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SYNOPSIS

A theoretical analysis has been carried out of the structure of metalliferous epoxy-chelate
polymers (MECP) based on diglycidyl ether of bisphenol-A (DGEBA) hardened with metal
complexes of the formula [M(L),(X),], where M is the cation of the transition metal; R,
a nitrogen-containing ligand; X, the anion of an organic acid; n, the number of the ligands
in the complex molecule (n = 1 or 2), and p, the metal valency (p = 2 or 3). On the basis
of the correlations between the tensile strength (¢,) and tensile modulus (E,), and flexural
strength (o) and flexural modulus (E;), of MECP, ¢, = f(E,) and o; = f(E;), and supposing
that when the condition o,, = oy, 04, = 04, E;, = E.;, E;, = Ey, is fulfilled, where A and
B are complex hardeners of different structures but of the same class, the epoxy-chelate
matrices have similar structures. The influence of the structural fragments of the hardener
molecule (the metal, ligand, and anion) on the polymer properties was evaluated and it
was found out that the biggest contribution to these properties belongs to the metal, the
alteration of which changes the thermal stability (AM is the polymer mass loss after thermal
treatment in air), deformability (¢), o;, E;, and deflection temperature (DT') significantly.
By this, the effect of the hardener structure change on the alteration of the MECP properties
is maximal for AM, is minimal for the compressive strength (o.), and decreases in the
series: AM > ¢ > DT > o; > E; > o.. The type of the anion affects o, significantly, but the
ligand type contributes the least to the polymer properties. The obtained dependencies of
the MECP properties on the structural fragments of the complex hardeners allow prelim-
inary evaluation of the structure of the chelates and epoxy—-chelate compositions necessary
to produce epoxy polymers with required properties. The new method of the theoretical
investigation of the effect of the structural fragments (method of TIESF) of the polymer
matrix on the polymer properties can be used to analyze the structures of the polymers of
other classes and to predict the optimal structures, promising the production of the materials
with the optimal properties. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

The further development of the chemistry of the
metalliferous epoxy-chelate polymers (MECP)
synthesized by hardening of diglycidyl ether of bis-
phenol-A (DGEBA) with the metal complexes of
the formula [M(L),(X),], where M is the metal
cation: Fe?*, Co?", Ni?*, Cu?', Cd?*, Zn?*, or
MnO?*; R is the ligand: ethylene diamine (en), di-
ethylene triamine (dien), triethylene tetramine
(trien), or bis-N,N'’-(8-cyanoethyl)-diethylene
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triamine (cydien); X is the anion of an or-
ganic acid: CH3COO~, CH,=C(CH;)CO00",
CsH;COO~, HOC;H,COO~, H,NCsH,COO™,
CH —_—NHCGH40_ , Or CH=N ( CH2) CGH4O yn is
the number of the ligands in the complex molecule,
n = 1 or 2; and p is the metal valency, p = 2 or 3,
and having high thermal stability and mechanical
strength, undoubtedly is to be based on the theo-
retical generalization of the experimental results
obtained.!”’

It was established that the change of the complex
hardener content in the epoxy composition causes
significant change in the polymerization mechanism,
structure, and properties of MECP.®? There are at
least two investigation methods of the effect of com-
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plex hardener structural fragments (the metal, li-
gand, and anion) on polymer properties:

e the comparison of the index values of MECP
based on the epoxy compositions containing
equal concentrations of the chelate structural
fragments,® and

e the comparison of the properties of the poly-
mers having the similar matrices.

The purpose of the present work is to realize the
second method.

EXPERIMENTAL

Materials

Diglycidyl ether of bisphenol-A (DGEBA), ED-22
grade, with an epoxy equivalent weight of 170-180,
made in Russia, was used as an epoxy oligomer. The
salts of metals and organic acids were used as well
as aliphatic amines: en, dien, trien, and cydien.

Synthesis

Complex hardeners were synthesized by directly
combining the salts with the amines used in equi-
molar proportions, with stirring for 2-4 h at the
melting points of the chelates. MECP was made by
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Figure 1 Tensile strength (o;) of the polymers based
on DGEBA and (1) [Cd(cydien) (H,NCcsH,C0O).] and
(2) [Cd(trien) (H,NC:sH,COO),] as a function of tensile
modulus (E,).

MPa
100}

90}

-

8ol 2
70y
60| 3
50

0L

20]

10

-ﬂ—'  — Il 1 ! [ ] 1 1 i 1
2.6 3.0 3.4 3.8 4.2 E, 6P

Figure 2 Tensile strength (g,) of the polymers based
on DGEBA and (1) [Cd(dien);(H;:NCsH,C0OO0).],
(2) {Cd(dien){H,NCsH,C00);], and (3) [Co(dien)-
(CH=N(CH;)C¢H,0).] as a function of tensile modulus
(E,).

casting the epbxy compositions into metal molds and
hardening for 11 h at 120°C.

Methods

The strength indices of the polymers were deter-
mined according to the standards in Ref. 8. The de-
flection temperature was determined according to
the DIN 53458 procedure by bending the polymer
specimens (120 X 15 X 10 mm®) with continuous
loading (¢ = 5 MPa; the rate of the temperature
rise AT = 50°C /h; the fixed deformation is 6 mm).
To characterize the heat resistance of MECP, ther-
mogravimetric analysis was used in the isothermal
regime in air.

