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CHELATES OF 3-ALLYLPENTAN-2,4-DIONE FOR
THE SYNTHESIS OF BRANCHED THERMOSTABLE
POLYMETHYL METHACRYLATE

Radical polymerization of methyl methacrylate with the addition of Cu(Il), Ni(Il), Co(II)
3-allylpentan-2,4-dione chelates was carried out. It is shown that in the case of the cobalt
complex, the process occurs at rates comparable to those of the traditional radical initiator,
benzoyl peroxide. The resulting polymethyl methacrylate has large molecular weights and
contains fragments of pB-diketonates in the polymer, which graft side chains. The branched
structure of the polymer is proven based on the calculation of the Zimm-Stockmeier factor.
It has been established that the branched polymethyl methacrylate obtained on the basis
of chelates has a higher thermal stability compared to the sample obtained using benzoyl
peroxide.

Keywords: polymethyl methacrylate, unsaturated p-diketonates of transition metals, thermo-
oxidative destruction, branched polymers.

Polymethyl methacrylate (PMMA) is a transparent thermoplastic that is widely
used as a structural material in many industries: construction, automotive, medicine,
etc. In industry, the main methods of its extraction are mass radical polymerization
and emulsion polymerization. The addition of various additives to PMMA ensures
the creation of composites, which allows modification of the physicochemical and
mechanical properties of this polymer. Therefore, the search for new inexpensive
initiators for the synthesis of PMMA, which are also able to improve its properties, is
an actual direction of polymer chemistry.

In our previous studies, it was shown that some unsaturated B-diketonates of
transition metals, primarily cobalt(Il), can initiate radical polymerization of vinyl
monomers, while simultaneously acting as metallomonomers [1]. The introduction of
chelate groups into the macromolecule provokes the formation of side branches, which
can give such materials improved properties. Thus, in work [2], using polystyrene as an
example, it was shown that the method of metal-containing polymers synthesis directly
affects their structure and ability to thermo-oxidative destruction. It is also known
that B-diketonates, added as compounds to the finished PMMA, are able to increase
its stability to thermo-oxidative destruction [3]. The presented work investigated the
possibility of using 3-allylpentane-2,4-dionates of some transition metals (APD-Mt,
where Mt = Cu(Il), Ni(II), Co(Il)) for the synthesis of PMMA, their influence on the
structure and thermo-oxidative properties of products.
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MATERIALS AND RESEARCH METHODS

3-Allylpentane-2,4-dione and its metal chelates APD-Mt were synthesized according
to the methods [4, 5], respectively. Cobalt(IT) and nickel(II) complexes contain B-diketone
ligand and two water molecules in the coordination sphere and are octahedra, APD-Cu
has a planar-square structure.

3-allylpentan-2,4-dionate (APD-Mt),
Mt = Cu(II), Ni(II), Co(II)

Radical polymerization of MMA was carried out in a block at a temperature of 70 °C
with APD-Mt concentrations, mol/l: Cu, Co—(3,0-0,25)-102; Ni—(1,0-0,1)-102. The
upper concentration limit depends on the solubility of chelates in MMA. Initiation with
cobalt chelate was carried out in a wider temperature range — 50-85 °C, and also with
the use of some solvents: toluene, methyl ethyl ketone (MEK) and dimethylformamide
(DMFA), while [MMA] = 3,54 mol/l. The calculation of the initial rate of polymerization
(V,) was carried out graphically by the tangent of the inclination angle to the curve of
the dependence of conversion on time in the stationary section at a conversion (S) of
approximately 10%. The content of metals (o, ) was determined on the «Saturn» atomic
adsorption spectrophotometer, having previously burned the organic part in a mixture of
nitric and perchloric acids. The molecular weights of M, and M, were determined by
gel permeation chromatography using a liquid chromatograph «Waters 200» on styrogel
columns with exclusion limits of 10%, 500 and 200 A (Set A) and 3-10%, 3-10* and 3-10°
A (Set B), eluent — tetrahydrofuran, speed — 1,0 ml/min. The characteristic viscosity [n] of
PMMA was measured in benzene. The study of the thermo-oxidative destruction process
was carried out by the method of dynamic thermogravimetry on the Derivatograph Q-1500D
System F. Paulik, J. Paulik, L. Erdey in the temperature range of 20—700 °C in the air
atmosphere with the simultaneous removal of gaseous products of destruction. Heating
speed — 10 degrees/min. Sample weight was 50 mg. Based on the analysis of TG and DTA
curves, thermogravimetric characteristics were calculated: T, and T, — temperatures of
the beginning and the end of thermo-oxidative destruction, respectively.

