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In the work the causes of the stability violation of self-propagating heat waves in the process of
frontal polymerization (FP) are studied. FP is an autowave process of the propagation of
polymerization heat waves. One of the major factors for the practical implementation of FP is the
necessity to establish the causes and boundaries of the stability violation of propagating heat waves
in the process of FP. The paper clarifies one of the causes of stability violation during frontal
polymerization of complexes of acrylamide with transition metals. Taking into account the fact that
for the specified monomers the cause of stability violation and appearance of spin modes is
shrinkage of polymer, we have investigated nanoparticle additions to the polymerizing media. It is
shown that it is possible to regulate the stability violation during FP of the monomers depending on
the amount of nanoparticle additions.

1. Introduction

In relation to the synthesis of functional gradient materials (FGM),
which is one of the main advantages of frontal polymerization (FP) [1, 2], it
has become necessary to study the stability of FP heat waves for the
synthesis of high-temperature superconducting polymer composites with an
objective of developing a strong linkage between superconducting composite
and polymer according to a prescribed program. As it is known [3, 4],
superconducting composites were obtained on the basis of cobalt- and
nickel-complexes of acrylamide (AAm) using additions of superconducting
ceramic, and studied for superconducting properties, transitions and
electrical conductivity. However, in terms of the adhesion of these
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composites to the required polymers for the synthesis of FGM, we faced the
task of detailed investigation of the polymerization of metal-complexes of
AAm both with and without additions. In Ref. [5], FP of the monomers as
well as stability violation and appearance of spin modes were observed. It
was shown that the main cause of the above-mentioned phenomena was
shrinkage of polymer in the process of FP. To verify this, we specifically
carried out FP in strict adiabatic conditions and confirmed that there was no
heat loss from the walls of the reaction vessel [5]. A possible mass transfer
from a hot polymeric part to a cool monomeric was checked as well. To that
end, experiments were carried out where FP was initiated both from the top
down and from the bottom up. The data obtained were consistent and the
possibility of mass transfer was also excluded. Thus, in the work [5], the
main causes of stability loss as a result of shrinkage of polymer were
established.

Accordingly, the investigations with the additions of nanoparticles make
it possible to synthesize compatible components of FGM by the method of
FP.

2. Experimental Section

Reagents used: acrylamide (>99%) (AAm), cobalt nitrate hexahydrate
(99.5%) (Co(NO:s), - 6H20), nickel nitrate hexahydrate (99.5%) (Ni(NOs); -
6H,0), silicon dioxide nanoparticles (10 nm, 99.9%) (all purchased from
Sigma — Aldrich), bentonite of the local origin (63-80 um, 99.5%).

Synthesis of cobalt- and nickel-containing acrylamide complexes
(Co(AAM)4(NOs)2, Ni(AAmM)4(NO3)2) was carried out according to the
method described in [6].

The FP of the monomers was carried out in glass ampoules with a
diameter of 8mm. The mechanical mixtures of the monomer and
nanoparticles and bentonite were prepared by mixing the substances for a
long time to thoroughly distribute the nanoparticles in a monomeric medium.
The prepared mixtures were then loaded into the ampoules. To start the FP
reaction of the monomeric mixtures, an instant heat was locally applied on
the upper end of the ampoules.

The measurements were taken using thermocouples located in the recess
holes on the reaction ampoules.

The samples obtained were examined on microscope MB30.

3. Results & Discussion

The FP of the monomers was investigated using thermocouples. The
temperature profiles of the processes are given in Figures 1 and 2 (the
thermocouples were located at a distance of 3mm from each other).
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Figure 1. Temperature profiles of FP of Ni (curve 1) and Co (curve 2) complexes of AAm.