RESULTS AND DISCUSSION

The investigation of the structure of MECP was
carried out by analyzing the contributions of the
chelate hardener structural fragments to the values
of the polymer indices and supposing that irrespec-
tive of the fragment structures of the epoxy—chelate
metal-containing matrices the effect of such factors
as sample conditioning, testing rate, and tempera-
ture is the same for all the specimens of MECP (the
preparation of MECP was carried out in the iden-
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Figure 3 Tensile strength (g,) of the polymers based
on DGEBA and (1) [Fe(cydien) ( HOCsH,COO0);], (2)
{Zn(cydien) (CH,—C(CH3) CO0),], and (3) [Cu(trien)-
(CH=NHCH,0);] as a function of tensile modulus
(E.).

tical conditions and the testing methods were equal).
On the basis of the dependencies between MECP
properties and hardener content in epoxy-chelate
compositions, 7 the functions ¢, = f(E,) (Figs. 1-
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Figure 4 Tensile strength (o,) of the polymers based
on DGEBA and (1) [Cu(en);(HOC;H,COO0).],
(2) [Zn(trien)(HOC¢H,COO).], and (3) [Cu(dien)-
(HOCzH,COO),] as a function of tensile modulus (E,).
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Figure 3 Tensile strength (o,) of the polymers based
on DGEBA and (1) [Zn(cydien)(CH3COO).],
(2) [Ni(trien) (HOCsH,COO),], and (3) [Zn(cydien)-
(HOC¢H,COO0),] as a function of tensile modulus (E,).

7) and o; = f (E;) (Figs. 8-12) were determined and
examined.

Figures 1-12 show that the plots ¢ = f(E) cor-
responding to the various hardeners intersect. In
the points of the intersections (Fig. 1) of the func-
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Figure 6 Tensile strength (o.) of the polymers
based on DGEBA and (1) [Cd(en),(H,NCsH,COO).],
(2) [Co(trien)(HOC¢H,COO).], (3) [Cu(trien)-
(CH;C00);], and (4) [Cu(trien) (HOC;H,COO);] as a
function of tensile modulus (E,).
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Figure 7 Tensile strength (o) of the polymers based
on DGEBA and (1) [Fe(trien)( HOC;H,C0O0);], (2)
[Cu(trien); (HOCsH,CO0),], and (3) [Co(cydien)-
(HOC¢H,COO),] as a function of tensile modulus (E,).

tionso =f(E),e.g., 6. = f(E,), for hardeners A and
B, the condition (Scheme 1) is satisfied:

{atA = O
EtA = EtB

One point of the intersection of the lines o
= f(E)can correspond to several hardeners
(Fig.3—[Fe(cydien)(HOCzH,COO)3], [Zn(cy-
dien)(CH,=C(CH3)C00),], [Cu(trien)
(CH=NHCH,0),]: 0; = 22 MPa, E, = 3.0 GPag;

and, e.g., Figs. 4-6 as well), i.e., the condition
(Scheme 2) is satisfied for hardeners A, B, C, - - -:

(Scheme 1)

lﬂtA = Oy = O =

E,=E,=E,="--- (Scheme2)

If the condition (Scheme 3) is fulfilled,

Oty = Ot
EtA = EtB
Ofy = Ofg
E;, =E, (Scheme 3)

it is possible to speak about the similarity of the
structures of the metal-containing matrices obtained
by hardening of DGEBA with complexes A and B.

This similarity is greater the more properties of
MECP that coincide (Scheme 4):

(01, = 04y
Ofy = Ofg
Ocy = Ocg
E, =E,
{ E=Ej
E,=E,,
€4 = €p
DT, = DTg
| AM, = AMp (Scheme 4)

The condition ( Scheme 4) is unlikely to be fulfilled
because of the difference in the chemical composi-
tions of hardeners A and B. However, the investi-
gation of the similarity of the structures of epoxy-
chelate metal-containing polymer matrices that was
carried out on the basis of the analysis of the con-
ditions (Schemes 1-4) makes it possible to estimate
the contributions of the chelate structural fragments
to the values of the MECP indices.

Polymer matrices of similar structures were cho-
sen by using Figures 1-12. Table I shows the pairs
of chelate hardeners for which the plots ¢, = f(E,)
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Figure 8 Flexural strength (o) of the polymers based
on DGEBA and chelate hardeners as a function of flexural
modulus (E;). The hardeners: (1) [Cd(cydien)-
(H.NC¢H,COO).1; (2) [Co(dien) (HOCsH,COO0).1; (3)
[Cu(cydien) (HOCsH,COO0),].
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Figure 9 Flexural strength (o;) of the polymers based
on DGEBA and chelate hardeners as a function of flex-
ural modulus (E;). The hardeners: (1) [Zn(cydien)-
(HOC¢H,COO).]1; (2) [Cu(en);(HOCeH,COO).]; (3)
[Cd(dien) (H,NCsH,COO),];: (4) [Cu(dien)(HOC,-
H,C00),].

and ¢; = f(E;) intersect at least at one point, i.e.,
the conditions (Scheme 5.1) and (Scheme 5.2) are
fulfilled:

[atA = O
E, 6 =E,
{Gfa = O
EfA = EfB

It is necessary to emphasize that the realization of
the conditions (Scheme 5.1) and (Scheme 5.2) is
not equivalent to that of the condition (Scheme 3),
because (Scheme 5.1) and (Scheme 5.2) permit the
possibility of different contents of the same hardener
in epoxy compositions corresponding to the fulfil-
ment of these conditions, but the content of hard-
ener A (or B) in the epoxy composition correspond-
ing to the condition (o, = oy,, E;, = E,;) must be
the same as that corresponding to the condition
(of, = 645, Ef, = Ef) (Scheme 3). As seen from
Table I, among 378 pairs of the chelates that were
investigated, there are 83 pairs of the chelates for
which the condition (Scheme 5.1) is fulfilled, 69
pairs for which the condition (Scheme 5.2) is ful-
filled, 72 pairs for which both the conditions

(Scheme 5.1)

(Scheme 5.2)

STRUCTURE OF EPOXY-CHELATE MATRICES 643

St
MPa
120 |-

110

100

90|

8o

Ef) 6Pa

Figure 10 Flexural strength (o) of the polymers based
on DGEBA and chelate hardeners as a function of flex-
ural modulus (E;). The hardeners: (1) [Cd(dien).-
(H,NCsH,CO0).]; (2) [Cd(en);(H.NCsH,CO0).]; (3)
[Zn(cydien) (CcH;CO0),]; (4) [Cd(trien) (H,NCs-
H,C0O0),].

