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1202 ﬁmmmﬁms{aqmmqﬁgaﬁﬁ ol gogtﬁmfmﬁﬂvlﬂ 2 1% \ialwarnusaudi 250°C
Wuat 48 30w Iw%ma%m&mamqmwgﬁnmamm“ﬁﬂﬁ 130°C uszileaany

alel oA _

AUNTIULTINIAG Ap 69 rawdadiuas?

Abstract

Tetradentate and hexadentate Schiff base metal complexes have been synthesized
and characterized by infrared spectroscopy, nuclear magnetic resonance spectroscopy, mass
spectrometry and elemental analysis. Crosslinking of the diglycidyl ether of bisphenol A
(DGEBA) with these metal complexes gives copper-, cobalt-, nickel- and zinc-containing
epoxy polymers. The crosslinking temperature could be lowered by using tetrabutylammonium
hydroxide (BusNOH) as a basic catalyst. The properties of the metal-containing epoxy
polymers investigated were glass transition temperature, thermal stability and tensile strength.
The copper-containing epoxy polymer obtained at a mole ratio of the copper complex :
DGEBA : BuyNOH =1 : 12 : 0.2 has good thermal stability with a 2 1% weight loss after
heating at 250°C for 48 hours. This polymer showed a glass transition temperature at 130°C

and has a good tensile strength of 69 N/mm?.

AT A N metal-containing epoxy polymers, Schiff base metal complexes
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LENTUAWNATWILE (tetradentate Schiff base metal complex (L&t hexadentate Schiff base

meta!l complex) ﬁﬂM;Ui'l.aman%ua:ugwﬁmﬂu%gmﬁﬁu (functional group) MUY
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diglycidyl ether of bisphenol A (DGEBA) ltatiudwandlndinasidlansduaiulsznay

(metal-containing epoxy polymer) AIUAAILUUHNUAIWT 4.1 LAz 4.2
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Tetradentate Schiff base DGEBA
metal complexes

A l catalyst

Metal-containing epoxy polymers
M = Cu2+, Co2~ and Ni2+
LHWBAINN 44 NINILATIZN metal-containing epoxy polymer 37N DGEBA ILR<

tetradentate Schiff base metal complex (CuL, ColL LR/& NiL)
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Hexadentate Schiff base DGEBA

metal complexes

A ll catalyst

Metal-containing epoxy polymers
M = Ni2+ and Zn2+
LEWNINNA 4.2 NIIFAATIEN metal-containing epoxy polymer 3NN DGEBA iR

hexadentate Schiff base metal complex (NIX L8 ZnX)
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5. A5NIINARDI

#135LAN
epoxy oligomer alr da diglycidyl ether of bisphenol A (DGEBA), D.E.R. 330 3y
epoxy equivalent = 185 31NUTEN Fluka g1510 T8 ul U3 ¥n Baker, Fluka Waz Merck

aa a -
A8NFILAINEN

Lﬂ%lad IR IR NMR m‘gﬁa Nicolet Impact 410 FTIR spectrophotometer WRe ACF
200 Bruker instrument FURIAL m‘%aaﬁa elemental analysis ﬁ’lﬂ;ﬁa Perkin Elmer 2400
CHN Analyzer m‘%ad FAB MS ﬁ‘i‘nvﬁa Finnigan MAT 90 mass spectrometer 1o Ul‘g glycero!
WU matrix m"’éaa MALDI-TOF MS ﬁl‘gﬁa Bruker Bifex mass speclrometer I@Ul"g -
cyanocinnamic acid (I matrix msmﬂ%mndamlumiﬂs:nam%quaul’ﬁ‘ﬁmao Service
Central d’Analyse UseinenlSaag

msﬁnmﬂﬁﬁ'%mt,%awmm.m: thermal properties 2a93wandlnawasvinlalay
“i’gm‘%;ao Perkin Elmer DSC 7 differential scanning calorimeter Uaz Nelzch DMA 7 dynamic
mechanical analyzer ANEaL mﬁ'ﬂﬂlﬁ tensile strength ‘l‘g":)%@‘lw ASTM D638 LL&:‘Y@GT’)U

LA384 Instron model 4301

o “a - A 4 &
5.1 nisdsasicnanensinaineslayls Tetradentate Schiff

Base Metal Complex L1%&1SITONYIN

o ¢ a 5
N SFILAIIEWRITUSETND VLTS T O WY 8010 aBNBILAY (Cul)

KTAY 1,3-diaminopropane (0.5 ml, 10.64 mmol) Twunnea (10 ml) (AUEIAZAY
FInanasluasazaIuvay 2,4-dihydroxybenzaldehyde (2.94 g, 21.28 mmol) MALUVUOA
(100 mi) 71 0°C waznIwng 20 Wit FrasssazarvasUarwindiniosdailuivos
AT AWNATWILARUAUG BNFITAZA copper acetate (Cu(OCOCH;),.H,0) (2.13 g,
10.64 mmol) Twiin (40 mi) 7 0°C waznIuliuIan 20 wiTh LBURITRZAY 2N N2OH (10,64
mi, 21.28 mmol) &13UsENauEIToual08auUNDILAIITANAZNBLABNNY NTDIRZNAN
ﬁ'imvtmtﬁﬂzguﬁemmlmvgmunpnw sstsznauderouiila i donion Ui 387 o
(87%); IR (KBr, cm’") 3494, 3050, 2800, 1611, 1600, 1500, 1450, 1227, 990, 884; m/z 375
(Ci7H1gN,05Cu.2H,0 - 2H,0); Anal caled for Ci7H,eN,0,Cu.2H,0: C 49.57; H 4.89; N 6.80:
Cu 15.53, found C 48.74, H 4.63; N 6.34; Cu 15.84
msﬁamsw:ﬁmsﬂs:ﬂauL%G‘J;a%maovlaaaufﬂuaa@f(CoL)

> £ Uﬂd =1 ¥4 = Qe ( =Y v
Faasznlayladtnsd oA unIIFIATIENAITUTs N VLTI TB Y ad lanau
nasuey 1auls Co(0COCH,)4H,0 UNU Cu(OCOCH,), H,0 RISUSTNauEITasa
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lasaulausaasloimianaiwy YSunm 3.73 g (85%) IR (KBr, cm™) 3494, 3100, 2900,
1617, 1600, 1500, 1450, 1233, 985, 845: miz 371 (Cy7HysN,04C0.4H,0 - 4H,0); Anal caled
for Cy7H1sN,0.C0.4H,0: C 46.06; H 5.25 N 6.55. Co 13.29, found C 46.75; H 5.46; N 6.32;
Co 12.08

e < Y v o ~
NITAILAIIENAITUSENDY LTid‘BB%il9018 aUWNLNA (NiL)

faarmsrlaglrdsmndomiunsfiansansdssnenidisauvaslosas
N6 10Ul NI(OCOCHs), 4H;0 UMY Cu(OCOCHs) HoO a13Usznatdoananya
loaauiiniAafilal Ty USunns 3.95 g (90%): IR (KBr, cm™) 3467, 3100, 2800, 1615,
1600, 1500, 1450, 1234, 990, 844: m/z 371 (CysHsN,0Ni.2H,0 - 2H,0); Anal caled for
C17H1sN;04Ni 2H,0: C 50.16; H 4.95, N 6.88; Ni 14.42, found C 50.19; H 4.80; N 6.65; Ni
13.45

v &
A5 n153wIUAnanBInALNDS

W& DGEBA (D.ER. 330 9NUSHN Fluka $9501 epoxy equivalent weight = 185)
fsUsznatndssouvaslans (Fa Cul, Col W3a NiL) UAZ UR¥NNT degas UDINANT
60°C ardanasomeaaantnadnay  lunsdifleansalfiton N tetrabury
armmonium hydroxide URZ degas Sﬂﬂ%\i mmfmwuawammluu&jﬁwﬂam Lazyin

U;‘jﬁ%un‘%awﬂﬁmaulu@au fdaarunisiiedinionsanteey R djism

OUTINNIBANT DY DGEBA 11 917 ecm™ wne'ld)

52 msdaiasicvanansinainasiosly Hexadentate Schiff

Base Metal Complex LW&1SIZ DNV

» ‘e ¢
NIIEILATITHALNUG X

881U 2-hydroxybenzaldehyde (1.38 g, 11.28 mmol) luluniues (15 m)) ‘ﬁ 0°C 1@y
mm:muf{aﬂuawa:mwm triethylenetetramine (0.84 g, 5.65 mmol) lummuaa (10
ml) 7 0°C waznTuiaa 1 h aznoudmisstnfiatu nyssaznauasilnums 9la
Funua X twreniedinass USinm 1.71 g (85% based on 2-hydroxybenzaldehyde): IR
(KBr, cm™') 3462, 3200, 3000, 2800, 1639, 1608, 1400. 1285, 990, 860; 'H NMR & (CDCls,
ppm) 8.33 (2H, s, CH=N), 7.20-7.32 (4H, m, Ar-H), 6.94 (2H. d, J = 7.4 Hz, Ar-H), 6.86 (2H, t,
J =74 Hz Ar-H), 3.72 (4H, t, J = 6.8 Hz, CH,), 2.70 (4H, t, J = 6.8 Hz, CH,), 2.41-2.65 (4H,
m. CH,); ®C NMR & (CDCl,, ppm) 168, 162, 132, 131, 118.5, 118, 117, 59, 58, 53

Wadunug X v Ufn3eniy metal acetate iialwlam ssznani oy
lane a:‘le?w‘émﬁm&v;ﬁ"hju?qn%rua: % yield ¢ 39lulABilumsfaansnassznay
Gazawweslans
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AIHILATIEUAN U SENaULIBIBOWYDI Laa auitnida (NiX)

