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Project Title Use of maleic anhydride-hexadentate Schiff base metal
complex mixtures as crosslinking agents for epoxy resin
Name of the Investigators  Assis. Prof. Dr. Nuanphun Chantarasiri and
Miss Chulaporn Pouyuan

Year January 30, 2001

Abstract

Crosslinking of diglycidyl ether of bisphenol A (DGEBA) with maleic
anhydride and hexadentate Schiff base metal complexes was investigated. The
crosslinking reaction was proposed to proceed through a complex mechanism.
Tetrabutylammonium hydroxide was found to be a suitable catalyst for such a reaction.
The properties of the resulting metal-containing epoxy polymers investigated were glass
transition temperature, thermal stability and tensile strength. The nickel-containing epoxy
polymer obtained from the mole ratio of DGEBA : maleic anhydride : nickel complex = 1 :
0.15 : 0.15 showed T, at 139°C and tensile strength of 48 N/mm’. The nickel-containing
epoxy polymer also showed good thermal stability comparing to the DGEBA-
diethylenetriamine system. Upon heating at 250°C for 48 h, the weight loss of the

polymer was 7.7%



CREIILY

naanyINdIzne
unfatanmming
UNARLaNTHIINT N
FILTY
NnanaNznay
TamImwlssnay
FUMIFYANE0L

uni
mMIfmawInNNAauazMATEifAnITas
M3t
HAMTITBUREIATIZARA
1oy

TOIE%OLKE

LAN&NIE989
TILUNITIIN

manuscript 20IHRIUN LTUNIARUW NI ITINS

11
20
20
20
22
26



18N lsEnay

o ] e e = =t - (3
AT WN 1 FULONNNMEATWURSRUUALTINAUYDIaWANTWERLUDY

3171 1

<
WEWAINN 1
E
HABAINN 2
|
BHBATNN 3

31]1:"; 2

=
LHWATNN 4

Tgn1Innisznay

2 " i H 2 = 2
lassaF1evesinia p-aminobenzoate 1ia M = Ca’ wia Mg~
MsFILATIERaITUsEna U T It aut a9l ans U LN anala wine

WU

UAATodenevas DGEBA lasldmsisznauidstanyaslans

UTsANLaNTUANaTWIUF

U581 5882719989 DGEBA fI898IHauI=nT19aNEEN
wanlalasauazansusznauifetauvaslan:

IR spectrum 2849 ZnL : NRBNLAKLELIATA IHEATIRIN

1 1 1flavfRTenf 130°C (a) rawu{Asm (b) iila

il gnsonduiaa 1 1. (o) Lﬂaﬁwﬂﬁﬁ%mti’]unm 2 .

(d) iaviufAsuduiam 4 s,

IR spectrum 189 DGEBA : ZnL : anasnuaulalasd fisamam
1:02:02 Lﬂaﬁwﬂﬁﬁ?mﬁ 130°C (a) fiaurhi{Asen (o) i
v s niuwam 1 9w, () iavifAzouiiunm 2 1.

(d) Lﬁaﬁqﬂﬁﬁ‘%mtﬂuna’i 4 753

Uﬁﬁ%mzfﬁammwaa DGEBA 61828INEUT=WINNEEN
wanlalasduasasisznauiFetanuelansiiiadl Bu,NOH

4

agae
a1

L7
HUWI
16

9
U

13

14

18



DGEBA
DMA

NiL
NMR

ZnL

Vi

o av '3
FILNTHUINBO

Diglycidyi ether of bisphenol A

Dynamic mechanical analysis

Infrared spectroscopy

Hexadentate Schiff base nickel complex
Nuclear magnetic resonance spectroscopy
Glass transition temperature

Hexadentate Schiff base zinc complex



UNWI

ﬁwan%waﬁmaﬂﬂumaﬂmmwaﬁma{ﬁ'ﬂmwuﬁwﬁmﬂﬁqﬂﬁmﬂﬂuma
qf.ﬂmvms-mua:ﬁmﬁmm‘lfﬁ'muﬁuazhaLm'ivamzJ dratsu IHiunn 'i’a@pﬂﬁauﬁv
WIRNHTRANUNARDY  BUEIREIREUG u.a:mfﬁ@}ﬁm‘r‘fwmaﬁma?mmﬁﬁqmmwga
Wueu FnieToudwandwafiues fa ﬁ‘iﬂﬁﬁ"’imﬁaumw (crosslinking reaction) U89
ANANTLITW (epoxy resin) é’iumﬂ%awﬂa (crosslinking agent) Swanf“ﬁﬁs‘ﬁmﬁwﬁaﬁ
fouldlurunaly s diglycidyl ether of bisphenol A (DGEBA)