(Scheme 5.1) and (Scheme 5.2) are satisfied, and
154 pairs of the hardeners having no any points at
the intersection of the lines ¢ = f(E).
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Figure 11 Flexural strength (o;) of the polymers based
on DGEBA and chelate hardeners as a function of flex-
ural modulus (E;). The hardeners: (1) [Ni(cydien)-
(HOCsH,COO0):]; (2) [Zn(trien) (HOCsH,CO0),]; (3)
[(trien) (HOCsH,COOH),1; (4) [Co(trien)(HOC,-
H,C00),].
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Presented in Table II are the polymers having
similar structures, their compositions that satisfy
the condition (Scheme 5.1), the properties of MECP
corresponding to these compositions, and compar-
ison of the noncoinciding indices, which allows the
contributions of the chelate structural fragments to
the properties of the polymers to be estimated. These
polymers were chosen on the basis of the data of
Table I. There are more than 72 pairs of hardeners
in Table I because the lines ¢ = f (E) for some poly-
mers have more than one point of intersection (e.g.,
Figs. 3-6 and 9-11).

The pairs of hardeners for which the condition
{Scheme 5.1) is achieved are classified according to
structural characteristics: the chelates with the same
metal and ligand in their molecules (3 pairs), the
same metal and anion (6 pairs), and ligand and an-
ion (11 pairs and 2 nonmetal containing pairs); the
chelates having the same metal (2 pairs), or ligand
(9 pairs), or anion (31 pairs) only. The hardeners
of the completely different molecules make up a ma-
jority (41 pairs), which points to the fact that the
coincidence of the properties (Scheme 5.1) results
in most cases from the compensating effect of the
chelate structural fragments when the polymer ma-
trix is formed. '

Considering the example of the complexes pos-
sessing the same fragments, the contributions of
these structural fragments of hardener molecules to
the values of the MECP indices have been deter-
mined. For this purpose on the basis of the experi-
mental data,’” the masses of hardeners corre-
sponding to the condition (Scheme 5.1) (m;), i.e.,
to the intersection point o,,, = f(E,,,), and the
properties of the polymers corresponding to the
given m; were determined; the comparison of X,
and Xj that characterizes the contributions of the
chelate structural fragments to the values of the in-
dices X, and Xy was carried out (Table II). Thus,
the generalized picture has been obtained (Table
III), i.e., depending on the type of the hardener
structural fragments, the contribution of these frag-
ments into the values of the polymer indices de-
creases in the following series:

¢ = metal > anion > ligand
o; = metal > ligand > anion
g, = anion > ligand » metal
E; = metal > ligand > anion
DT = ligand > metal > anion

and for the thermal stability:

metal > ligand > anion
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Figure 12 Flexural strength (o;) of the polymers based
on DGEBA and chelate hardeners as a function of flexu-
ral modulus (E;). The hardeners: (1) [Fe(cydien)-
(HOCsH,COO0),]; (2) [Ni(trien) (HOCsH,C00),]; (3)
[Zn(cydien) (CH,—=C(CH3)C0O),]; (4) [Fe(trien)-
(HOC:H,COO);]; (5) [Co(cydien) (HOCH,COO),].

(the sign “>” corresponds to the increase of the
contribution of the preceding fragment with respect
to the next one by 1.1 to 1.5 times; the sign “>,” by
more than 1.5 times).

The metal type contributes most of the all to the
MECP properties, and when changed, significantly
affects the thermal-oxidative stability and strength
(¢, o7, Ey) of the epoxy matrices excluding ¢, which
is affected mainly by the anion. The metal is of prime
importance to the thermal stability of MECP. This
fact is confirmed by the dependence of the thermal-
oxidative resistance of MECP on the metal cation
radius that determines the strength of the chelate
rings in the hardener molecules depending also on
the ligand structure.®

In case of the anions having similar structures,
the type thereof affects the thermal stability insig-
nificantly (Table II, no. 1: HOC;H,COO~ and
CH=—NHCH,O ), but this influence increases for
anions differing in size (Table II, nos. 2 and 3:
HOCH,COO™ and CH3;COO ™). This can be ex-
plained by the screening effect of the anions pro-
duced on the cations: The smaller the anion size,
the less it screens the metal cation and the greater
the contribution of the cation to the increase of the
thermal stability of MECP.

The metal atom introduction into the epoxy ma-



645

STRUCTURE OF EPOXY-CHELATE MATRICES

MM B

+

+ + H

L]
"

KoMK

L]
M

L]
E )

+
L)

+ MoM

L]

+
++++m

I A I I T R I I I
«

++m+

+ %M+ M

+

B+ + #

"+ M

oMW+

+

«+ +

+ +

+ o+ +H+

M+

+ M+ 4+ o+t

H Mt Mo

+
+

B+

“ ®

M MW

+ 4+ MmN+

++ e F HHF MR B M w H oMt

+ +

«

Ht+ .

MMM R M MR KK N

HH

b M M

W

B+ X ™

LR B B

M

A+t

+ +

H oMM+ L+ a + MM

o+ o+

M

MM M e

+ o+ %
oMM m
Wt + M MM+

H
«

+ MW+
HH M
X MM+ +

++ MUt
++ B+ o+
MMM N+ N

MM MMM M+ +

[ B R ]