8Z8E  triethylenetetramine (1.0 ml, 670 mmol) lulumuaa (10 ml) TREEY
msa:muf‘fﬂﬂ%mm:aw’uao 2-hydroxybenzaldehyde (1.18 g. 9.66 mmol) UK nickel (lI)
acelate tetrahydrate (103 g, 4 84 mmol) Mutuviiuan (15 mi) @ 0°C Tauladiu 20 wifl
VANEITHEANL 2N sodium hydroxide (5 mi) Lm:muﬁqmgﬁsgauﬂunm 1 2 lue amin
“?1“&ama:muﬁmu@i{ﬁqmgﬁﬁauﬂunm 7 lug NiX  2TANAZNAUABNINNN
CAPRER e nsaq@:nauﬁ"lmvua:ﬁﬂﬁm\vamsflmpgryanmﬂ ssUsznaBavou Nix ile
Saiea Usunow 177 g (89% based on 2-hydroxybenzaldehyde; IR (KBr, cm™) 3640, 3300,
3000, 2960, 2800, 1838, 1601, 1448, 1250, 950, 850. FAB MS (m/z) 411.3
(CaoH2sNLO,Ni.3H,0 - 3H,0); Anal. calcd. for CooHzeN4O,Ni.3H,0: C 51.65; H 6.46; N 12.05;
found C 52.05; H6.21; N 12.19
MsfateTswan sUsznauBenausaslosanionsd (ZnX)

FosznlasledsmsdssuiumsnrenasUsznauBvansaslaasw
fuAin Tauly zinc (1) acetate dihydrate fsUssnauteraunaslosaudin=anladdinias
UIunol 1.99 g (99% based on 2-hydroxybenzaldehyde); IR (KBr, em™) 3646, 3300, 3000,
2800, 1645, 1600, 1448, 1200, 930, 870; 'H NMR & (CDCls, ppm) 8.13 (2H, s, CH=N), 6.99-
7.44 (4H, m. Ar-H), 8.67-6.71 (2H, m, Ar-H), 6.37-6.44 (2H, m, Ar-H), 4.05-4.29 (2K, m, CHy),
3.21-3.48 (4H, m, CHy), 2.73-2.92 (2H, m, CH,), 2.35-2.61 (4H, m, CH,); '*C NMR § (CDCl;,
ppm) 172, 168, 135, 133, 124, 119, 112, 56, 47, 43; FAB MS (m/z) 417.3 (CyoH2.N,0,Zn.H,0
- H>0); Anal. caled. for CogHpaNO2Zn H,O: C 55.12; H 6.01, N 12.79, found C 54.65; H 6.59;
N 12.79

350159 Bwanalnaiues

lAimbaunumsdaazndwandlwiiwaslauls Tetradentate Schiff Base

Metal Complex LHUAITVTBUYINS



- ¢
6. HaNIINA[DILALILAIICHHANTINARED

6.1 NISANLATIERENWONTINAINDSInalY Tetradentate Schiff

~
Base Metal Complex Aﬁ%ﬂ’) JLTONYIN

N3&ILAsS N E1SUSzn U T anaslanzissinniaassiawine3viua

v = é ® Lo <
msﬂ's:nammmawnaaiamﬂszmmmm:mummﬂmam:m F]TEHOLQTTZV:[LL

av Sa v I o A P
mmauuwgmimaaﬁam"lﬂmuamlugﬂﬂ 1 (8 M = Cu, Co WAL Ni

suUf 6.1 la39&3 99098 U3z na UL Fe T w0 lans UssLnmiaa T RN G S U

(CuL., CoL &z NiL)

ASEUATIENENTUTENBUEITA% Cul, Col Was NiL UIznaumie 2 duaaw fo
(1) MIFAATIERAUNUAUTELNNIAATELAWNATWILE lewﬂf]ﬁ?m condensation TWINY
1,3-diaminopropane WAt 2 4-dihydroxybenzaldehyde WRE (2) D17 form complex S:WJ"N
aunuauaslavenruddu lavloindessfianvaclansnsuddn  lansAmunzauln
ASLaTUNaNIUTENaUEITa @0 Cu, Co LA Ni thosnnasUsznauiBemaudi lalinnu
Laﬁuma:ﬁmmu%qﬂ%r FuFal LUK IAIWA 6.1

INNSNARBINUI AUAUALTHANIAATAAWNATALUEIERET (decompose)
Sadelluonme %d‘lwlmmmu.nn'ﬁtmu@(ua:ﬁfpﬁwn&ﬂwni (characterize) #1033
ranlasaladl dniu dodaravaunuatanar azluuoniunuesnnun uaszin
dunuenlauiufsoeasuindsazdianvaslansiialnlaidussusznoudesau
yaolams @IS form  complex  AlauuazasUIznaUTITauYadlans e d
A ayI

mmsbaga R Alennssusznauderavsaslossunasuasanndia iz
peak ’uaomsganﬁuﬁmﬁmﬁé’qﬁ msg}ﬂnﬁuﬁ 3494 cm™ Ad OH stretching msgmnﬁwfi
1611 cm™ A C=N stretching msgmnﬁuﬁ 990 URT 844 cm™ Aa aromatic bending of 1,2,4-
trisubstituted benzene asUsznauEITOMYlAUaAAUAENAALA peak YBIMIANEAN
AnauALYa9a TSI NaULEITauYDIN0ILAS



HO OH
2 C( £ HN(GHz)aNH,
=0
/
H
2 4-dihydroxybenzaldehyde 1,3-diaminopropane

OH HO

HO : / \/ : ,OH
=N N=C

e | AN
H
Tetradentate Schiff's Base Ligand

M(ACO)ZXHQO

Tetradentate Schiff's Base Metal Complex

o o "y R a
ANRNIND 6.1 NIFAATIZRRNTU Tz N U T TauYalansUss LN Iaa T auW NS WIDR

= & .

L8 M AD Cu, Co WAZ Ni
msmﬁmﬁntmaqamu matrix-assisted laser desorption/ionization-time of flight
mass spectrometry (MALDI-TOF MS) luiinddnfdanala fo wnussaisusznay

a v a o by v 4 [P > P
drauigniuluanarasi st Snssiumidinolanmgu]j

NISANIYANS81528I19 DGEBA UREAITUTENDULBITDW

Wums@nwinsiiaU Ao Taue193zwing digiycidyl ether of bisphenol-A
(DGEBA)  UazaIUIENautBITaUNTHATZN LS max&aﬁvl@m da  annzfimunzaulu
mudaujiioieslavwayal)lalunsiadundwanglwimes



. ' g - g Yo ! aaa
ARSI FonwI9TEKnI19 DGEBA wazasUsznauiBssanida lulaaisedinsen

SilednnUiirudorvnonnng  DGEBA  uazasUsznouiBeToud
FanaTznla @8 differential scanning calorimatry (DSC) Msnaassiivlalasinauson
A1 uncured mixture 189 DGEBA La=aUs=naLdsTanuoslAUDan AnlAa LaTNaILaY
Tu 0sC cel lumas 25 - 350°C ‘ﬁ'é'mwmnﬁwqmmgﬁ 2000 H FAEIUTNATENIN
DGEBA - an3lTEnouIFeTouils fa 1:6

wamTnasasitla Aa msﬂiznam%aﬂ;aumaﬂamnnﬁaﬁwﬁ@ﬁ%mﬁu DGEBA
16; exothermic curing peak Gﬂ‘i’mﬁ 6.1 WAAJ curing parameter VD3 DGEBA Uz
AU UL EITOUIDINDINAY 1ALDan LasRNAR MIW T. (curing time to achieve
100% conversion) ‘ﬁ’}vL(ﬂv 2 3% f8 l’l; kinetic DSC program (&2 isothermal DSC expériment
%ﬁ%wé’a‘lﬁéwgn@;amiw (099 nluAs «inetic DSC 680ﬁmummﬁuémm:qm‘guq@
YDINA 30'«):16;%@5@@ LANNTNARDY a:ﬁmmqaﬁqmaaﬂnﬁmn foiu 39

FIUIBUAATN 189NN isothermal DSC LRIITLALA

A1519N 6.1 Curing parameters of curing of DGEBA with different curing agents

Curing agent Curing parameters of DGEBA with curing agent

at a mole ratio of curing agent : DGEBA = 1.6

Ts (°C)' Toax (G Te(min)?
CuL 170 200 13¢
Col 160 185 12
NIL 200 255 7°
Ty = Temperature at the beginning of the reaction of DGEBA with curing agent
Trax = Maximaf temperature of the reaction of DGEBA with curing agent
T, = Curing time to achieve 100% conversion (obtained from isothermal DSC)

“T. obtained at 200°C
*T. obtained at 250°C

‘
&~

nalnrasdfidornaraanduwlyiodudjidorearsiudfadonssnane

P=3

DGEBA  wazWuar @ wvtaman%lumsa_]s:nauL%wau‘naﬂamﬂmmﬁtﬂu



v ‘; 1 A 1
nucieophile LU attack nuwanda epoxide ring VY DGEBA Tadu secondary alcoho! ‘ﬁ\mg
secondary alcohol M laa 1N TOUANIE D0 epoxide ring MU DGEBA ‘[man‘a‘éu
(WHUNWA 6.2) WAaA N7l do Bwandlnfwesnilassanaduiium

0 N 0 Ho Ol o
S S 25 SR I S G o'
| C=N" “N=C
. H/ \\) \H

OH "I”e 0
Ao O Ore
OH '\[/te 0 Me
\)\/OO'COO\)\/O 0. (o) (o)

' T ™
Me P, B
C=N’ "N=C
H v “H
L. - n

i

crosslinked epoxy polymer

wunAInh 6.2 nalnmsidauinsonaianazidduwlylasenins DGEBA uas

g1yusenouiFemanysslans
qun (Do llansal AT curing temperature 299 DGEBA (Malyasusznoy

Femanpaanssuaduarlauaaaniidanly A 200°C WAL curing temperature 993 DGEBA
wWalsansusznaviBesauvasiiniiaidanly fa 240°C
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Ha2aIGNFIUARSHIGD curing temperature Bd3 DGEBA A18&15UIzNOULTIBON

2plany

n”mqﬂs:ae@{lumﬂfﬁnémgﬁ“‘sm Aa LNoa®@ curing temperature flagannns
cure ﬁqmmgﬁgaawﬁﬂﬁﬁwanﬂwamag decompose lumaiasundnandlniiues
TA2nT cure DGEBA a1t 3U3=noU phenol Tanialy dausaufiiufils laun Tnduy
‘lzvman"lgn@(, dimethylaniline, benzyltrimethylammonium hydroxide WRZ tetrabutylammonium
hydroxide (BuyN"OH’)

