branched PI
matrix and tetraethoxysilane (TEOS) in particu-
lar with introduced in 5 wt.% content, which were
studied by EPR method using the stable nitro-
xyl radical 2,2,6,6,-tetramethylpiperidine-1-oxy
(TEMPO) as a paramagnetic probe (PMP). The
data obtained using these methods were com-
pared with the results of measuring the composite
specific density, dielectric constant, as well as with
the data of X-ray structural analysis and optical
microscopy.

Experimental section

Materials. Dimethylacetamide was dried over P,O,
for a day and then distilled at 438K. Pyromellitic
dianhydride (99%; Acros), 3-aminopropyltrietho-
xysilane (99.9%; Merck), 4,4’ -diaminodiphenyl ether
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(99.9%; Merck), 3,5-diaminobenzoic acid (99.9%;
Merck) and tetraethoxysilane (TEOS) (99.9%;
Merck) were used without further purification.

Synthesis of hybrid nanocomposite

To obtain nanocomposites based on PI and TEOS,
a two-stage polyimide synthesis method was used.
In the first stage, polyamic acid (PAK) with etho-
xysilane end-groups was synthesized on the basis
of pyromellitic dianhydride with mixture of diami-
nes: diaminodiphenyl ether and 3,5-diaminoben-
zoic acid in the mole ratio of components 9:1, 7:3,
1:1, and TEOS in the presence of 3-aminopropyl-
triethoxysilane. Precursors of polyimide nanocom-
posites were obtained by adding various amounts of
TEOS (5, 20, and 50 wt.% of the original PAK mass)
to the polyamic acid solution. After carrying out
the hydrolysis and thermal imidization reactions,
the corresponding nanocomposites with different
contents of inorganic component (4.70, 9.34, 17.16
wt.% by the weight of composite (theoretically cal-
culated values based on chemical equations)) were
obtained. In detail, the method of obtaining nano-
composites based on PI and TEOS using sol-gel
technology was previously described in [10].
Schematically, the chemical structure of the ob-
tained nanocomposites can be depicted as follows:
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where the PI block has the following structure:

_-)fl; \I/‘U}\_ d | NH— -
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The presence of diaminobenzoic acid in the reac-
tion mixture can cause to side reactions in the system
leading to polyimide chain branching. 4,4,-Diami-
nodiphenyl ether, which did not react with pyromel-
litic dianhydride, can react with the carboxyl groups
of 3,5-diaminobenzoic acid, as described in detail
earlier [11]. By changing the ratio of diaminodiphe-
nyl ether and diaminobenzoic acid, the degree of
branching of the polyimide chain can be adjusted.

EPR spectra were recorded in the temperature
controlled resonator of a 3-cm radio spectrometer
RE-1306 at a temperature of 293K. The calibration
samples were diphenylpicrylhydrazyl (DPPH)
with g=2.0036 and Mn*" ions in the MgO matrix
with g=2.0015 and certified value of the splitting of
the ultrafine structure components. Spectra were
recorded using an ADC (Insoftus) at a sampling
rate of 5 points per second. The introduction of
PMP into the studied samples was carried out by
diffusion from a solution of TEMPO in dichlo-
romethane. The films were exposed in a PMP solu-
tion with a concentration of C = 0.02 M for a day
at 293K, followed by vacuuming the samples at the
same temperature to remove solvent residues from
the polymer bulk. The correlation time Tand width
of the nitroxyl spectrum , were determined from
the TEMPO spectrum parameters according to [8,
9]. The value of integral intensity of the probe EPR
spectrum was determined as double integral of the
TEMPO spectrum contour in the polymer system,
divided by the weight of the sample.

The specific density of the samples was mea-
sured by hydrostatic weighing in isooctane ac-
cording to [12].

Studies of dielectric permittivity & were car-
ried out in the temperature range from 293 K to
393 K and the frequency interval from 10* to 10°
Hz using a dielectric spectrometer implemen-
ted on the basis of an alternating current bridge
P5083.