oMM+

+

A+ o+ o+ M oM+ W MW+ o+ W

®

++++ 4+ o+

“+ +

¥ 4+

++ + +

LI .}

Mo

H +

L

K+ MM+ +

MMM

“ E+

LBE B |

W N«

HOOO H®OOH) (us13)
HO'HPO(*HOIN = HD)(uatp)o)
O HPOHN = HO)(Wsu)n)
H0Q0D*HI)(uau)N)
%(O0DFHO)(uatpAd)uz
HO0D(*HO)O ==HD)(uspAd)uz,
H00D HPD)(ustpAd)uz
YOO HPONZH) (ust)n)
Q0D HPONPH)(us113)pD
(OO0 HPONZH) (ustp£2)pD
HOOD'HPONPH)*(UeIp)pPD
2(O00"HPONPH)(uTp)PD
{Q00HPONPH)*(us)pD
£(0O0DHPOOH) (UatpAd)ay
{000 H*DOH{(USIPAd)IN
{000 H?DOH)(ua1phd)o)
H0O0D’HDOH)(uap4o)uz
%000 HDOH)(uatpio)ny
*(O00HDOH) (W) QU
(OO0 HPOOH) (ual})ag
%(000"HPDOH) (WM IN
QOO HPOOH) (ual13)o)
{(O00"H?DOH)(ust3)uz,
YOO HPOOH)(ua)n)
HQOO HPOOH) (ua1)n)y
HOOO H?DOH)(usp)o)
HOOO H?DOH)(uatp)n)
Q000" HOOH) (us)n)

- N YW oO®

jue

uz

3
&)

PO

g

0

OUN

@
<
E

Q
&

]
N

oD

no

°0

Lo

no

el | uetp | ualny

usIpAd

uaL)

usrpAd | uaIp

us

udIpAd

uSLI}

ualp

ua

000
'H
*00H

O'H
*OHN
=HO

000
*HO

000
(*HD)D
=*HO

000
H*O

O0J"H*ON’H

000'H*O0H

Tauapiv

S
Z

+ pue X suonipuo)) yjog o} puodsaiio)

sxomAod (X) ¢ g = " <o = o uonyipuo)) 3y} 03 puodsorro)) sIdmMA[O] (X) ¢ Vg = Vi ¢ To = V1o worpipuo)) oY) 0} puodsaiio)) somAi[od (+)
F(XN)" (A ] worisodwio)) 8Y) YA g PUB Y SISUdPIBY 3e8[aY) puB yHAD( U0 pasey siomi[od JO ()4 = o sydexr) ay) Jo sisA[euy [9[q8],



KURNOSKIN

646

998= G63= LTI= 6%I= 99= 6€I=
Wy zav v AV kY v
082 192 €9 oL 919 8€F 3L z01 0'g ZeT LV ST0 92 oy 96 HOOD"HPON*HN(uawp42)pD i |
082 96 861 e s AN S+ LT'0 gz oy 96 (OO HPONFH)(Uap)PD v 6
819 0%l L'91 L&] 1t 9¥%¥2 OIT Ol ge 86 91 e1'0 23 ee €9 HOOD HPONCH ) (Utp)PD a
4008 89 ¥t oe g6 81 LI'0 9z £'e €9 200D H*ONH)*(U8)PO v 8
L'992 €L 44 LY €01 Il 31 81T QUK e sL 61 110 44 9% €9 $(O00'HPOOH)(ua1pAo)ag q
ge SL 0zt €7 89 L1 800 g1 97 €9 $O0D"H*DOH)(usly)ag v L
£9¢ 91l oer gzt ¥'8 0 8123 LL 001 g'e 18 I 81°0 2 o¥ ge HO00 H*OOHN(USIPAd)IN q
091 69 grt 0¥ g6 IT ¥2'0 6€ oy ge {(00DH*DOH)(USHNIN v 9
Z'se 9L ¥e 67 €g Ls g0 eIl 601 ge (112 S X 1170 61 L3 06 {O00'HPDOH) (uatpho)uz, q
9L S0T 61T Ve €T 9F 010 [ Lg 06 {00D"H*DOH ) (usty)uz v g
0 6l g0t 62 ¥e 0 8'g €6 go1 ee ¥IT 9 61'0 14 e €8 {Q0D"H*OOH)(usp)n) q
(i34 80T g6 Ve 81T 9% 91°0 44 e €8 {(00D'H*DOH)*(u2)n) v ¥
UOIUE pue [239U [BONUIPY Y3lm s1ouapIey ay], T1
6¢3= T0z= 22 = L9= 0¢= ¢8=
wwy  Lav v AV kv o
6'EL €8 138 001 0'g 898 0zl 66 g6 9'e GIT T 12°0 9z et €9 (000 HO)(usIpho)uz, q
09 801 448 0¥ 131 61 810 i€ ee €9 {00 H*DOH)(uatpid)uz v g
9GL Lot g'61 001 0 003 8L 001 g6 9¢ 2T 02 91°0 02 e L9 {000 HD)(uatpio)uz, q
0ge 021 s8It oy %4 S ¥ 4 9T'0 Lz ze L9 {000 HPOOH) (uatpio)uz, v 4
281 zqe 1'ge 0 oy 9'8% € oL 121 'k 3L 01 LO0 ot &4 (4 YO HPOHN = HOD)(Ust)n) d
FF 801 8L ¥4 [T 4 900 8 12 45 {000'HPOOH)(Usl)n) v 1
pueS| pus [815UI [BO1YUSPT YA SISUSPIEY Y], |
WOV Zav oy qv oy v (%) (Q.) (edW) (edD) (BdW) (%) VEEDA VvVdaDAIe (8dD) (8dW) G = Vigg egeyiut  ON
D.,082 JUId ’0 e o > Jo IO 8001 30d 8 i i uoyesyruap]
X 1 Y 01 1 1od [oy B9 = Vip 13u3pIBH
[ ¢ —
%00t i — x| xv 13ye qpuey YOTY A\ 0] SIOUSpIRH JO 1 YL,
nv ('w) ‘C) = sauopIey
§901pu] J8wWA[0g Jo uostredwo) 19 JuI04 UOIIBIANU] 100 () f =
w0} Surpuodsaiio)) ay) 03 Burpuodsaizo) 9 sydear)
(X)) seo1pu] tsmikjod JauapieH jJo SsBJA Jo syutog
UO1)0as8Iauf

JdOAI Jo sennaadoxg ojur sjuamiSes 2InjonIlS IQUapIvH 938[EY) Jo uonnqriuo) JII 3qulL