Halwladuy Teasenloaduidudrsiifser sanimaassfilaninmsdinm
a1t DSC 1un3 cure DGEBA auasisenoutiamausolans @8 curing temperature
amanﬁnu:an Ll‘jal’g dimethylaniline WA: benzyltrimethylammonium hydroxide Lﬂuﬁ")ﬁ‘d-
Uﬁﬁ‘%m Naﬁlylé; Ao exothermic curing peak ﬁlﬂﬁﬂg‘lu DSC thermogram Hnang peak
ﬁ)Léaﬂﬁﬁ%uwﬁmm:awﬁa tetrabutylammonium hydroxide (Wasnla curing temperature
cﬁwnimfia‘lﬁliﬁnémﬁﬁ%m wazlw curing peak 1n DSC #id @0 % 1 peak MIT197 6.2
URAY curing parameter U9 DGEBA waransUssnauidesauzaslavaan dnfia uas
nosuad iiiele BuNOH Wudnss AT S manaiu

naile da nsle BuN'OH MU'%mmgo“‘ﬁm:'dew Ty, Togs L8Z T QAR LY
awFoufisuan T, lunsdils cut olils sunor assloguamndlumsindjisen

200°C YfiTedaiialasuysaduiam 13 wifl mls suNoH TuiSunn 20 mole% 1§a

«
a A o

LﬁU‘l.]ﬁllﬁ']‘L{'J‘LLTSJQ‘DOJﬂ’ﬁﬂitﬂaut’%d‘ﬁa%ﬂa\!'ﬂadLLGN ?)t‘l“HE‘]QLMD“SJ‘YlﬂWﬂ’J’} fa 130°C

walnjionfalaossauysadunailnaidusiu fa 12 wif

¥ :}' =y =t =Y <
n3dusdiuudnandlnimas

nnayamsanmansivmuitendautneras DGEBA Tawly
asssnauiBaraunaslansiigauaonla 3 62 fa CyHwN,0.CU2H,0  (Cul),
C17H16N,04C0.4H,0 (Col) uaz Cy7H,13N,0.Ni 2H,0 (NiL) Lﬂumn‘%"aumw (curing agent)
Taunslnanuson (WHWAWA 6.3) WU MILT BuN OH Lﬂueﬁdaﬂﬁﬁ?mm‘lﬂg
Ug‘jﬁ‘%mﬁaummﬁ@‘leﬁvﬁqmﬂqﬁcﬁnﬂ,ﬁaml{ﬁméadﬁﬁ“sm surousnly  fa
m‘:‘ﬁugﬂ‘ﬁummﬁwancfﬂwﬁLuagtﬁaﬁwf‘gumuﬁ‘le{‘lﬂﬂmaauawﬁamomm;w
(thermal properties) UALANLIAEING (mechanical properties) Oia‘lﬂ lums'ﬁrugﬂﬁwan
Fwdimaidnivminaasstunaly a:lﬁanl’gqmﬁgﬁﬁéw Tose (AT 6.2 WAL 6.3)
lunsaifladnsaifidomuntiinaimanzanlunsiugsuwnuduenflniasas
ly BuNOH AUSINME 20 mole% LiiaifiouAuasUssnavideTanuoslans Fonsls

a ! o Y &l a L T a aala =
Bu,N'OH  lutFunnuasnavinlnawandIndwaslywdeansnduly 35aaarun1siia
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LAY WNUDI DGEBA 71 917 e’ asno 11

A19191 6.2 Parameters of curing of DGEBA with curing agent at a mole ratio of curing

agent . DGEBA = 1:6 and using tetrabutylammonium hydroxide as a catalyst

Curing agent

Curing parameters of DGEBA with curing agent

CuL

CoL

NiL

Amountof T, (°C)? Tmax (°C)° T (min)*
Bus,NOH'

0 170 200 13°
10 136 157 15
20 121 148 12
40 112 138 3
0 160 185 12°
10 107 179 28
20 100 163 23
40 91 149 12
0 200 255 7°
10 140 167 16
20 123 156 14
40 107 139 6

Amount in mole% of curing agent

experiment at 130°C)

> = T_obtained at 200°C

® = T.obtained at 250°C

Maximal temperature of the reaction of DGEBA with curing agent

12

Temperature at the beginning of the reaction of DGEBA with curing agent

= Curing time to achieve 100% conversion (obtained from isothermal DSC



+

oot L el X

DGEBA M = Cu, Co and Ni

Y

crosslinked epoxy polymer
cil aaa ; ;: 4 A - £
LLNWBAINN 6.3 Ugnsmmwugﬂ‘womawanfﬁ‘[wmwas

A19197 6.3 Curing time and temperature at the mole ratio of

DGEBA : curing agent = 1:6

Curing agent Curing conditions

without Bus;N*OH’ with 20 mole%

of BuqN"OH’
CulL 200°C/3 h 150°C/4 h
Col 200°C/5 h 160°C/4 h
NiL 240°C/3 h 155°C/4 h

Qv ~ = -~ =3 <
a&mmmomm‘saumaoawanfﬁf‘waLuas

lumsiasouBuandwandiwiiuas daudsnvinnisansa da
1. FaTEIulNRIenI e ssnaudisanyadlansas DGEBA

2. H3INGNNIYU[ATEN

Glass transition temperature

Ay e = a (ﬁi =
FUUANNANNTINLEIDWONTIWAINaIAAN AB glass transition temperature
A v a sl )
(Ts) 59w 1291035 dynamic mechanical analysis (DMA) 1ag@aINAIFIFAVDA loss modulus

ﬂl ' VV ) aaa J =l ~l ~ < Gi ' ~ -~
Daluladsal§asmlunsiusuwandlndiues a131af 6.4 uane a1 T, 2098wand-

13



= Cay ¥ A - v ' o ! ' [ bt
TwawasnlannmslomsdsznovSesewnaslanzaa 0GEBA lndannaruananwulsly
sl fasevaz wlodnssd §isowwluuaasan T, fila fs 1lauIunm cut, CoL

A3197 6.4 T, of the epoxy polymers obtained from various mole ratios of

curing agent : DGEBA

Curing agent Mole ratio of Tg' (°C)

curing agent

- DGEBA
Without With 20 mole%
BusN"OH of BuN'OH’
CuL 1:12 - 130
1:10 - 138
1.8 - 133
1:6 78 153
1:4 133 146
1.2 150 -
Col 1:12 - 82
1:10 - 92
1.8 - 113
16 102 130
14 108 112
1.2 118 -
NiL 112 - 103
1:10 - 121
1:8 - 117
1.6 95 15
1:4 120 140
1:2 143 -

' obtained from DMA thermogram by observing the maximum value of the loss modulus

14



W NIL WRudw a0 T, a:gﬁfu dasanaulolndwasdeny rdgd wndwnss
TasaasevassnsUsenouideansaslansinny rigid  1Hals BuN'OH  1udLTe
Uﬁﬁ‘%mLLa:LU’%UULﬁUU?{a“mwehm:vxim curing agent - DGEBA = 16 msloesg
Ufisonasiven 7, gennudatulednssdiiten Wennndjitndenaimnaiala
Emgm:m"n wannit mﬂ’gﬁaLéaﬂﬁﬁ%uwlunwsﬁugﬂlwaLwas(ﬁw‘lmymmmam GIobe)
§IUITWIN9 curing agent - DGEBA adldlads 112 @olusnsorlao Wl

Yifselasnan T, wlsswudasluuniin

Thermal stability

Qe - ~ ; A o & = {é P-4
auUANIANTEUBNaLInEIvR ENanFInRIeINAnEY A NI thermal
stability vasdwandiwiiuas I5Mlluenasends de Falhwinfiguds lundsmh
Funulwdiwasnlnanusen luddoii@angunnin 250°c Wluna 48 Falag
v Y- e R g v . M ' :
naminasasila da Indafiugdlanls 20 mole% 109 BuNOH N8GTMEIUIENIN
~ Aa oA - o a o
curing agent : DGEBA = 1:8, 1:10 URE 1:12 93¢ thermal stability Aadlaiyunulndiuasi
B y > o
uslanluls suN ol (01397 6.5)

Qv =% ~ o £
ATNBINAVDIDNANBINALNDS

suudiTanavavdwandinfwesidnufe tensile strength launasauauds
[ ~ ¥ a AP v
ASTM D 638 GaUFAIlWaITI9N 6.6 HamInasaInila Ao ‘[wama‘smugﬂm‘l‘ﬁ 20

mole% V83 Bu.N'OH  1nA1 tensile strength aanaufioluls BuN'oH Indiwasiilnen

o

tensile strength §3igafa copper-containing polymer 7ilaINFANFIUIINING CuL

A o an b ' a oy Yo oa
DGEBA = 1:12 LUaWNTUWIRUUANIINMLAINAIL ITWLM IWG(&JQ?‘YH@UGN thermal

stability G7ige Aa 1Talwarwsaun 250°C duine 48 Talus azgadminin 2.1%
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®138N 6.5 Thermal stability of metal-containing polymers determined by weight

l0ss measurement in air at 250°C for 48 h

Curing agent Mole ratio of % Weight loss after heating at
curing agent 250°C for 48 hours
: DGEBA
Without With 20 mole%
BusN"OH’ of Bu,N"OH’
Cul 1:12 - 21
1:10 - 1.9
1:8 - 2.1
1.6 3.2 3.0
1:4 2.7 49
1:2 5.5 -
Cot 1:12 - 53
1:10 - 3.3
1:8 - 4.0
1.6 2.8 5.1
1:4 3.4 5.9
1:2 3.2 -
NiL 1:12 - 4.6
1:10 - 3.0
1:8 - 2.0
1:6 2.7 3.3
1:4 2.1 5.5
1.2 1.9 -

16



@131871 6.6 Tensile strength of the epoxy polymers obtained from
various mole ratios of curing agent : DGEBA and