Small angle X-ray scattering (SAXS) was ap-
plied to analyze the micro heterogeneous struc-
ture of the PI composite using a low-angle X-ray
diffractometer (the X-ray source was a BSV-22
with a copper anode) with Kratky collimation
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Fig. 1. EPR spectra of the nitroxyl probe: nitroxyl spectrum
in toluene (1); superposition of signals from PMP located
in the regions with different mobility in PI composite
containing 5 wt.% TEOS (2)

of the primary beam. The samples studied were
15-5 mm strips with a thickness of 1.5-3.0 mm.
Low-angle diffraction patterns were obtained
for angles from 2.36 to 4.0 with a spacing of
1.18. Correction of the intensity profile to the col-
limation point was carried out by Vonk’s method
[13].

Optical microscopy images of films “on trans-
mittance” were obtained using a microscope XY-
B2, equipped with a digital video eyepiece ICM
532 and an image processing system AMCAP/
VIDCAP (Microsoft).

Result and discussion

The time of reorientation of a nitroxyl PMP
in a magnetic field (correlation time t) allows
the estimation of the segmental mobility of mac-
rochains. The mobility of PMP is also characte-
rized by the spectrum width (spectral parameter).
Both t and are the smaller the greater is the
mobility of the probe. Integral intensity of the
PMP spectrum is proportional to the number
of paramagnetic centers, penetrated into the
sample and characterizes the polymer permea-
bility [6, 8, 9].

The shape of the EPR spectra of PMP TEMPO
in the investigated composites at room tempe-
rature has a complex asymmetric structure. It
essentially differs from the EPR spectrum of
TEMPO in a homogeneous medium (Fig. 1a).
This type of spectra corresponds to the super-
position of “fast” and “slow” PMP signals with
different values of the correlation time (Fig. 1b)
due to the PI composite structural heterogeneity
[13-16].

ISSN 1818-1724. Polimernyi zhurnal. 2024. 46, Ne 1



Physicochemical and structural characteristics of hybrid nanocomposites based on branched polyimide with a low...

Table. Characteristics of PI nanocomposites

TEOS content, T, 2AZZ, o c® P Inorganic component
wt. % ns mT g/cm’ content, wt.%
0 54,2 5,9 1,00 4,50 1,42 0
5 38,2 6,1 1,87 3,83 1,42 4,70
20 95,9 6,0 0,76 4,53 1,43 9,34
50 30,1 6,0 0,18 4,44 1,44 17,16

) pure PI was chosen as a reference matrix;

@ Values of dielectric constant €, determined as a real part of complex dielectric permittivity at 20 °C and a frequency of

1 kHz.

The value of the correlation time T calculated
according to [8, 9, 11] corresponds to the “fast”
(10" < 1 < 107 s) fraction of PMP in a heteroge-
neous system and can be considered as an effective
value characterizing the more mobile part of the
composite.

Table shows values of PMP correlation time
(1), relative PMP spectra integral intensity (I),
dielectric constant (g) and specific density values
(p)-

As can be seen from Table, the values of the in-
tegral intensity of the PMP spectra in nanocom-
posites with different TEOS content correlate with
changes in their segmental mobility, except for the
system with 50 wt.% TEOS content. On the other
hand for the PI investigated systems, there is no
correlation between the mobility changes in nano-
composites and the TEOS content. Measurement
of the specific density of branched polyimide and
nanocomposites shows that it changes little with
the TEOS content.

From the values given in Table, it can be seen
that the width of the signal is characteristic of the
region of fast PMP movements for all the consi-
dered systems. However, the obtained correlation
time values do not always correspond to the region

of fast rotational diffusion of PMP, indicating the
contribution of “slow probes” to the correlation
time distribution due to the structural heterogene-
ity of the PI composite.

In accordance with this assumption small angle
X-ray scattering (SAXS) diffractogramms show
the formation of heterogeneous structure of na-
nocomposites based on the branched polyimide
matrix.

According to the SAXS data, the microhete-
rogeneity of PI composites changes compared to
pure PI. In the presence of 5 wt.% TEOS genera-
tion of organosilicon nanophase is accompanied
by disappearance of the interference maximum
characteristic for the diffractogram of the initial
polyimide. The curve acquires a diffuse charac-
ter and a very low level of small-angle scattering.
With increasing of TEOS content to 20 wt.% the
periodicity characteristic of pure PI is restored
and we can see significant increase of intensity
of scattering in a region from 0,1 up to 0,5 nm
(Fig.2).