As can be seen from the Figures, the temperature of the waves reaches
the adiabatic heating temperature for the polymerizing monomer and, at a
certain moment, a part of the polymer formed during FP shrinks and gets
detached from the monomer. At this detachment zone the wave temperature
declines, which in turn decreases the polymerization rate. When sufficient
amount of heat, released from the exothermic polymerization, transfers to the
neighboring layer of the monomer on account of thermal conductivity, the
FP process is restored and the temperature again reaches the adiabatic
heating temperature.
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Figure 2. Temperature profiles of FP of Ni-complex of AAm in comparison with spin rings
formed on the samples as a result of polymer shrinkage.
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Figure 3 shows the temperature profiles of FP of Co(AAmM)4(NOs3), with
additions of different amounts of SiO> nanoparticles. As can be seen from
the Figure, FP of Co(AAmM)4(NOs). proceeds with formation of instabilities
and spin  modes (curve 1). The addition of wup to
5 wt% of SiO, nanoparticles leads to a decrease in the gap between the
polymer and monomer (curve 2), which, in turn, may be resulted by
intermolecular interactions of the nanoparticles with the polymer chains [6].
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Figure 3. Temperature profiles of FP of Co(AAm)4(NOs), with the additions of O (curve 1), 5
(curve 2), 10 (curve 3), 15 (curve 4), and 20 (curve 5) wt% of SiO, nanoparticles.

Next, the further increase (10-15 wt %) in the amount of the
nanoparticles leads to a uniform propagation of the FP heat waves (curve 3,
4) with a decrease in both the rate and maximal adiabatic heating of the
polymerization process. The behavior of the curves in relation to the
adiabatic heating of the FP of Co(AAmM)4(NOs) is shown in Figure 4.
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Figure 4. Dependence of the maximal adiabatic heating temperature of FP of Co(AAM)4(NO3)2
on the concentration of SiO, nanoparticles.
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Figure 5 shows the samples of nanocomposites obtained by FP of
Co(AAM)4(NOs3). with the additions of 0 (1), 5 (2), 10 (3), 15 (4), and 20 (5)
wit% of SiO; nanoparticles. It is clearly seen from the Figure that addition of
the nanoparticles up to 10 wt% gives the samples a homogeneous structure
(Figure 5-2, 5-3). The fact is that, as mentioned above, the nanoparticles
interacting with the polymer chains, attract them to each other and change
the structure of the resulting composite. Nevertheless, with a further increase
in the amount of nanoparticles, the structure of the obtained composites
becomes inhomogeneous with the formation of uneven ruptures of the
polymer matrix of the composite (Figure 5-3, 5-4).

1) 2) 3) 4)

Figure 5. Samples of hanocomposites obtained by FP of Co(AAm)4(NOs), with the additions of
0 (1), 5(2), 10 (3), 15 (4), and 20 (5) wt% of SiO, nanoparticles.

The samples of the obtained nanocomposites were also examined under
the microscope MB30. The microimages of the composites (Figure 6)
confirm the conclusions made. As can be seen from the microscope
photographs, indeed, with additions of nanoparticles more than 15 wt% the
structure of the nanocomposites becomes non-uniform and crumbly (Figure
6-3, 6-4).

Figure 6. Microscopic images of the samples of nanocomposites (at 100x magnification)
containing 5 (1), 10 (2), 15 (3), and 20 (4) wt% of SiO, nanoparticles.

FP of Co(AAmM)4(NO3), with the addition of 5, 10, 15, and 20 wt% of
bentonite as an inert filler was investigated as well. The results are
demonstrated in Figure 7.
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Figure 7. Temperature profiles of FP of Co(AAmM)4(NOs), with the addition of 5 (curve 1), 10
(curve 2), 15 (curve 3) and 20 (curve 4) wt% of bentonite.

As seen from the Figure, the shrinkage area decreases as the bentonite
concentration increases. This phenomenon is caused by the dilution of the
monomer with inert filler that reduces the front velocity, and consequently
the shrinkage of the resulting composite.