20 mole% of Bu,N"OH" was used as a catalyst

Curing agent Mole ratio of Tensile strength
curing agent (N/mmz)
. DGEBA
CuL 1:12 69
1:10 60
1:8 53
1.6 41
Col 1:12 44
1:10 55
1.8 43
1.6 37
NiL 1:12 45
1:10 59
1:8 51
1:6 40

o, ' o ~ & ol =L = L]
minesosivinaaly &a wasu formulation lumsugddwsndlndiues fia waw
DGEBA NV CuL, CoL %38 NiL uarufisendanunsleuls diethylene triamine 1uans
Fonrd laoesauyfgnun msusznaudravvaslanzwianifianus:lolesiauiy
praanvavnandanuumnlolniwey waminasasitla do InAweinlad thermal
L e & ) add’
stability §1 39 ludnw35ias
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‘o ~ a K > .
6.2 nisanasievbwandlnainaslanely Tetradentate Schiff

Base Metal Complex Q< Maleic Anhydride zﬁ%mszﬁawmw

1 w [ 4
YAATuFanva1evad  DGEBA  aaaasyusznauiBezeusaclanzuazaiddn

uawlalase

Swondludwasilaannislossysenavdsnnnuadauaulslasaiiiv
IndwesafauTmiBonananasdl thermat stability a9 uémﬁugﬂmvaalﬁqmmﬁﬁgmua:l{
BN AN TR s enand Indwesnansanituil da vufiTuFau
1719289 DGEBA eruandsznautBezausadlanzuazinddn wouwlelase olnla
TwdiasndauTane

WHMIHR 6.4 uaanalnmnRaUfATondauneiidulule UfASARalY
Tuaounsn de mUsznaudiraunadlanzasilfiindunasn wonlslaraneu
(osnnunasn LLaublavLm@(ﬂmmiaﬂmamnﬁ@ﬂﬁﬁ‘%m nucleophilic substitution 1N
N1 0GEBA sdsznauiiisenvaslanzasynlFAoudensandan uau‘lzvlm@(lﬁug
asuandan FavhufAiueety DGEBA mﬂiuaanaaaaf?ﬁﬁ@%m:mﬂﬁﬁ%mm‘ah"u

DGEBA lnawandlnaluasnilaseasiadusioum

o\ e ' =N % _~ e L2
UAASH15=WI &I S2NDUIBITaWUDI LaRsILRz IR DN Lowlslasa

f@qﬂszam(masmsmaaof: fAa w"daﬁnmﬂﬁﬁ‘%mszwﬁomsﬂs:nam%a&gau
yoslanzuasndsn uawlalasaain IR spectroscopy Wammeaasnla fa (s
sstlsznavidsrauadlavey§Asondensnddn  wewlelese  szuamsfinaas
carboxylic acid i 1705 cm™ &13U3znaL Cul Uz Col ¥UAATe R UNEEN wowlsiasad

pamnd 150°C wazasulsznay NiL YinUjisunn 180°C

) 4 1 4
YAnseBaund1eues  DGEBA  arg@isysznauifsvewvaslanzuazanadn

wonlalase

WalsanmnuATonFanrne Ao Iwanusoudy voswanszw DGEBA
asUsznouiisvansaslansuazunasn uawlslase 3% isothermal DSC lauidan
9UNNTIINHANTNAABINN IR spectroscopy Iunsdtiilusansariimmaass bsc lag
Lﬁwqmmgﬁlﬁgﬁu % 2N 25 - 250°C LHasnia AN T IUA Y BINENTENIN

o hd XY “ o v
OGEBA & susznautdimawpaslancuazynddn uanlslasavzvinlv Dsc cell uan
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HO O..__ .0 OH
C_ ol 1
& * /C:N" \N=C\
H I\) H
o)
(HOAMAIOH)

| OH
OArMArOH

Me
Lo <F
Me

o OH '\{'e o
)\/O (i: O\/<|
o C C
| OAMMAIOH Me
o

crosslinked epoxy polymer

WHWNIWA 6.4 UJATUNTFONVIIUDI DGEBA 0 2u& 15U sznauiisanuaslancuas

aa ¢
WFHN wan s laTe (M = Cu, Co WAz Ni)
@151 6.7 uEas M slum ey fATsnsane119 & cul hujiselesa

fige uanlaly suN'or 1w AT luTin 20 mole% 3R U IzNOUTITOY

' aaa P a Vo X
wun Uidengaveneialaciiy

19



AN 6.7 Curing time to achieve 100% conversion from various mole ratios of

metal complex : maleic anhydride : DGEBA

Metal complex Mole ratio of Curing time (min)

metal complex

maleic anhydride :

DGEBA Without With 20 mole%’
BuN*OH’ of BuN"OH’
Cul? Doz 27 7
0:3:2031 16 -
Col? 02:02:1 28 12
03:03:1 14 -
Ni? 02:02:1 26 6
03:03:1 21 -
maleic anhydride* 13

'Amount in mole% of metal complex
“Curing temperature = 150°C
*Curing temperature = 180°C

0.1 phr of benzyldimethylamine was used as a catalyst

:;’ <y ~ ~ <
n1sansUdnandlndinas

a A YN > 4 g a al a oo
AN 6.8 uamqanuua:nmﬁ'l‘n'lum‘iwgﬂ'ﬁuomawansﬂwaLuaias

damunindadfitondaurneinlaleshinnwlyamisavety R GeUfiionde

v

ameamgsmum WNUDI DGEBA 11 917 cm”! CEATRITN

o v &~ ) a <
REN] mmomwsauﬂaaawan‘zﬂwamas

MWIAYAIN AN As HaTIRIULNARTINANY &1TUIznavL TN Ta WL D ans
Ly A4 — ' r-w-v-3
adn waunlalasa : DGEBA uazwaINANINUGATEN
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A15197 6.8 Curing time and temperature of DGEBA with curing agents at a ratio of

metal complex : maleic anhydride : DGEBA=0.2:0.2: 1

Curing agent Curing conditions

without Bu,N"OH™ with BusN"OH

Cul : maleic anhydride 150°C/3 h 150°C/1 h
Col : maleic anhydride 150°C/3 h 150°C/1 h
NiL : maleic anhydride 180°C/3 h 180°C/1 h
maleic anhydride 100°C/1 h + 160°C/4 h

Glass transition temperature

» W " A LY e » » L4

MIMIAT T, 9 LAINAIEIRAVDI loss modulus Tamrlannis pma lamiloluls
a aca g al a a § X ' A Y . Yo !
ansalfasolumsiudnandludes wnluwvase 7, #ila fia mslodais-
Uﬁfﬁmwlﬁm T, wnndelulednsnljiten  Resnndjisondenunadiala
aummmw Iwawaminen T, §980 Fa copper- contammg polymer MlaINSAEIU
Lv\ﬂ\‘l CuL : maleic anhydride : DGEBA = 0.2 :0.2 :1 Gﬁﬂ\m 6.9 L&A ﬂ'] Ty 2BITWANT-
Twdiwesilaainmsly curing agent : DGEBA ludamamumaiwialseasafRsoua:
W 'a Ve ! & ma
lulwaatsalfnsen

Thermal stability

auTamannusandnagewitsuasdwandlndwaesidne  fa n3Q  thermal
stability UaedwandIwawes Tmufo»fmdh%ngt%ﬂﬂmé’dmnm'%pmmiw‘éwa{m‘lwv
anNsand 250°C (Twam 48 $alas wanimeasafila (@397 6.10) Ao IwAiwash
"fugﬂimul% 20 mole% Ya3 BuN'OH 324 thermal stability o‘iniﬂw%mas’ﬁﬁugﬁ‘[mkﬂf
BuN"OH' LA copper-containing polymer ‘7“6?‘0’105@‘5’165%3:%’.;’10 CuL : maleic anhydride :

DGEBA = 0.1:0.1:1 U8z 0.2:0.2:1 & thermal stability iie
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159N 6.9 T, of the epoxy polymers obtained from various mole ratics of

metal complex : maleic anhydride : DGEBA

Metal complex Mole ratio of Tg (°C)’

metat complex :

maleic anhydride :

DGEBA Without With 20 mole%?*
BuN'OH  of Bu,N"OH'

CuL o 10 e 6 2 El | 108 114
02:02:1 141 143
03:03:1 140 105
04:.04:1 138 -

ColL 0.1:0.1:1 90 125
02:02:1 114 128
0.3:03:1 113 103
04:04:1 112 -

NiL 01:01:1 117 124
02:02:1 119 125
03:03:1 123 122
04:04:1 128 -

maleic anhydride 143

' obtained from DMA thermogram by observing the maximum value of the loss modulus

2Amount in mole% of metal com plex
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@19199 6.10 Thermal stability of metal-containing polymers determined by weight

loss measurement in air at 250°C for 48 h

metal complex

metal complex :

maleic anhydride :

Mole ratio of

% Weight loss after heating at

250°C for 48 hours

DGEBA Without With
BusN"OH’ BusN'OH’
CuL 01:01: 32 2.7
02:02: 3.3 2.8
03:03: 4.8 3.2
04:04: 8.0 -
Col 01:01: 3.2 24
02:02: 3.3 2.7
0.3:03: 5.7 31
04:04: 7.7 .
NiL 01:0.1: 11.0 8.4
02:02: 11.4 9.0
0.3:03: 12.0 9.3
0.4:04: 12.2 -
maleic anhydride 4.0

A navasdnansInfinoy

FURRENENAD tensile strength 1nENAFALAINTE ASTM D 638 Fauaaalua319
i 641 namInanadile o Tw?amasrﬁ'fugmmu‘l% 20 mole% 189 BuN'OH  lnan
tensile strength ganiuﬂa‘laﬂ‘f BuN‘OH  IwRlwasilvan tensile strength Qoﬁq@ﬁa
copper-containing polymer ﬁ‘l@?ﬂ'}ﬂﬁ@ﬁﬁ’;%i:wﬁd Cul : maleic anhydride ;: DGEBA = 0.2

0.2:1
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15197 6.11 Tensile strength of the epoxy polymers oblained from various mole ratios of

curing agent : DGEBA

Curing agent Mole ratio of Tensile strength (N/mm?)

metal complex :

maleic anhydride :

DGEBA Without With
Bu,N"OH ) BusN"OH
Cul 0.1:01:1 41 56
02:02:1 46 62
03:03:1 43 45
04:04:1 30 -
CoL 001 4. ¥4 36 42
02:02:1 42 51
03:03:1 39 41
NiL 0.1:0.1:1 38 43
02:02:1 42 53
03:03:1 40 43
maleic anhydride 56