647

STRUCTURE OF EPOXY-CHELATE MATRICES

¥ev= 6Ch= LIg= T9= 60= ¥9¥=
20/ L A S B
2’1y oy ¥'02 T6 6'0 LLY
g'ey g'ay 0'ee e 6’0 (1) 4
€8 = 0= 8¥l= TG= 96 =
Iav v gy ky v
02 L9 vl a'g 0
(B4 't (44 L'y I'11
0%01= T192= 69= 2ZLl= €3%= gge=
vy zav v @y kv
889 ¥'92 £el 168 ¥'ee 1814
2061 [1241 ¢ [a] (a4 0 629
1'8¢¢ 2’88 L9 /'8 8°6GE £'69
969 Te €'C 0 269 8°0¢€
L6g €' 88 1'%e 822 £'ee
'S0t 008 8¢ 88T I'P3 PIL
0'9¢ 902 Ve 9'8% (414 6'LS
iy LSy 144 S'ee [ 184
993Gy 8'ey L3t 8’8 2’68 £'8
g'12 e o't 9z 62
qLZ 80 e 60 1]

&L
e
99
Y

0'8¢2
#0123
0'Lg
00t

'8
134
871
T's
Lel
e
981
0'vS
Ly
8L
9L
Le
v'e
FX4
6'gl
0'6e
9'et
L'es
ve
418
ce
0’61

621
G6
821

001
20T
001
LIT

STt
16

001
L8
gg
g6
86
001
g6
8
S01
z8

oL

6¢1
eL

0ET
20T
0ET
20T
OET

245
€01
€21
00T

L6
¥01
86
G6

Y01
021
(1183
911
111
611
931
631
€6

G0t
821
131
121
LIT
0g1
LZt
01T
921
€s1
611
131
0zt

0e
e
6C
0¢

6%
L'
€
L'e

gt
(44
(24
1%
Te
v'e
S'e
9t
L'e
8¢
8¢
(44
g
S'e
¢y
Ve
Le
e
(4
e
£'¢
[4H

11
1491
(49
€11

LL
€L
06
98

g6
(4}
o1l
(1188
1418
68
v
€01
211
Sv1
28
801
oL
el

[49%
4148
:198
LIT

[ ¥4
vy
(44
(a4

91
91
91
81

1§54
82
€1
gt
vl
0e
60
1
(44
€'¢
TT
9t
91
8¢
01
€1
g1
[

[440]
810
1o
LT0

220
¥2'0
020
80°0

60°0
600
ST'0
ST°0
j4 8]
(48]
81°0
€20
LO0
800
9T'0
€10
60°0
L00
61°0
1%°0
220
€2°0
4%}
Y10
o
ST'0

Lt
¥e
91
(44

Lg
ge
114
11

81
91
Lg
414
92
02
ge
6¢
<1
48
82
61
91
ot
se
ge
9¢
GE
81
0%
LT
13

6
6%
8
82

96
Qe
144
e

9%
9%

8¢
Le
e
63
62
9%
9
ce
(41
9%
9%
Le
L'e
L'e
e
e
0t

08

LL
LL

8¢
8¢
oy
oy

5883

1s
€9
g9
0¢
0¢
vL
L
Ly
Ly
09

144
144
8¢
8¢
29
9
€9
€9

{O0O0D"HPONH ) (uau)ny a
%002'H*D0OH)(uap)n) v ¥2
Q0D H®ONH) (uaury)ny d
HO00D"HPDOH) (uarp)n) v €2
(832U [BONIUIPT YA sIduapiey oY ], Al
{(HOODHPOOH)(uat13) d
{00 HOOH)(uauny v 44
{(HOOO'H*OOH ) (usl13) q
HOO0D'H°OOH)(uat)n) v 12
$(00D"HPDOH)(ua1pAd)ay q
O0O"H*DOH ) (UstpA2)IN v 0z
2(Q0DHPIOH)(USIPAd)IN q
$(00D"HPDOH)(ua1phd)o) v 61
{000 H*JOH ) (UIIpAd)IN a4
Y QO0D'HDOH)(uatphd)o) v 81
$(000"HPOOH)(uatp4d)ag q
YOOI H*DOH) (ua1phd)uz v LT
$(00D"HPDOH)(uatpho)ad 4
(000 "H®*O0H) (ustpAd)uz A4 91
HOOD'HDOH)(UdIn)ag d
Q0D HPOOH)(ue1)o) A4 q1
S(O0DHPOOH)(uat13)o g q
{000 HPOOH)(Ua113)0) v ¥l
£(000"HPOOH)(ua13)ay g
YOOI HPOOH)(Us3)uz v e1
{000 HPOOH )N (WaL)IN q
00D H DOH)(usn)uz v 44
%000HDOH)(us113)0) q
HOODHOOH)(waty)n) v 1
Q0D HPOOH)(usu3)0) d
(QODHPOOH)(uaty)n) \4 (i}4

UOTU¥ puB puBdl| [BO1JUSPT YA sIoUtepaey oYL, 'TI1



KURNOSKIN

648

LeLe LSl eh 612 LSt PI3 081 921 g1l 6¢ €8T €€ $1°0 4 62 8L Q0D "H?OOH)(ustpio)uz, a4

8€ 801 08 Z'e (]S S 4 e1'0 81 637 8L 00D H*DOH)¥(ue)ny v 6¢
11Z €86 009 ¥'e 0el  ¢6 oe 86 021 gg 08T 88 01'0 g1 62 8L Q0D "H*DOHNu9113)0) d

e 801 08 e SIT 2% er'o 81 6% 8L “O0D'H*DOH ) (ua)n) v 8¢
9'8¢ 0'G1 9'89 002 9 L'g L'g g8 811 9g 03T 8¢ 80°0 41 82 €L HOOD"H*OOHNusi)0) q

vy 001 oL 0'g gI1 L€ 110 g1 83 gL YOOD"H*DOH )¢ (ue)n) A4 LE
¢6eT 81 g'LE e 8'€1 y11 16 801 131 e 281 6°¢ 110 L1 e 08 HO0O HPDOH ) (uaty)uz q