4. Conclusion

The work presents investigations of stability loss of self-propagating
heat waves in the process of FP. In the paper the effects of nanoparticles on
the stationarity of FP heat waves were studied. From the presented data it
can be concluded that the additions of nanoparticles diminish the effect of
polymer shrinkage, and therefore instabilities and spin modes. At the same
time denser filling disrupts the smoothness of the propagation of the heat
waves, which is due to the agglomeration of the nanoparticles as a result of
their very tight packing. From the presented data it can be concluded that by
adjusting the quantity and quality of nanoparticles, it is possible to regulate
the properties of the resulting composites. The results indicate that by means
of nanoparticles it is possible to regulate the kinetics of the FP process, and
therefore, obtain polymeric nanocomposites with prescribed properties and
synthesize compatible components of FGM by the method of FP.
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[iptmmpudiny  Ybpiduyfhs wypplbph fuyncincfyabs fusfondwb aguenSwndlbpp:
bpninnwy  wmfulbpugnidp yypdbpogdut Yhpduyph aypplbph s dui
ufummugfpuypls gopdpifduy b dpniunuy wympdbpugdwl qapdiulul ppognpddut
ifrsifnp Yspugguydul § Quilqfuaiind gnpdpifdugf pifdugpnod wwpudng Yhpduyfl
wippibipfs pynihinfJyuls fnpunfs wpunnSwnhbph wpupgaodp b gpeig awdwlilpf
whppyudpgf gnduybpubbpf $priunwy  wnpdbpogdul phfdugpacd - pQuiym - bljud
wiltlpyne e ffyniiibpl spunnSunibiphy dklp: Qupfp wnlbyn, np Gyfms dulndbpibpp
Curdunp fayniacfyml fopromnp b aofboyll abdflubph mmamgdwl wennfan §
Cosbonpfuamilinid wympdbpf Gunbgdute bplogFp,  mancdbaappdlby B aqnyfullpogdng
dpQuiifuypred Sbindwaliplbpf Sunfbyndubph wqplgnfdynip gopdpbfFugh fugniin-
Pyuts Jpus: Bnegy § unpuflyy, np iy dnbindliphliph $puiunwy ynflbpugdut phfdugpned
Shwpunfnp b funufwply  qnpdpfFugh fuyncdinfJynp fwpufud nbulghob dpdu-
fuyprnd iwlendubiflibpfy Sudbynedubph putiolpy:

HCCIHEJOBAHUE IMPUYNH HAPYIIEHUA CTAIIMUOHAPHOCTH
PACITPOCTPAHSIOIIENCS TEIJIOBOM BOJIHBI B ITPOIIECCE
®POHTAJIbHOM MMOJTUMEPH3AIIAU

A. O. TOHOSH, A. A. MUHACHH, A. 3. BAPAEPECSH, A.T'. KETSAH u C. I1. JABTSIH

TlocynapcTBeHHBIN HHXEHEPHBIH yHIBEpcuTeT ApMennd ([lonuTexHuK)
Kadenpa oOrmeit XuMUM 1 XUMHYECKHX MTPOIIECCOB
Apwmenns, 0009, Epesan, yn. TepsHa, 105
E-mail: atonoyan@mail.ru

B pabote uccnenyroTcsi MpUYMHBI HapyLIEHUs] YCTOWYMBOCTH CaMOpaclpocTpa-
HSIOMIMXCSI TETUIOBBIX BOJIH B Tporiecce hpoHTanbHOH nomuMepuzanuu (DPII). I — sto
ABTOBOJIHOBBIN ITPOIIECC PAcIpOCTPAHEHHs! TEIUIOBBIX BOJH MojMepu3annu. OqHIM U3
Ba)XHEHIIMX (akTOpoB mpakTHieckod peammzanuu PII sBusiercss HeoOXoANMOCTH
YCTAQHOBJICHHS TNPUYMH WM TPAHMI] HAPYIICHUS YCTOHYMBOCTH PACIPOCTPAHSIOIINXCS
TEIUIOBBIX BOJIH B npouecce @II. B craThe BbISICHEHa OJHA U3 MPUYMH HapyLIEHUS yC-
TOWYHMBOCTH NIPH (PPOHTAIBHON TMOJIMMEPH3ALMH KOMILJIEKCOB aKpHJIaMHUAa C Iepexo-
HBIMU MeTajylaMH. YUYUTBIBas, 4TO JUI yKa3aHHbIX MOHOMEPOB NMPUUYMHON HApYLIEHUS
CTaOMIJIBHOCTH W TOSIBJIEHUS CIIMHOBBIX MOJ SIBJISIETCS ycajKa HoJMMepa, HaMH ObLIH
HCCIIeI0BaHbl J00AaBKM HAHOYACTHI] B IOJHMMepHU3ylomuecs cpeabl. [lokazaHo, 4To
MOYKHO PETyJIMpoBaTh HapylleHue cradbmibHOCTH pu PII MOHOMEPOB B 3aBUCHMOCTH
OT KOJIMYECTBA JJ00aBOK HAaHOYACTHII.
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