‘
&

WaR I aNTRlagIurel waNasAlaINNTIT tetradentate metal complex
an < - o ' a Cavl Ya e & o e o
uazandan waulglasadumaFonrg miuwnindwesiledauimdinanduasd

thermal stability N@
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ar (d - Y & .
6.3 nisduansnanandlnainoslagly Hexadentate Schiff

i
Base Metal Complex zﬁ%msmawmw

mssoiluiuesly da winulansarsasssssnavdegaunaslancin
sy ruiwiiaidosy oeesa lawniy laofsnnenmsUsznouiiimauna
TansssnMangnaunadWiua (nexadentate Schiff base metal complex) TAIlans
AniAanas @ (NiX uaz ZnX) MIaasluuuwaIwd 6.5 LA HNAnanG IwalwaTie
Ansmunidans gaely

OH

C( + M(ACO)’)_XHzO
=0

“c=
H
l H,N(CH,CHyNH),CHyCH,NH,

o.. B
CL 0
CH 1\ HC
i \IHI

v
’ y
Il v

\/ 4 \
<, HN NH\]

N v

M = Ni2* and Zn2*

LHWATNN 6.5 ﬂ’ﬁéldLﬂi’]:%ﬁ??ﬂi:ﬂE}’UL’%J‘IIEIWIJE)GI&%tﬂ‘iuﬂﬂtﬂﬂ‘ﬁ’lt@wm@'l%wl‘l_lﬁ

(NiX WAL ZnX)

NiX ue: ZnX acaoladludanasasnauTie 11 acetone dichloromethane
UWRzIMMAA IR RUNASNTEY NIX UFAIRNAMATY §d CH=N stretching 71 1638 cm”
aromatic bending V83 1,2-disubstituted benzene ﬁ 950 and 850 cm™’ MS WRAI m/z = 411.3
BT M* V8 CaoHzeNLO NI

IR aUn@fuuas ZoxX WEAIRNAFIFLARIDALTEY NiX HATIN MS UEAI miz =
417.3 F05T0 M U89 CooHpeNaOyZn 'H and *C NMR meﬁnﬁéﬁxyﬁai‘f imine proton
WAL imine carbon WAAIRNT & 8.33 and 168 MUAAY WHaWSuufouszw *H NMR
POIRUNUG X WA ZnX LU imine protons = shift 31N & 8.33 17 8.13 aromatic
protons 3 shift 31N & 6.82-7.32 1111 6.37-7.14 &R0k CH, V03 X UGl muttiplet 7
5 2.41-2.65 (4H) UWAX triplets 311U 2 70 fi 5 3.72 (4H) Uar 2.70 (4H) Baflen J = 6.8 Hz 1u
Youef ZnX WRAIFTYQYI0 CH, LU multiplet S1WI 4 7@ i 5 4.05-429 (2H), 3.21-3.48 (4
H). 2.73-2.92 (2H) WAL 2.36-2.61 (4H) °C NMR 183 znX Indyanmaaefudunua
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JAASH T o NANITEWINS DGEBA Lazd 15Uz nauBd7awy SeNNIgNBIUAKING

a

Fiuasa lalaessdAnsen

FAlsansUfAiiondavumezwing 0GeEa  uazssUsznauBaTond
Fuarznle Aa DSC MINaaasiinlalauinauTauil uncures mixture Va9 DGEBA
wazasUTEnauEITavuasfiniAa wazdans® 1w DSC cell w9 25 - 300°C Aisam
muﬁngmugi} 20°CAnT Samauluazning DGEBA : msUstnaviiemaudils fia 16
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Glass transition temperature

msm@ﬁ glass transition temperature (Tg) 1“1‘{'3%‘ dynamic mechanical analysis (DMA)
I@ugmnéﬂguqmmao loss modulus AINMINARBINUN lun3fineana NiX and ZnX
Sanani 110, 1.8 uaz 16 nen T, ?'i';;w WasaUunm NiX uar zoX sutudasian
114 uar 112 alaan T, aaas flaend NiX war zax AasinuBASonFanyneiy
DGEBA 1aUas ouaaslumai 6.12

A15191 6.12 T, of the metal-containing epoxy polymers obtained from various

mole ratios of crosslinking agent: DGEBA

Crosslinking agent Mole ratio of Tg(°C)

crosslinking agent

: DGEBA

NiX 1:14 69
112 102
1:10 110
1.8 121
1:6 127

ZnX 1:14 120

1:12 135
110 151
1:8 145
1:6 144

Maleic anhydride 143

Diethylenetriamine 96
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Thermal stability

Pl

SEnledinm s Tebhmindggdslundonmihdunulniuwesnlvanusen
-~ < P a €l X ~ o o
7i 250°C 1lunan 48 Tl (997 6.13) Indwesituglaols Nix uaz zax Ndam
' A et @ o o P Cad >
8% 112, 1:10 uaz 1:8 x4 thermal stability AdidarfinuinlwdineniugUlasls maleic

anhydride WL8< diethylenetriamine Wua sy

M 5197 6.13 Thermal stability of metal-containing polymers determined by weight

loss measurement at 250°C for 48 h in air (sample size 50 mm x 3 mm

x 10 mm)
Crosslinking agent Mole ratio of % Weight loss
crosslinking agent after heating at
- DGEBA 250°C for 48 hours
NiX 1:14 3.2
112 2.7
1:10 23
1.8 2.7
1:6 34
ZnX 1:14 4.0
1:12 3.7
1:10 37
1:8 36
1.6 41
Maleic anhydride 4.0
Diethylenetriamine 9.1% after2 h
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aUEINAYIBNANT IWRILATAANWNIAS tensile strength (A1TWT 6.14) WAL
a A A b & s ’ P a
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o A an Y a a o ' !
OUAzil thermal stability & warila fia Indiuaslien tensile strength alu3 41-44 Nimm?

P

Faflanlnaduenudwendlwiinesflasn DGERA/Iethylenetriamine

-4

@A1519%1 6.14 Tensile strength of the epoxy polymers obtained from

various mole ratios of crosslinking agent: DGEBA '

Crosslinking Mole ratio of Tensile strength
agent crosslinking agent (N/mm2)
. DGEBA
NiX 1:10 45
1:8 44
ZnX 1:10 41
1:8 42
Maleic anhydride 56
Diethylenetriamine 44
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ABSTRACT

New epoxy polymers containing copper, cobalt and nickel ions have
been prepared by curing diglycidyl ether of bisphenol A (DGEBA) with the
Schiff base complexes of these metal ions. The Schiff base ligand was
prepared from 2 4-dihydroxybenzaldehyde and 1,3-diaminopropane.
Characterization of the metal complexes were carried out using infrared
spectroscopy and elemental analysis. Tetrabutylammonium hydroxide was
the most suitable catalyst for curing reaction. The introduction of metal ions,
especially the copper ion, into the polymer matrices gave polymers with good
thermal stability and mechanical properties such as tensile strength. The
copper-containing epoxy polymer obtained at a mole ratio of copper complex :
DGEBA = 1:12 showed a 2.1% weight loss after heating at 250°C for 48 hr
and had a tensile strength of 69 N/mm?, which is comparable to the epoxy-

anhydride system.

INTRODUCTION

One of the major synthetic efforts is in the field of heat-resistant epoxy
polymers. The need for such polymers is their potential use as materials for
aircraft, spacecraft, automotive and electronic components. Incorporation of
transition metals into polymer chains offers a possibility to access new useful
heat-resistant polymers. To date, the methods to prepare metal-containing
epoxy polymers are the use of metal chelates as the curing agents[1-9], use
of organotransition-metal complexes as additives[10-12] and synthesis of
epoxy resins containing transition metal ions[13-17]. It has been found that

the metal-containing epoxy polymers possess high stength and thermal
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stability and can be used for industrial production of one-plate glass-
reinforced plastic springs for large-loaded motor vehicles[18].

The tetradentate Schiff base metal complexes are one of the most well
known complexes since the ligands can be easily synthesized. These metal
complexes are stable and have many applications such as catalysis and as
0O,-storage devices{19]. The manganese-salen complex bearing a chiral
tetradentate ligands is a catalyst for enantioselective oxid‘ation of olefins. The
so called cobalt salen or Salcomine is a very efficient catalyst for oxidation of
phenols. Cobalt salen is known to form a stable O, complex in the solid state
which can lose O, upon heating and were used in oxygen storage devices for
submarines during World War Il. Nevertheless, there has been no report
regarding its application as an epoxy curing agent.

itis, thus, of interest to prepare a polymer through a curing reaction of
DGEBA with new tetradentate Schiff base metal complexes. Since their
structures are similar to bisphenol A in that they contain two phenol groups,
they are expected to undergo similar reactions to yield metal-containing
polymers with good properties and good thermal stability. The present work
investigates the synthesis and properties of new metal-containing epoxy
polymers by curing DGEBA with tetradentate Schiff base metal complexes.
The hydroxyl groups in the metal complexes are expected to undergo a

reaction with DGEBA to yield epoxy polymers.
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EXPERIMENTAL
Materials

All chemicals were obtained from Baker, Fluka and Merck and were
used as received. Diglycidy! ether of bisphenol A (DGEBA), D.E.R. 330 from

Fluka, with epoxy equivalent of 185 was used as epoxy oligomer.

Analytical Methods

The IR specira were recorded on a Nicolet Impact 410 FTIR
spectrophotometer. Matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectra were obtained on a Bruker Bifex mass
spectrometer by using «-cyanocinnamic acid as the matrix. Elemental
analyses were carried out using a Perkin Elmer Analyzer 2400 CHN. Metal
analyses were performed at Service Central d'Analyse, Vernaison, France.

The thermal properties of the metal complexes and epoxy polymers
were investigated with Netzch and Perkin Elmer differential scanning
calorimeters (DSC 200 and DSC 7), Netzch dynamic mechanical analyzer
(DMA 240), and Netzch simultaneous thermal analyzer (STA 409 C). Tensile

testing was performed on an Instron model 4301 following ASTM D638.