8'e oIT 88 €€ 91T ¥¥ g1'0 03 1€ 08 YO0O'H*DOH) (us)n) v 9
023 £33 8L 0 80 g3l 19 SL g6 ¥e 121 2% £1'0 L1 0e 88 HOOD'H?DOH)(Usp)o) d

g L6 €01 ye 021 8% 61°0 <74 0 88 {O0JI"HPDOH)?(us)ny v qe
¥9g 872 0 Lg 120 8 G 1) 06 gIT  LOT Lg 98T ¥P 020 L3 62 06 % 0O0D'H?QOH) (Uatp)oD q

9'9 26 LOT ge 221 6% 020 Lz 632 06 HO0D HPDOH) (wa)n) v ¥e

UOYUB [BOIJUIPT YHIM SIOUIPIBY YL, TA

931 053 €68 %8 €8 oLe 86 %6 Lt 4 Tt 6%°0 9e 9e se Y HOOD'H?DOH)(us113) q
O L8 811 8% 8L 21 1o ST 9% e XO"H°OHN=HD)(ust)n) v 13

Y3l = £%I= 99
Idv oV v oy w

]
2l
b=3
~N
I
*
=
2
I

Tve L'g X 87 6LS  E¥I g3l €6 911 Le 09 90 920 € (134 44 {00J(*HD)D=="HD)(usIpAd)uz q
061 88 €31 9'e 8¢ L0 61°0 8¢ oe 44 (00D HPDOH ) (ueTpAd)ay v 2¢
£01 9¥%1 6LL ¥¥r 0001 011 96 go1 £e Y01 87 81°0 81 82 8¢ Q00 HD)(us1g)n) d
25 L8 €31 8% L ¥ 01°0 8T 87 89 (000 H?DOH)(ust1y)ad A4 1€
z'8 L8 0¢ 801 8% WSGET 36 Z11 ¥e 16 02 02'0 02 ¥z 18 QOO HON Uty i ¢
€9 g8 €01 €e 201 T2 sTo 74 &4 18 {00 H*DOH)(UeI)IN v 0g
11 69 L6 ¥¥z 112 SLOBL V6 80T ¥e 16 €37 61°0 61 L2 ¥g Y000 HO Nty q
L't g6 101 1€ 8L 61 600 a1 IX4 ¥ HOO0D H?D0H) (ueu)IN v 6%
6€l '9% g'01 78 939 DL 831 68 €€ %6 21 ¥2'0 (49 £e 62 #(O"H*OHN = HO)(uau3)np q
0'g 801 121 oe g8 2€ 91°0 €2 £e 63 HOOD H?DOH)(ua113)0) v 8z
8°Gh Z'el e ¥8 819 88 9gT  ¢O01 z'e 18 g1 81'0 ¥z ge 8¢ HO'H*OHN = HO)N(us13)np a
ey L0T 121 e g6 Ve ¥1°0 12 ee 8¢ (00D H*DOH)(Us1)0) v L3
(X3 LA 6T 44 1% 50T L6 001 £e 0zT  0'¢ LT°0 L1 1e 99 (00D HO)(uat)n) q
e 001 131 ve 21 8¢ 110 91 18 g9 ¥OOO H*DOH)(We113)0)) \4 9z
60T 113 67 6 L9l «G'6 86 L6 ee §31 g€ 91'0 91 e oL HOOD HD) (usty)n) a
01T 011 o e 821 0¢ gr'o 0z e oL %O0D"HPDOH)(usty)uz v x4
ﬁuﬂdwm_ —womaﬁ@ﬁm yaum wu@ﬁamvuuﬂ wﬂ—h._ ‘A
(AVIV  Lav oy v oy w (%) (D.) (8dW) (edD) (BdIN) (%) VEIADA VvVEADHAIO (BIDH) (BdWD G = Vi egayjul  ‘oN
0,082 LA °0 g /o E] Jo [oN 2001 2d 3 L4 7 uoBOYIIUAP]
vX 18401 1 zod [opy Bip = Yo IouepIely
BT o VR ~ XV 038 gpuey
YOIy A\ 20] SIBUIPIBH JO IBJ Y,
nv (u) ‘() = siouopIey
8301pu] JawA[od Jo uostredwro) 15 qut0g uoKIesIBIUY 105 () f =
fw 09 Burpuodsaiio) ay3 03 3urpuodsaizo) o sydeas)
(X) s9otpu] I9mA[0g IJUIPIBH JO SSBIN Jo sjutog
uotjoasiaju]

(ponunuo)) I 9198,



649
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Table III Effect of Chelate Structural Fragments on Polymer Properties

v —
Affecting Identical Division in Ae i Ay Ade ADT AlAM)
Fragments Fragments Table II (%)

Anion Metal and ligand I, NN 1-3 28.5 3.0 6.7 32.2 20.0 55.9
Ligand Metal and anion II, NN 4-9 13.9 6.6 14.9 12.7 29.5 86.6
Metal Ligand and anion 111, NN 10-20 33.5 22.3 17.2 5.9 26.1 102.0

trices facilitates the increase in stiffness of the poly-
mer chains owing to the formation of the covalent
bond “cation-oxygen of the epoxy group” (Fig. 13)
or because of the polymer chain cyclization due to
the coordination of OH groups (Fig. 14) that results
in the decrease of the segmental mobility:

OH

I
— CH,CHCH,0—

in the change of the flexibility of the polymer chains
and, consequently, in the change of ¢; and ¢.*'° Fol-
lowing the metal in its significance and having much
stronger effect on ¢ than that of the ligand, the anion
screens the metal cation, thus preventing the cycli-
zation of the polymer chains. In case of oy, the sig-
nificance of the anion lessens, as this index is af-
fected by the density of the cross-linkage that de-
pends considerably on the number of the amino
groups in the ligand.