RESULTS AND DISCUSSION

Kinetic studies revealed that the polymerization rate of MMA depends on the nature of
the metal: Cu < Ni < Co (Table 1). At the same time, in comparison with the most widely
used radical initiator — benzoyl peroxide (PB), at the same concentrations, cobalt(Il) chelate
shows comparable rates of the process. Polymerization of MMA under the influence of
B-diketonates of transition metals occurs with induction periods (t, ), which is due to
the ability of chelates to form intermolecular complexes with the carbonyl group of the
monomer.
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Table 1

Kinetic parameters of MMA polymerization and the amount of metal in polymers under the
influence of initiators APD-Mt. [APD-Mt] = 1-10-2 mol/l

. Polymerization V -105, mol | *V-105, mol T .
Initiator conditions L°C | 1-sek) (I°sek) S% 1 min | 10%
APD-Cu 70 13,0 1,5 93 | 34 | 25
APD-Ni 70 16,2 1.8 96 | 10 | 38

blok 70 345 3,9 9.4 | 230 | 26
60 17,4 2,0 79 | 810 | 2,0
APD-Co 85 78,3 8,8 104 | 39 | 70
toluene 28,8 8,1 0.1 | 164 | 7.0
MEK o 93,0 263 59 | 31 | 40

DMFA 9.4 2.7 78 | 105 | -

PB blok 443 5,0 9.8 0 -

o
V=V,/[M]

It is possible to reduce 1, ; and increase the reaction speed by using a donor solvent and
higher synthesis temperatures, which was shown on the example of cobalt chelate (Fig. 1).
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Fig.1. Dependence of MMA polymerization rate on APD-Co concentration.
T, °C: 1-60; 2-70; 3-85.

The logarithmic dependence of the polymerization rate on the concentration of chelate
for APD-Cu and APD-Ni is linear (Fig. 2), the order of chelate is 0,5 and 0,3, respectively,
which indicates the course of the process according to the usual free-radical mechanism.
Initiation with cobalt chelate, as can be seen from Fig. 1, 2, has a certain feature, which
is manifested in the nonlinear dependence of the polymerization rate on the concentration
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of the initiator. This indicates the presence of polymerization inhibition after exceeding
a certain concentration (1-1072 mol/l), which begins to prevail over initiation. Therefore,
determining the reaction order is possible only on the straight section of curve 1 (Fig. 2),
which is in the concentration interval (0,1-1,0)-10~> mol/l. Inhibition is associated with a
greater tendency of cobalt atoms to form complexes with free radicals, which makes their
further activity in initiation impossible. A similar phenomenon was observed by us during
the polymerization of styrene, which is known to have the donor character of radicals, so
the inhibition for it is expressed to an even greater degree [1].

log Vo

1,8 23 2.8 33
log [APD-Mt]

Fig.2. Logarithmic dependence of MMA polymerization rate on APD-Mt concentration:
1-Co0;2-Ni;3-Cu. T=70°C

Inhibition leads to a decrease in the metal content in the polymer, since a significant part
of the metal is lost with low molecular weight fractions and is removed from the system.
This is well illustrated by fig. 3 (curves 1, 2): APD-Co chelate, for which inhibition was
observed, has a maximum metal content (®,,,%), which coincides with the maximum
of the reaction rate (Fig. 3, curve 1). For APD-Cu, the course of polymerization is not
complicated by inhibition, the [APD-Mt]- ®,, dependence is linear (Fig. 3, line 3). From
fig. 3 also shows that it is possible to increase the metal content in the polymer and shift
the concentration limit if the reaction temperature is increased.

The presence of a significant amount of metal in the polymers proves that APD-Mt
probably enters the macromolecule not only as an initiator, but also as a comonomer,
since it has a double bond in the ligand. This fact can be indicated by an increase in the
amount of metal with an increase in the polymerization temperature, as well as a reduced
order according to the initiator (in the case of APD-Ni). Molecular masses (MM) of
PMMA obtained with the participation of APD-Ni with the maximum concentration were
M, =5,44-10°; M =9,78-10°; PDI=M, /M, =1,80. Therefore, it can be seen that this chelate
provides the formation of high-molecular PMMA with high, almost millions, MM with
a low PDI, while the polymerization rates are also sufficiently high. Measurement of the
metal content of the polymer showed that PMMA contains 0,038% of nickel, which, taking
into account the M, value, is 7 fragments of APD-Ni per one macromolecule. That is,
the chelate simultaneously exhibits the functions of initiator and comonomer. Entering
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Fig. 3. Dependence of the amount of metal in br-PMMA on the initial concentration
of chelates APD-Mt: 1 —Co (1, 2); 2—Cu (3). T, °C: 1-85; 2-70 (2,3)

the chain as a comonomer, the chelate begins to initiate grafting of side chains, which
determines the growth of the macromolecule from several sides, that is, the formation of
branched PMMA (br-PMMA) with a high MM.