Synthesis
Preparation of the copper complex (CulL)

Tetradentate Schiff base ligand, L, was prepared by modification of the
method reported in the literature[20). A methanolic solution (10 ml) of 1,3-

diaminopropane (0.5 ml, 10.64 mmol) was added dropwise to a methanolic

40



solution (100 mi) of 2.4-dinydroxybenzaldehyde (2.94 g. 21.28 mmol) at 0°C,
and the mixture was stirred for 20 minutes. The color of the mixture gradually
changed to yellow. An aqueous solution (40 ml) of copper (il) acetate
monohydrate (2.13 g, 10.64 mmol) was then added dropwise at 0°C, and the
mixture was stirred for 20 minutes. Upon adding a solution of 2N sodium
hydroxide, the metal complex precipitated and was subsequently isolated by
filtration and dried under vacuum. The copper complex was obtained as
green solid (3.87 g, 87%) by recrystallization from hot methanol. IR (KBr,
cm’') 3494, 3050, 2900, 1611, 1600, 1500, 1450, 1227, 990, 884: MALDI-
TOF MS (m/z) 375 (Ci7H1sN204Cu.2H,0-2H,0);  Anal.  caled. for
C17H1eN,04Cu 2H,0: C 49.57; H 4.89, N 6.80; Cu 15.53; found C 48.74; H
4.63, N 6.34; Cu 15.84.

Preparation of the cobalt complex (Col)

The cobalt complex was synthesized using the same procedure
described previously employing cobalt (Il) acetate tetrahydrate. The cobalt
complex was obtained as brown solid (3.73 g, 85%). IR (KBr, cm'") 3494,
3100, 2900, 1617, 1600, 1500, 1450, 1233, 985, 845; MALDI-TOF MS (m/z)
371 (Cq7H45N»,04C0.4H,0-4H,0); Anal. caled. for Cy7HgN;04.C0.4H,0: C
46.06; H 5.25, N 6.55; Co 13.29; found C 46.75; H 5.46; N 6.32; Co 12.09.
Preparation of the nickel complex (NiL)

The nicke! complex was synthesized in the same manner as Cul and
ColL using nickel (ll) acetate tetrahydrate. The nickel complex was obtained
as green solid (3.95 g, 90%). IR (KBr, cm™") 3467, 3100, 2900, 1615, 1600,

1500, 1450, 1234, 990, 844; MALDI-TOF MS (m/z) 371 (C47HsN204Ni.2H,C-
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2H>0): Anal. calcd. for Ci7HsN204Ni.2H,0: C 50.16; H 4.95 N 6.88; Ni

14.42; found C 50.19; H 4.80; N 6.65; Ni 13.45.

Preparation of metal-containing epoxy polymers

Typically, a mixture of DGEBA, a metal complex and
tetrabutylammonium hydroxide (Bus;NOH) was degassed under vacuum then
cast into a mold and cured by heating in a hot air oven. The completeness of
curing was confirmed by the disappearance of the characteristic band of the
epoxide groups of DGEBA at 917 em™in the IR spectrum. Table 1 shows the
time and temperature taken to complete the reaction with respect to ratio of
curing agent : DGEBA at 1:6. A comparative polymer was prepared by curing
DGEBA with maleic anhydride in the presence of benzyldimethylaniline(21,

22).

Table 1 Curing Time and temperature of DGEBA with metal complexes

at a ratio of metal complex : DGEBA = 1.6

RESULTS AND DISCUSSION
Synthesis and Characterization of the metal complexes

It has been known that tetradentate Schiff base ligands can be
synthesized by condensation reactions of primary amines and carbonyl
compounds. The reaction proceeds with high yield to produce an imine or a
Schiff base compound. In this study, the tetradentate Schiff base ligand was
synthesized from the reaction between 2 ,4-dihydroxybenzaldehyde and 1,3-

diaminopropane. The reaction involved an attack of amino group at the
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carbonyl carbon of aldehyde followed by loss of water to give the tetradentate
Schiff base ligand. The ligand, however, decomposed when isolation from the
mixture was attempted. The metal complexes were thus prepared by adding

metal acetates to the ligand solutions directly (Scheme 1).

Scheme 1 Synthesis of Schiff base metal complexes

IR and MALDI-TOF MS resuits agreed with the proposed structures of
tetradentate Schiff base metal complexes. The IR spectrum of the CulL
complex showed an absorption band of OH stretching at 3494 cm™ and
bands of C=N stretching at 1611 cm™. The bands at 990 and 844 cm™’ are
correspond to the characteristic absorption peak of the aromatic bending of
1,2,4-trisubstituted benzene. ColL and NiL complexes gave similar IR
absorption bands as the CulL complex. MALDI-TOF MS of all complexes
showed peaks due to the molecular mass of the complexes. Elemental
analyses of the complexes indicate that all complexes exist in monomer forms

and contain water molecules in their structures.

Preparation of metal-containing epoxy polymers

DGEBA can be cured using a variety of phenolic compounds such as
bisphenol A and 2,7-dihydroxynaphthalene to obtain epoxy polymers[21, 22].
Therefore, the tetradentate Schiff base metal complexes, which also contain
phenolic groups in their molecules, were then applied as curing agents for

DGEBA.
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The curing of DGEBA with the metal complexes was studied using
differential scanning calorimatry (DSC). The DSC experiment was performed
by heating the mixture of metal complexes and DGEBA at the mole ratio of
1:6 in a DSC cell using an aluminum pan in air. The temperature range
employed was 25 to 350°C at a heating rate of 20°C/min. All thermograms
exhibit exothermic peaks which indicate curing. Cul and Col. gave the curing
peaks in the range of 170-230°C and 160-250°C, respectively followed by the
decomposition of material with the peak maxima at 200°C and 185°C,
respectively. The curing peaks of NiL appears in the range of 200-280°C with
the peak maximum at 255°C. Isothermal DSC curing of DGEBA with Cul and
Col at the mole ratio 1: 6 was done at 200°C and the reaction took 13 and 12
minutes to complete, respectively. Isothermal curing of DGEBA with NiL
complexes was done at 250°C and the time taken for the reaction to be
completed was 7 minutes.

The curing mechanism of DGEBA with the metal complexes is
proposed to involve a ring opening of the epoxy group of DGEBA by the
hydroxyl groups of the complex to give a secondary alcohol, which can then
open another epoxy group. This is consistent with the disapearance of the IR
band at 917 cm™ due to epoxide groups in DGEBA. These reactions occurs
repeatedly to produce the crosslinked metal-containing epoxy polymers as

shown in Scheme 2.

Scheme 2 Proposed curing mechanism of DGEBA with the metal complexes

44



Effect of catalyst

It is of interest to compare the curing condition before and after using
catalyst. The catalyzed reaction was expected to give the curing- condition at a
lower temperature. Curing reaction of DGEBA using phenolic compounds is
normally accelerated using various catalysts such as sodium hydroxide,
dimethylaniline and benzyltrimethylammonium hydroxide(21, 22].

When sodium hydroxide were used as a catalyst in curing of DGEBA
with the metal complexes, little difference between the curing temperatures of
the catalyzed and uncatalyzed reactions was observed. Dimethylaniline and
benzyltrimethylammonium hydroxide gave complex exothermic curing peaks
in DSC thermograms. Tetrabutylammonium hydroxide (Bu.NOH) was the
most suitable catalyst since it lowers the curing temperature and gives good
DSC exothermic curing peaks. Curing parameters with different metal

complexes with variable amounts of BusNOH are collected in Table 2.

Table 2 Parameters of curing of DGEBA with curing agents at a mole ratio

of curing agent : DGEBA = 1:6 and using BusNOH as a catalyst

An example could be seen in the case of CuL : DGEBA : Bu,;NOH
mixture at the ratios of 1:6:0and 1:6:0.2. The use of BusNOH decreased
both Ty (temperature at the beginning of the reaction of DGEBA with curing
agent) and Tmax (temperature at the peak maximum) from 170 to 121°C and
200 to 148°C, respectively. Isothermal curing with Cul at 200°C showed T,
{curing time to achieve 100% conversion) of 13 minutes while curing condition

using CulL in the presence of BusNOH was finished in 12 minutes at 130°C.
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fncrease of BusNOH amount also resulted in the decrease of Ty, Tmax and Te.
Curing parameters of DGEBA using Col. and NilL showed the similar trend as
in the case of Cul. Therefore, BusNOH was chosen as a catalyst of choice for

the preparation of metal-containing epoxy polymers.

Properties of metal-containing epoxy polymers

We have also prepared polymer samples for further investigation of
their thermal properties. The mole ratios between metal complexes : DGEBA
employed were 1:12, 1:10, 1:8, 1:6 and 1:4 to investigate the effect of the
amount of metal complexes on the polymer properties. Without the use of
Bus,NOH, epoxy polymers at the mole ratios of 1:12, 1:10, 1:8 were not
prepaerd since they required long curing times at high temperature. Thermal
properties of the metal-containing epoxy polymers were studied by DMA and
weight loss measurement.
Glass transition temperature

The glass transition temperature (T4) was obtained from the DMA
thermogram by observing the maximum value of the loss moduius. In the
absence of Bus;NOH, increasing the amount of the metal complexes resulted
in higher Tq. When the catalyst was used, higher Ty were obtained with the
same amount of curing agent. For example, T4 of the copper-containing
polymer at the mole ratio of Cul : DGEBA = 1:6 increased from 78 to 153°C.
Ty of the epoxy polymers obtained from various formulations of metal-

complex : DGEBA are shown in Table 3.
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Thermal stability

Thermal stability of metal-containing polymers was determined by
weight loss measurement upon heating polymers in a hot air oven at 250°C
for 48 h. The weight loss data are shown in Table 4. In comparison to the
known thermally stable epoxy polymer, copper-containing polymers obtained
at mole ratios of CulL : DGEBA = 1:12, 1:10 and 1:8 possessed comparable
thermal stability to the DGEBA-maleic anhydride system.