R
A4
CH

I
.0

CH,~( ORCHCH, )

N

A large positive charge of the metal cation in-
creases in the epoxy—chelate polymer matrix van
der Waals interaction that determines the values of
the elasticity modulus and deflection temperature '*
that accounts for the contribution of the type of
metal to E; and DT'. The increase in the density of
the chemical cross-linkages and the formation of
the nitrogen-bearing heterocyclic structures at the
expense of the ligand that increase DT' provides
the commensurability of the contributions of the
ligand and metal cation into the deflection temper-
ature. The low functionality of the majority of the
examined anions determines their smallest effect on
most of the indices except for o, which is caused by
a considerable change in the sizes of the used anions:
The small volume of CH3COO ™ but the large vol-
umes of HOC;H,COO~ and CH=NHCH,O"
{'Table 11, nos. 1-3) affect the change of ¢, (32.2%),
which for the same metal and anions makes up
12.7% (Table III) (it results from the influence of

n+l” 0\ /O"“H \
c o
¢ N

NH

\

/
~

S
N7

0
I

y
S
X
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\

—_—
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Figure 13 Structure of epoxy-chelate polymer matrix fragment created when a small
concentration of complex hardener is used: M, metal atom; R’, — (CH;),—.



Figure 14 Structure of epoxy—chelate polymer matrix
fragment created when the heightened concentrations of
complex hardener are used at the cure temperatures lower
than the temperature of the dissociation of the complex
cation [M(L)]**: M, metal atom; L, ligand (e.g., L
= trien); R/, — (CH,),—; p, metal valency.

the ligand volumes), and the effect is even less
(5.9% ) when the same ligands and anions are used
(Table III) (the volume of the cations does not
practically affects o.).

Of great interest are the data determining the
change of the properties of the polymer matrices
having similar structures and satisfying the condi-
tion (Scheme 5.1) after the metal cation introduc-
tion (Table II, nos. 21 and 22). The presence of
copper increases thermal stability (the inhibiting
effect of copper®) and DT (the increase of van der
Waals interaction in the matrix ), though it reduces
the modulus of elasticity. The decrease of E;results,
first of all, from the fact that the metal-free com-
positions (Table II, nos. 21 and 22) contain salicylic
acid (rather than the salicylate anion in the chelate),
which is known to increase the flexural modulus, 2
and, second, from the influence of cross-linking on
the local segmental mobility: The metal cation in-
troduction increases the cross-linking of the network
and 8-segmental mobility, whereas the modulus of
elasticity augments for the lesser cross-linked net-
works.!?

STRUCTURE OF EPOXY-CHELATE MATRICES

653

Considering the example of complex hardeners
having one similar fragment only (Table II, Divi-
sions IV-VI), the comparison of X, and Xg was
carried out; this comparison characterizes the mu-
tual effect of the structural fragments on the values
of the MECP indices. The generalized picture has
been obtained (Table IV). The alteration of the
thermal stability of MECP is mostly responsive to
the change of the pair “metal-ligand,” which is quite
natural since this property has been shown to be
determined by the stability of the chelate rings,
which depends exactly on the structure of the ligands
and their affinity for the metal cations. The effect
of the pair “ligand-anion” on thermal stability is
also determined by the strength of the chelate rings
(varying of ligand) and, on the other hand, by the
extent of the cation screening with the anion (the
size of the anion) .57

As stated above, DT is determined by two factors:
van der Waals interaction in the polymer matrix
(the type of the metal) and the number of cross-
links (the type of the anion), which accounts for
the maximal change of DT for the pairs “ligand-
anion” (the change of the number of the cross-links
at the expense of the ligand and anion ) and “metal-
ligand” (the change of the number of the cross-links
at the expense of the ligand; van der Waals inter-
action at the expense of the metal cation) with the
small weight of the pair “metal-anion.”

The modulus of elasticity is determined by van
der Waals interaction, and its change is minimal for
the pair of structural fragments “ligand-anion” and
maximal for the pair “metal-ligand,” changing si-
multaneously the number of the cross-links and the
energy of the intermolecular interaction.

The above maximal dependence of ¢, on the anion
and ligand remains the same for the mutual effect
of the two structural fragments that is maximal for
the pair “ligand-anion” (the two fragments of the
chelate molecule having the largest sizes). Proceed-
ing from the data of Table III, at first sight, one
should expect the increased effect on the MECP
properties of the pair “metal-anion” in comparison

Table IV Mutual Effect of Chelate Structural Fragments on Polymer Properties

Affecting Identical Division in Ae Ad A Ac. ADT A(AM)
Fragments Fragments Table I1 (%)
Ligand-Anion Metal IV, NN 23, 24 46.4 0.9 6.2 21.7 42.9 42.4
Metal-Anion Ligand V, NN 25-32 37.8 20.2 6.6 14.3 12.4 34.2
Metal-Ligand Anion VI, NN 34-64 31.6 15.6 12.0 20.8 26.8 110.3
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with the “metal-ligand.”” Meanwhile, there is no
contradiction between the obtained dependencies
(Tables III and IV): When the interaction proceeds
by the scheme “metal-ligand,” the cyclic structure
formation accompanied by the volume enlargement
is observed; at the same time, the interaction by the
scheme “metal-anion,” on the contrary, is charac-
terized by the cleavage of the coordinate bonds and
the shrinkage of the volume that affects the contri-
bution of the chelate structural fragments to o, of
MECP (Table IV).

The fact that the metal type is of prime impor-
tance to o as compared with the ligand and anion
(Table III) is confirmed by the practical lack of the
effect of the pair “ligand-anion” on o; when the type
of metal remains the same (Table IV), the effect of
the other pairs of the structural fragments being
commensurable.