The branched structure of the formed products is also confirmed by the value of the
Zimm-Stockmeier factor (g'), which is a measure of the polymer chain branching and is
calculated as the ratio of the characteristic viscosities of the branched ([n],) and linear
([n]) products with the same MM [6]. The deviation of g' from 1 characterizes the degree of
chain branching. To confirm the branched structure of PMMA, the g' factor was calculated
for some samples, the value of which was 0,58-0,96 (table 2).

Table 2
Molecular mass characteristics and the Zimm-Stockmayer factor of br-PMMA samples
synthesized by polymerization in a block with the participation
of APD-Co. T=50 °C

[APD-COL10% | 0 | M 10¢ | M,10° %ﬁ *nl.,dlg | [n],dlg | ¢
30 21,9 1,19 202|248 | 07377 | 07700 | 096
1.0 330 | 092 196 | 212| 07166 | 09891 | 0.72
05 216 1.23 249|203 | o660 | 11864 | 0.58

T
PMMA.

n]J,,is measured experimentally, [n], calculated from M, using K=4,3-10-; 0=0,77 [7] for linear

PMMA samples synthesized using APD-Mt were tested for resistance to thermo-

oxidative destruction in order to determine the influence of f-diketonate fragments and
branching of the chain on the temperature interval of decomposition. TG and DTA curves
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of PMMA obtained with the participation of chelates with a similar metal content are
shown in Fig. 4, a-c. The determined temperatures of the beginning (T ) and the end (T))
of the samples destruction were compared with the corresponding parameters of linear

PMMA synthesized under similar conditions using PB (Fig. 4, d). The summarized results
are presented in Table 3.
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Fig. 4. TG and DTA curves of br-PMMA synthesized under the action of APD-Mt:
a—Co; b—Ni; ¢ —Cu; d—PB. [APD-Mt]=[PB]=1-102 mol/l. S ~ 10%. T =70 °C.
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Based on the results, it can be concluded that the presence of metal chelates in PMMA,
regardless of the nature of the metal, significantly increases their resistance to thermo-
oxidative destruction. T increases by 20-30 °C, and T, —by 13-23 °C. The analysis of
several PMMA samples with different cobalt content shows a clear tendency to increase

T, and T, with an increase in the number of chelate fragments in the chain (Fig. 5)

Table 3

The temperature of the beginning (T,) and end (T,) of destruction
br-PMMA, synthesized during the initiation of APD-Mt and PB.
[Initiator] = 1-10~2 mol/l. Conversion ~ 10%. The temperature is 70 °C

Initiator o,, 104% T,,°C T,,°C
APD -Co 2,6 280 405
APD -Cu 2,5 269 415
APD -Ni 3.8 270 405
PB 0 250 392

The influence of metal B-diketonates can be observed in a change in the mechanism
of destruction, primarily in the initial stages, because it is known that the destruction of
PMMA begins in the range of 120-200 °C [8]. It is initiated by the splitting of anomalous
sequences of links built according to the «head-to-head» principle, which are formed as a
result of chain breakage by recombination. Further (200-300 °C), B-bonds are broken at the
end links, which contain C=C bonds, formed as a result of breaking by disproportionation.
Presumably, the presence of chelating fragments at the ends of the chains prevents these
processes. In addition, branching can interfere with the diffusion of oxygen deep into the
polymer ball, which also slows down degradation.

285
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Fig.5. Graphical dependence of temperature of the beginning (T,) (1)
and the end (T}) (2) of br-PMMA destruction on the amount of cobalt
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Thus, it was found in our work that the use of 3-allylpentane-2,4-dionates Cu(II),
Ni(II), Co(II) as initiators of MMA polymerization leads to the entry of chelates into the
polymer chain in an amount proportional to the original metal complex This contributes
to the formation of PMMA with a branched structure. Cobalt chelate has the best initiator
properties. The presence of a branched structure and metal B-diketonate fragments in the
chain improves the resistance of PMMA to thermo-oxidative destruction compared to the
linear product obtained using the industrial radical initiator PB.
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XEJIATH 3-AJIIVINEHTAH-2,4-A1I0HY VIS CAHTE3Y PO3TAJYKEHOT'O
TEPMOCTIMKOTI'O IIOJIIMETUJIMETAKPHJIATY