Table 3 T, of the metal-containing epoxy polymers obtained from

various mole ratios of curing agents : DGEBA
Table 4 Thermal stability of metal-containing polymers determined by

weight loss measurement at 250°C for 48 h

Mechanical Property

Tensile testing was done on the metal-containing polymers obtained
from metal complex : DGEBA at mole ratios 1:12, 1:10, 1:8 and 1:6 and
Bu;:NOH was employed as a catalyst since these polymers showed good
thermal stability. Their tensile strength values are shown in Table 5. The
highest tensile strength was obtained at the mole ratio of CuL : DGEBA =
1:12, which was comparable to the epoxy-maleic anhydride system.
Increasing the amount of Cul in the formulation resulted in a decrease of
tensile strength since the mixture before curing became more viscous and the
curing was catalyzed by Bu.NOH. Therefore, the polymerization was difficult
to controll.

When Col and NiL were employed at the ratio of 1:12, low tensile

strength values were obtained since both metal complexes were less reactive
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towards the polymerization than Cul and therefore the curing was
incomplete. The optimum ratio that yielded good tensile strength was 1:10.
Further increase of the metal complex : DGEBA ratio caused a decrease in

tensile strength due to the same explanation as in the case of Cul.

Table 5 Tensile strength of the epoxy polymers obtained from various

mole ratios of curing agent : DGEBA and BusNOH was used as a catalyst

CONCLUSIONS

New epoxy polymers containing transition metals were prepared by
curing of DGEBA with tetradentate Schiff base metal complexes. The curing
can be accelerated by tetrabutylammonium hydroxide. Introduction of Schiff
base metal complexes into the polymer matrix results in good thermal stability
and tensile strength, especizally in the case of the copper-containing epoxy

polymer, which is comparable to the known epoxy-anhydride system.
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(M = Cu®", Co®*, Ni®"

54



Table 1 Curing Time and temperature of DGEBA with

metal complexes at a ratio of metal complex : OGEBA = 1.6

Metal complex Curing conditions
Without With
catalyst BusNOH?

CulL 200°C/3 hr 150°C/4 hr

Col 200°C/5 hr 160°C/4 hr

Nl 240°C/3 hr 155°C/4 hr

% 20 mole% of the metal complex was employed
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Table 2 Parameters of curing of DGEBA with curing agents at a mole ratio

of curing agent : DGEBA = 1:6 and using Bu:NOH as a catalyst

Curing Curing parameters of DGEBA

agent

Amountof Ty, (°C)° Trax(®C)° Tead’CY Te(min)®

BU‘:N()Ha

Cul 0 170 200 : 13
10 136 157 207 15
20 121 148 199 12
40 112 138 200 3

ColL 0 160 185 ; 12
10 107 179 248 28
20 100 163 243 23
40 91 149 223 12

NiL 0 200 255 - 79
10 140 167 245 16
20 123 156 234 14
40 107 139 220 6

® amount in mole% of curing agent

° temperature at the beginning of the reaction of DGEBA with curing
agent

 temperature at the peak maximum

¢ temperature at the end of the reaction of DGEBA with curing agent

¢ curing time to achieve 100% conversion (obtained from isothermal DSC
experiment at 130°C)

" T, obtained at 200°C

9 T. obtained at 250°C
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Table 3 T, of the metal-containing epoxy polymers obtained from various

mole ratios of curing agents : DGEBA

Curing agent Mole ratio of Tg (°C)®
curing agent
- DGEBA
Without With
BusNOH BusNOH®
Cul 1:12 - 130
1:10 - 138
1:8 - 133
1.6 78 153
1:4 133 146
CoL 100 - 82
1:10 - 92
1:8 - 113
1.6 102 130
1:4 108 112
NiL 1:12 - 103
1:10 - 121
1.8 - 117
16 95 115
1:4 120 140

Maleic anhydride 143

? obtained from DMA thermogram by observing the maximum value of the
loss modulus

®20 mole% of the curing agent was employed

57



Table 4 Thermal stability of metal-containing polymers determined by weight

loss measurement at 250°C for 48 h

Curing agent Moie ratio of % Weight loss aftec heating at
curing agent 250°C for 48 hours®
: DGEBA

Without With
BusNOH Bu,NOH?

CulL 1:12 - 2.1
1:10 - 1.9
1:8 - 2.1
1.6 3.2 3.0
1:4 2. 4.9
Col 1:12 - 5.3
1:10 - 3.3
1:8 - 4.0
1.6 2.8 5.1
1:4 3.4 59
NiL 1-12 - 4.6
1:10 - 3.0
1:8 - 2.0
1:6 2.7 3.5
1:4 2.1 55
Maleic anhydride 4.0

? sample size was 1.0 x 5.0 x 0.3 cm

° 20 mole% of the curing agent was employed

58



Table 5 Tensile strength of the epoxy polymers obtained from
various mole ratios of curing agent : DGEBA and

BusNOH was used as a catalyst®

Curing agent Mole ratio of Tensile strength
curing agent (N/mm?)
- DGEBA
Cut i il 24 69
1:10 60
1:8 53
1.6 41
Col W2 44
1:10 55
1:8 43
1:6 37
NiL 1:12 45
1:10 59
1:8 51
1:6 40
Maleic anhydride 56

? 20 mole% of the curing agent was employed
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ABSTRACT

Nicke! and zinc hexadentate Schiff base metal complexes have been
syithesized and characterized by IR, NMR. FAB MS and elemental analysis.
Crosslinking of the diglycidyl ether of bisphenol A (DGEBA) with these metal
complexes gives Ni- and Zn-containing epoxy polymers. The crosslinking
temperature could be lowered by using BuyNOH as a basic catalyst. The properties
ot the metal-containing epoxy polymers investigated were glass transition
temperature, thermal stability and tensile strength. Ni- and Zn-containing epoxy
polymers obrtained from the mole ratio of metal complex: DGEBA:Bu,NOH =
1:10:0.2 showed T, at 110 and 151°C. respectively and tensile strength of 45 and
41 N/mn. respectively. Both metal-containing epoxy polymers have good thermal
stability. Upon heating at 250°C for 48 h, the weight loss of Ni- and Zn-containing
epoxy polvmers were 2.3 and 3.7%, respectively, which 1s comparable to the

DGEBA/maleic anhydride system.

INTRODUCTION

The synthesis of metal-containing epoxy polymers leads to thermally stable
materials with good mechanical properties and thus offers wvarious potential
applications. The ways to obtain such polymers are the use of metal complexes as
additives|[1-3], svnthesis of metal-containing epoxy resins(4-8], and the use of
metal-containing crosslinking agents(9]. The last approach has received attention
in attempts to enhance the thermal stability of the epoxy polymers. Various metal

complexes such as those of titanium, tin and aluminium can be used as
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crosslinking agents for the epoxy oligomers. The crosslinking agents can also be
derived from metal complexes with O-. N- or S-contatning ligands. For example,
the intracoordination salts such as salicylates and anthranilates and the ahphatic
amines or the aromatic amines can form strong five- or six-membered chelate
rings and are able to produce the metal-containing crosslinking agents with the
required properties{10-14]. It was found that thermal stability of epoxy polymers
can be improved by using these metal-containing crosstinking agents. Other good
propetties of the resulting epoxy polymers are high mechanicat strength and high
deflection temperature.

Schitt base metal complexes are among the well known complexes since
they are stable and have many applications[15]. Our previous work reported the
synthesis of metal-containing polymers from the crosslinking reaction of DGEBA
with tetradentate Schift base metal complexes of Cu, Co and N1, and Buy,NOH was
employed as a catalvst[16]. The resulting polymers showed good thermal stabitity
and good tensile strength. However, these metal complexes have poor solubility in
most organic solvents. In this work, we reported the synthesis and characterization
of hexadentate Schift base metal complexes and their use as crosslinking agents
for DGEBA to obtain metal-containing polymers. These metal complexes were
chosen because of their good stability, good solubility in organic solvents,
cheapness and availabilitv of their starting materials. Such metal complexes
contain two amine groups and therefore are expected to undergo the crosslinking
reaction with DGEBA to yield metal-containing polymers with good thermal

stability.
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EXPERIMENTAL

Materials

All chemicals were obtained trom Baker, Fluka and Merck and were used
as received. Diglyveidyl ether of bisphenol A (DGEBA). D.E.R. 330 with epoxy
equivalent ot 185 from Fluka. was used as epoxy oligomer.

Analytical Methods

The IR spectra were recorded on a WNicolet Impact 410 FTIR
spectrophotometer. The NMR spectra were recorded in CDCl; solution on an ACF
200 Bruker instrument. Elemental analyses were carried out using a Perkin Elmer
2400 CHN Analyzer. FAB MS were obtained on a Finnigan MAT 90 mass
spectrometer using glycerol as a matrix.

The crosslinking reaction of DGEBA with the metal complexes and
thermal properties of the epoxy polymers were investigated with a Perkin Elmer
DSC 7 differential scanning calorimeter and Netzch DMA 7 dynamic mechanical
analyzer, respectively, Tensile testing was performed on an Instron model 4301

following ASTM D638.

Synthesis
Preparation of nickel complex (INiL)

A mixture of 2-hydroxybenzaldehvde (1.18 g, 9.66 mmol) and nickel (II)
acetate tetrahvdrate (1.03 g, 4.84 mmol) in methanol (15 ml) was prepared and
then cooled 1o 0°C. A methanolic solution (10 ml) of triethylenetetiramine (1.0 ml,

6.70 mmol) was added dropwise over a period of 20 minutes. This mixture was
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then neutralized by adding a solution of 2N sodium hydroxide (3 ml) and stirting
at room temperatire for | hour. Upon standing at voom temperature for 7 hours,
NiL crystallized trom the solution and was subsequently isolated by filtration and
was dried under vacuum. The nickel complex was obtained as brown
microcrystalline solid (1.77 g. 89% based on 2-hvdroxybenzaldehyde). [R (KBr,
cm™') 3640, 3300, 3000, 2960. 2800. 1638, 1601, 1448, 1250. 950, §50: FAB MS
(m?z) 411.3 (CayHouN4O5N1D); Anal. caled. for CyyHyyN;ONI13H,0: C 51.63; H
6.46: N 12.05; found C 52.05; H6.21; N 12.19.
Preparation of zinc complex (ZnL)

The zinc complex was svnthesized in the same manner as -NiL using zinc
(1) acetate dihvdrate. The zinc complex was obtained as yellow solid (1.99 g, 99%
based on 2-hydroxybenzaldehyde). IR (KBr, em™) 3646, 3300. 3000, 2800, 1645,
1600, 1448, 1200. 930. 870; 'H NMR & (CDCl;, ppm) 8.13 (2H, s, CH=N), 6.99-
7.14 (4H, m, Ar-H), 6.67-6.71 (2H, m, Ar-H). 6.37-6.44 (2H. m. Ar-H), 4.05-4.29
(2H. m. CH,), 3.21-3.48 (4H, m, CH,), 2.73-2.92 (2H, m, CH:), 2.35-2.61 (4H, m,
CH,); *C NMR & (CDCl;, ppm) 172, 168, 135, 133, 124, 119, 112, 36, 47, 43;
FAB MS (m/z) 417.3 (Cy,Hy;N4O,2Zn); Anal. caled. for Cs,H»3N40,Zn.H,0: C

55.12; H6.01, N 12.79, found C 54.65; H 6.59; N 12.79.