The most involved is the description of the effect
of the chelate structural fragments on ¢ that has
been shown to depend on the alteration of the stiff-
ness of the polymer chains because of the introduc-
tion of the metal cation and cyclization with OH
groups of the epoxy oligomer (Fig. 14). When con-
sidering the mutual effect of the structural fragments
on the other properties of MECP, it has already been
mentioned that the influence of the separate frag-
ments (Table III) and their aggregate in the pair
(Table IV) is not additive, which results from the
lack of the additivity of the properties of the com-
plexes possessing the heterogeneous coordination
sphere (the coordination sphere of the chelates con-
cerned includes both the ligands and anions) and of
the properties of the corresponding uniform ligand
complexes.!* Since the cyclization of the polymer
chains at the expense of the OH groups coordinating
(Fig. 14) with the simultaneous alteration of the
several chelate structural fragments involves the
formation of the different heterogeneous coordina-
tion spheres in the polymer matrix, the mutual in-
fluence of the pairs of the structural fragments on ¢
requires much more statistical data than those
available in the present work.

Comparison of the properties of DGEBA hard-
ened with the complexes of the completely different
structures ( Table II, Division VII) shows the chem-
ical compositions to be of prime importance to the
thermal-oxidative stability of MECP, i.e., for their
chemical properties. The change of the strength and
DT is, on average, on the same level (with o, ex-
cluded) and makes up 23-27%, which points to the
compensating effect. The latter is due to the mutual
influence of the structural fragments of the triple
system ‘“metal-ligand-anion” and the lack of the

additivity of their contributions to the formation of
the polymer matrix structure.

The general analysis of Table II allows one to
draw the conclusion that the effect of the change in
the chelate hardener structure on the alteration of
the MECP properties is maximal for thermal-oxi-
dative stability (AM), is minimal for compressive
strength, and decreases in the following series of
indices: AM > ¢ > DT > oy > E; > o..

Comparison of the data obtained by examining
the contributions of the chelate structural fragments
to the values of the MECP indices with the depen-
dence of the maximal strength of these polymers on
the structure of the complex hardeners*® confirms
that the metal type has the cardinal effect on the
strength, deflection temperature, and thermal sta-
bility of MECP.

CONCLUSION

In fact, the above analysis of the MECP structure
is the new method of theoretical investigation of the
effect of the structural fragments of the polymer
matrix on the polymer properties (method of
TIESF), the basic theses of which are the following:

1. This method is used for the polymers having
the signs of similar structures. For example,
in this work, these signs are the same epoxy
oligomer (DGEBA), the same type of hard-
eners (the chelates of metal organic salts with
aliphatic polyamines), and equal conditions
of the MECP synthesis. This thesis is illus-
trated by the relative scheme (Fig. 15). Sup-
pose that the polymer matrix has the struc-
ture shown in Figure 15(a). The structures
in Figure 15(b) and (c¢) are similar to this
structure and differ from it by the type of the
structural fragments (A, B, or C). The tran-
sition from A to B or to C follows the change
in some properties of the polymer matrices
but the reservation of one property at least.

2. The possibility of varying polymer properties
in a sufficiently broad interval by changing
the quantitative compound of the polymer
when reserving its qualitative compound.
This has been achieved in this work by the
change of the masses of the chelate hardeners
in the epoxy compositions followed by the al-
teration of the MECP properties. As seen
from Figure 15(d), the substitution of struc-
tural fragment A by D deforms the polymer
matrix and obviously changes its properties,
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Figure 15 Scheme illustrating the principle of the similarity of polymer matrixes. a, b,
¢, and e are similar matrices; A, B, C, and D are different structural fragments of the

matrices.

but the increase of fragment D amount re-
stores the similarity between the matrices
[Fig. 15(e)].

3. The existence of correlations between differ-
ent polymer properties (the dependence o
= f(E) has been investigated in this paper).

4. The coincidence of some correlating prop-
erties (e.g., 0,, = 0., and E,, = E,;) that is
the consequence of the polymer matrix sim-
ilarity. As a result of this coincidence, the
quantitative differences of other noncoincid-
ing polymer indices can be determined. These
differences characterize the contributions of
the structural fragments under investigation
into the polymer indices.

The application of the method of TIESF has both
theoretical and practical value. The data of Tables
III and IV give the clear well-defined characteristic
of the effect of the chelate structural fragments on
the MECP properties. Obviously, to obtain the true
conclusion about such influence, it is necessary to
carry out the analogous analysis based on the ful-
fillment not only of the condition (Scheme 5.1) and
the condition (Scheme 5.2), but of other conditions,

e.g.,

[G'CA = G'CB {DTA = DTB etc

E,=E T, = T,

CA <B A

As seen from this work, such analysis is too cum-
bersome to be stated here. The obtained data allow
the purposeful synthesis of the polymer matrices
containing such structural fragments that improve
the operating polymer properties. The main conclu-
sion following from the present analysis is that spe-
cial attention must be devoted to the metal cation
choice, especially for the reason that the previous
investigations showed that the maximal thermal re-
sistance of MECP will be achieved when the metal
cations of the radii R = 0.70-0.78 A will be used.®

The method of TIESF can be used not only to
analyze MECP but also polymers of other types,
especially in cases when the polymers contain re-
lated structural fragments, e.g., side groups of the
same nature (F, Cl, Br, I, or CH;, CH3CH,,
CH3CH2CH2, CH3(CH2)3, etc.) .

SYMBOLS

g, compressive strength
oy flexural strength

o; tensile strength

E; flexural modulus

E, tensile modulus

E, compressive modulus

€ elongation at break

DT deflection temperature

T, glass transition temperature
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polymer mass loss after thermal treatment in
air

X index of polymer (o, E, ¢, DT, AM)

AX adecrease of the polymer index [ Ao, AE, Ae,
DT, A(AM)]

AX mean value of the decrease of the polymer
index for the same series of the hardeners

m; hardener mass in the epoxy composition cor-
responding to the intersection point of the
graphs ¢, = f(E;) and o; = f(Ey)
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