31iliCHEHO paJMKaIbHy MOJMIMEepH3allilo MeTHIMeTakpuiary i3 nomasanusM xenaris Cu(ll),
Ni(Il), Co(Il) 3-aminmmenran-2,4-mgiony. [Ipornec BigOyBaeThCs 31 MIBUIKOCTSIMH, IO 3aie-
JKaTh BiJl MpUpOAM MeTaiy, i 30ibiyoThest B psay: Cu < Ni < Co. [lokasaHo, 1o y BU-
MaJIKy KOOaJIbTOBOTO KOMIUIEKCY IMOJIMEpH3allisi B ONOII 3MIMCHIOETHCS 31 MIBUAKOCTSIMH
CIIBCTaBHUMH 3 TPAIUIINHUM PaMKaIbHUAM IHII[IATOPOM — MEPOKCHIOM OCH301ITy, ajic Mae
MIEBHY OCOOJMBICTh — IIBUAKOCTI TOJIMEpHU3allii HENiHIHHO 3alekaTh BiJl KOHIIEHTpAIii
iHiIiaTopa, 1o 00YMOBJICHO B3a€MOJIIEI0 XENIaTy i3 paJuKaiaMu pocta. BusHaueHo, 1110 rpa-
HUYHY KOHIIEHTpALilHy MEXY MOXKHA 3CYHYTH Yy OiK OUTBIIMX KOHIICHTpAIii, 3011bIIHBIIH
TEMIIepaTypy peakiii Ta BAKOPUCTABIIN PO3YUHHHUK JOHOPHOTO XapakTtepy. [1oniOHUM YnHOM
MOYKHA PETYJIIOBATH i BMICT METaly y HOJIMepi, SIKHW 30UTBIIY€EThCA 3 TEMIIEPATypOO, IO
BKa3y€ Ha y4acTh METAJOKOMILICKCIB SIK KOMOHOMEPIB.
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Ionimernnmerakpuinatn (PMMA), 1110 yTBOPIOIOTHCS, MAIOTh BEJIUKI MOJICKY/ISIPHI Macu Ta
MICTATB y CKJIaJi MOJiMepiB pparMeHTH [-INKETOHATIB, KiJIbKICTh SKUX MPSMOIPONOPIIiTHO
3pocTae i3 30LIBIICHHSM BUXIJHOI KOHIeHTpauii B-ankeroHata. B Xoni cuHTe3y momimepy
BOHH MPHLIETUTIOIOTH O14HI IAaHIIOTH, BHACIIIOK I1boro PMMA MatoTs posramysxenHs. Posra-
ny»keHa OyJioBa MoJIiMepiB TOBEJCHA Ha MijIcTaBl po3paxyHKy (akropa 3imma-llITokmaliepa.
BeranosneHo, mo posramyxkenniit PMMA, oTpuMaHuii Ha OCHOBI XeJaTiB, HE3aJEKHO Bif
MIPUPOAN METally B XeNari Mae 301JblLIeHy CTIHKICTh 0 TepPMOOKHCHIOBAIBHOI JAECTPYKINT
TOPIBHSHO 31 3pa3KoM, OTPHMaHHIM 3a IOTIOMOTOI0 Iepokcu Ly Oen3oiny. Temneparypu moyar-
Ky Jectpykuii 30inbmryrorsest Ha 20-30 °C, kinnei —nHa 13-20 °C. Ha npukiazni xenary ko-
0anbTy BCTAaHOBJICHA TEH/ICHIIIS 10 3pOCTAHHS IMX OKA3HUKIB 3 I IBUILICHHSIM BMICTY METAITy
y HoJimMepi, 110 IPSIMO JOBOJMTH BIUTUB B-ANKETOHATHUX (pparMeHTiB Ha TEPMOCTAOUIBHICTD
PMMA. 3a3HaueHi BiporigHi IPUYHHHU 301TbIICHHS TEPMOCTIMKOCTI MOTIMETHIMETAKPHIIATY,
OTPUMAHHMX ITiJ] BIUIMBOM XeJIaTiB.

KorouoBi ci1oBa: moniMeTHIMeTaKpHIIaT, HEHACHYEH] [3-AMKETOHATH METaliB, TEPMOOKHC-
HIOBAJIbHA JECTPYKIIisl, PO3ralyKeHi MOJIMepH
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