Preparation of metal-containing epoxy polymers
A mixture of DGEBA and a metal complex was degassed under vacuum
until it was free of bubbles. Tetrabutylammonium hydroxide (BuysNOH) was then

added and the mixture was degassed again. The mixture was cast into a metal
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mould or a silicone mould and cured in a heated air oven at 140°C ftor 4 hours. The
completeness of curing was confirmed by the disapearance of epoxide groups in
DGEBA at 917 cm™ in the IR spectrum.

Two polymers, DGEBA/Diethylenetriamine and DGEBA/maleic anhydride
systems. were prepared in order to compare their properties with the Ni-.and Zn-

containing epoxy polymers. These polymers were prepared using the conditions

described in the literature[17, 18].

RESULTS AND DISCUSSION
Synthesis and Characterization of the metal complexes

[t is known that hexadentate Schift base ligands can be synthesized by
condensation reactions of primary amines and carbonyl compounds. The reaction
proceeds with high yield to produce an imine group or Schift base compound. In
1956, Marvel prepared many hexadentate Schiff base metal complexes to study
their thermal stability[19]. In our study, the hexadentate Schift base ligand (L) was
synthesized from the condensation reaction between 2-hydroxybenzaldehyde and
tt‘iéth_vlenetetramine. However, low yields were obtained if the ligand L was first
1solated and then its methanolic solution was mixed with the metal acetate to cause
the complex formation. Therefore, the complexes were synthesized by a one-pot
reaction by adding triethylenetetramine to a mixture of 2-hvdroxybenzaldehyde

and metal acetates as shown in Scheme 1.

Scheme 1 Synthesis of hexadentate Schiff base metal complexes
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Both NiL and ZnL are soluble in many organic solvents such as acetone,
dichloromethane and methanol. The IR spectrum of NilL showed an important
absorpiion band of CH=N stretching at 1638 cm™. The bands at 950 and 830 cm™
correspond 1o the characteristic absorption peak of the aromatic bending of 1,2-
disubstituted benzene. MS data gave m/z 411.3 which was M for CaH,,N,05Ni.

The IR spectrum of ZnL showed absorption band‘s similar to those of NiL:
imine stretching at 1645 cm™ and aromatic C-H bending at 930 and 870 cm™. MS
data showed m/e 417.3 corresponding to CyyHyyN,;O-Zn. 'H and "*C NMR data
also support the proposed structure. The peaks at § 8.33 and 168 are assigned to
the imine proton and carbon, respectively. In comparison between the 'H NMR
spectrumn of ligand L[20] and ZnL, the imine protons shift trom & 8.33 to 8.13,
aromatic protons also shift from 8 6.82-7.32 to 6.37-7.14. The CH, signals of L
appeared as a multiplet at 6 2.41-2.65 (4H) and two triplets with J = 6.8 Hz at §
3.72 (4H) and 2.70 (4H), while ZnL showed four multiplet CH, signals at & 4.03-
429 (2H), 3.21-3.48 (4H), 2.73-2.92 (2H) and 2.35-2.61 (4H). The C NMR

signals of ZnL are similar to those of L.

Crosslinking reaction of DGEBA with hexadentate Schiff base metal
complexes

The crosslinking reaction of DGEBA with NiL and ZnL to yield metal-
contatning epoxy polymers was studied using differential scanning calorimetry

(DSC). The DSC experiment was performed by heating the mixture of
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NiL:DGEBA and ZnL:DGEBA at the mole ratio of 1:6 in a DSC cell using an
aluminum pan in air. The temperature range emploved was 23-300°C at a heating
rate of 20°C/min. The thermograms obtained form NiL:DGEBA and ZnL:DGEBA
exhibited crosslinking peaks in the temperature range of 112-253 and 108-277°C,
respectively with the peak maxima at 159 and 187°C, respectively.

The crosslinking mechanism is proposed to involve a complex dissociation.
Since the meral complexes are hexadentate, the chelation berween NH and metal
should be broken to give a free NH which is available for the crosslinking reaction.
This Nl group then opens the epoxide group of DGEB4 10 give a secondary
alcohol. Another NH of the metal complexes or an oxygen ot the newly formed
secondary alcohol can then attack the epoxy group of another DGEBA molecule.
This is consistent with the complete disappearance of the characteristic band of
epoxide groups in DGEBA at 917 ecm™ in the IR spectrum after the crosslinking
reaction is finished. The same reaction occurs repeatedly to produce the

crosslinked metal-containing epoxy polymers (Scheme 2).

Scheme 2 Proposed crosslinking mechanism of DGEBA with the metal complexes

Effect of catalyst

Ouwr previous work showed that Buy,NOH is a good basic catalyst in the
crosslinking of DGEBA with tetradentate Schiff base metal complexes and the
optimum mole ratio of Bu;NOH:metal complex was 0.2:1{16]). Therefore,

BuNOH was chosen as a catalyst in this work by using this ratio. The crosslinking
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conditions could. again. be determined by the use of DSC. The thermograms
obtained from NiL:DGEBA:Bu,NOH and ZnL:DGEBA:Bu,NOH at the ratio of
1:6:0.2 gave exothermic crosslinking peaks in the temperature range of 81-233 and
91-231°C. respectively with the peak maxima at 131 and 133°C, respectively.
These are lower temperaiwres than in the crosslinking reaction without Bu,NOH.
[sothermal crosslinking behavior of  NiL:DGEBA:Bu,NOH and
ZnL:DGEBA:BwNOH at the ratio of 1:6:0.2 were investigated at 140°C.
Crosslinking with Nil finished in 11 minutes and that of ZnL finished in 7
minutes. Theretore, a crosslinking temperature of 140°C was chosen and Buy;NOH

was used to prepare the metal-containing epoxy polymers for further investigation.

Properties of metal-containing epoxy polymers

In order to investigate the eftect of the amount of metal complexes on the
polymer properties, the metal-containing epoxy polymers were prepared at the
mole ratios of metal complex:DGEBA = 1:14, 1:12, 1:10, 1:8 and 1:6. Bu,NOH
was used in the amount of 20 mole% of the metal complex. DMA and isothermal
TGA were employed to study the thermal properties of Ni- and Zn-containing
epoxy polymers. The glass transition temperature (T,) was obtained from a DMA
thermogram by observing the maximum value of the loss modulus. Table 1 shows
T, of the epoxy polymers obtained from variation of the mole ratios of the metal
complex:DGEBA.. In both cases of NiL and ZnL, it was found that the ratios 1:10,

1.8 and 1:6 yielded the polymers with high T,. At the ratios of 1:14 and 1:12, [ow
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T, were obtained which might be due to the incomplete crosslinking reaction since
less ot the metal complexes were available.

The thermal stability of metal-containing polymers was determined using
isothermal TGA by heating the polymer samples in a heated air oven at 250°C tor
48 h and their weight losses were then measured (Table 2). In comparison between
the use of metal complex crosslinking agents and the known curing agents, both
Ni- and Zn-containing polymers possess comparable thermal stability to the
polvimers obtained from maleic anhydride crosslinking agent and mwuch higher

thermal stability than DGEBA cured with diethylenetriamine.

Mechanical Properties

The metal-containing polymers obtained from metal complex:DGEBA:
Bu,NOH at mole ratios 1:10:0.2 and 1:8:0.2 were chosen for tensile testing since
these polyimers showed high T, and good thermal stability. Ni-and Zn-containing
polvmers at both mole ratios have almost the same tensile strength value in the
range of 41-44 N/mm? (Table 3), which 1is comparable to DGEBA/

diethvlenetriamine system.

CONCLUSIONS

Hexadentate Schiff base metal complexes 1ere synthesized and
characterized. These complexes can be used a crosslinking agents for DGEBA (o
afford Ni- and Zn-containing epoxy polymers. The crosslinking reaction can be

accelerated by use of tetrabutylammonium hydroxide. The epoxy polvmers have
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cood thermal properties compared to the known thermally stable DGEBA/maleic

anhvdride svstem.
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Table I T, of the metal-containing epoxy polvmers obtained from various

mole ratios of crosslinking agent:DGEBA

Crosslinking agent Mole ratio of Te("C)

crosslinking agent

: DGEBA
Nil 1:14 69
1162 102
1:10 110
1:8 12]
1:6 127
ZnL 1:14 120
lel2 135
1:10 o
1:8 145
1:6 144
Maleic anhvdride (43
Diethvienetriamine 96
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Table 2 Thermal stability of metal-containing polvmers determined by weight

foss measurement at 250°C for 48 h in air (sample size 50 mm x 3 mm

X 10 mm)
Crosslinking agent  Mole ratio ot % \Weight loss
crosslinking agent  atier heating at
: DGEBA 230°C for 48 hours
NiL 1:14 o o
1:12 2.7
1:10 2.3
1:8 2.7
[:6 3.4
ZnL 1:14 4.0
1:12 3.7
1:10 3.7
[:8 3.6
1:6 4.1
Maleic anhvdride 4.0
Diethyvlenetriamine 9.1% after 2 h
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Table 3 Tensile strength of the epoxy polymers obtained from

vartous mole ratios of crosslinking agent: DGEBA

Crosstinking Mole ratio of Tensile strength
agent crosslinking agent  (N/mm°)
: DGEBA
NIL 1:10 45
138 44
ZnL 1:10 41
1:8 42

N
N

Maleic anhvdride

Diethylenetriamine 44
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