Recently much attention has been drawn to re-
search in the field of materials based on polymers
with reduced dielectric constant [17-19]. There-
fore, the data are of interest which show a signifi-
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Fig. 2. SAXS diffractograms of polyimide (a) and composites with 5 wt.% (b) and 20 wt.% (c) TEOS
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Fig. 3. The polyimide component content in the composite (a), the relative integral intensity of the TEMPO spectra (b),
specific density (c) and dielectric constant (d) for composites
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Fig. 4. Microimages of samples of branched PI composites based on mixture of diamines with the component ratio of
1:1 and different TEOS content: 0 (a); 5 (b); 20 (c) and 50 wt.% (d)

a

Fig. 5. Microimages of samples of branched PI composites based on mixture of diamines with component ratio of 7:3
and different TEOS content: 0 (a); 5 (b); 20 (¢) and 50 wt.% (d)
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cant increase in the integral intensity of the probe
spectrum of the sample with 5 wt.% TEOS as
compared to the original matrix. This indicates a
significant increase of paramagnetic centers num-
ber in the volume of this sample. With the same
weight of samples and the same conditions of in-
troduction of PMP easier diffusion of TEMPO
molecules into this sample allows us pointing on
significant “loosening” of the branched matrix
formed in the presence of 5% TEOS. Loosening of
the PI matrix of composites with a different struc-
ture and composition was also observed in [18].

It should be noted that due to the steric con-
straints PMP can penetrate only into the organic
matrix of the hybrid nanocomposites.

Therefore, in general case, as when the content
of PI organic component in the composite de-
creases, the number of paramagnetic centers in
the samples should also decrease. However, the
diffusion of PMP into the branched PI does not
correlate with the changes in the weight fraction of
PI in the composites (Fig. 3). These results and the
significant increase in probe diffusion in the sam-
ple with 5 wt.% TEOS can be largely attributed to
structural changes in the system. The mechanism
of occurrence of such structural changes during
the formation of PI composite with a low content
of inorganic phase requires further study.

Optical microscopy reveals the different charac-
ter of the formation of aggregates of inorganic na-
noparticles when various TEOS content is intro-
duced into PI [20, 21].

Fig 4 and 5 demonstrate microimages of com-
posites based on branched PI with different
branching degree and different TEOS content.

According to the optical microscopy data, the
introduction of TEOS into polyimide is accompa-
nied by the formation of microaggregates of inor-
ganic nanoparticles in the system, the number and
average size of which depends on the content of
inorganic component and looks most homogene-
ous for the composites with 5 wt.% TEOS.
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The mutual influence of organic and inorga-
nic components in the formation of hybrid sol-gel
nanocomposites must be taken into account, since
in such systems, on the one hand, the inorganic
phase affects the structure and dynamic characte-
ristics of the organic phase and, on the other hand,
the peculiarities of polymer matrix influence the
final morphology and properties of inorganic na-
nophase [22, 23].

Conclusion

EPR analysis of organic-inorganic hybrid nano-
composites based on branched polyimide matrix
and different amounts of TEOS (5, 20, and 50 wt.%
of the initial polyamic acid weight) showed that
the introduction of inorganic component in some
cases is accompanied by a decrease in the segmen-
tal mobility of polyimide matrix as a result of the
partial immobilization of organic macrochains
during the formation of inorganic microregions.

For the investigated systems, there is no corre-
lation of mobility changes in nanocomposites with
inorganic component content. In the presence of
inorganic component, a weak dependence of the
polymer permeability on the content of the poly-
imide component in the system is observed. The
specific density changes little with an increase in
TEOS content.

The obtained correlation time values, PMP
spectrum shape and width indicate the contribu-
tion both “fast probes” and “slow probes” to the
correlation time distribution due to the PI com-
posite structural heterogeneity.

It was found that the branched matrix formed
in the presence of 5 wt.% TEOS exhibited extreme
changes in the segmental mobility and dielectric
permittivity compared to systems of other com-
positions. This can be caused to a large extent by
structural changes in the system. At low TEOS
content, there is a significant “loosening” of the
organic matrix, a sharp decrease in the dielectric
constant and a significant increase in the segmen-
tal mobility of the polyimide matrix. Optical mi-
croscopy confirms that the number and average
size of the formed inorganic inhomogeneities in
the system depend on the SiO, content and indi-
cates the peculiarities of their formation at a low
TEOS content.
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