ﬂaqﬂmmﬁfz’mr‘{mﬁum'sﬁamm:ﬁ‘ﬁwan%waﬁmas‘ﬁﬁ'[au:tﬁu
swlsznay (metal-containing epoxy polymer) mfuﬂ@'au'laasi'mmmﬁawmwaama‘?ﬁ”lﬁ
uﬁemzwu"ﬁL'Benaﬁﬁua:ﬁmwmaﬁm‘?’iqmﬂqﬁga (thermally stable) uazanursairluly
swldagnanternedei ’ﬁ'aawaawaaL;fa{*?'iﬁﬂﬂmaﬁmﬁqmﬂgﬁga Aa Himinin
n‘hTamuﬁ:mmmﬁugﬂiju%’umu'lﬁd']un'hmi'ifugﬂ‘[w: wodlwasAhihwiniuuass
anunumudagunnigonit 250°C Jefidszlomilunsldnuadiann

nsdaTziEnandwaiwmasii lanaiudmdsznauildnaneds de (1)
1%  metalcontaining  admixture  FadumavnufASonFessenasinendisiudas
mndavvnasldmsUssnaudedouvaslans (metal complex) % addive #3a
modifier (2) Fuansianandisduiilansiiiudnlsznay (metal-containing epoxy resin)
LLET’Jﬁnﬂﬁﬁ%mt%aum"sa'lﬁ"l@'ﬁﬂuﬁwan%waﬁma%’ we: (3) lEmandeuseiilanziiu
suUsznay (metal-containing crosslinking agent)

Tuomdsnil  AEmsdnaneiinendnodwaiiilanaiuimls=navit
Waansdnw da 14 metal-containing admixtures (357 1 dafnanuudITIcn) Foiiln
nadualsenauidsfanvaslansasludinasussninedneneduuazmniannang
Tmuﬁi’mQﬂs:mﬁLﬁ'a'lﬁqnmgﬁ'lumnﬁmﬂﬁﬁ?zm%amma (crosslinking temperature) &1
as ‘smﬁaﬂi’uﬂ‘gaauﬂ?ﬁmamumwna:an%v‘ﬁanamaaﬁwan*‘ﬁ'waﬁmaﬂw‘ﬁﬁu

mﬁ%’ui{%mﬂumsﬁqLﬂﬂ:ﬁﬁwans?swaﬁmafﬁﬁ‘[amayj"lu‘[ﬂ'saﬂ%'ﬁwaa
wadiwas TaumsufAsenfanunives DGEBA duvasnanswinadnuanlalasd
wasmsUsznoudetonsaslansUssinnisnaawnadiius 1elansiild da fnifiaus:
FINzH 'mms‘rﬁ'L?}anﬁnmszunﬁanﬁmﬁaﬁm Swandwadiwaifiesounnd§sm
Fanwnevasdnendisdumnmsusznavuanlelasdidunefinaiidauidneninnin
wazauUaBanaiia usie'fm'lﬁ"qmuqﬁgma:nmmu’lunmﬁﬂﬂﬁﬁ?uu%aumw'lﬁaugsrﬁ
u,axl.ﬁaﬁ‘-.n‘sm'l'ﬁqmiﬁaLﬂﬁ:ﬁmms:nauL%a*ffam_}aﬂam Wuiﬂﬂﬂiédﬁuflﬂﬂ'ﬁ‘]ﬂ

nsanasevinlaine da lidaeld inert atmosphere lumisdaianzuazle’ yield a1n



MIFILATIZREY wanmitansUsznaudaFaudanandeienuatusluameai
goimnines uazazauludinazaadunid (organic solvent) 16@

Ewanf‘ﬁwaﬁmai"ﬁé’qm-s'l:u”lﬂ"'a:ﬁTamaz‘jlﬂmoa%ﬁwama?ama{
LﬁiaamnErmJ'i:nauL%o‘ﬁ'amaﬂamﬂmnmﬂnmmummﬁwmaﬁwjﬁaﬁfmﬂmafm =R
musnfaUfisongensneivinddnuanlalasduasniinandzas DGEBA  Fwand-
wa%Lua{ﬁqﬁhﬁnﬂﬁﬁ?ﬂwu%aumdwaﬁé:ﬂﬁaﬁ:TﬂruaudE:uiqoﬁgnuéﬂa:a:ﬂaumaa
aviusuludnandwadines "fm’ﬁ'auﬁma:mamaﬂaw:’lﬁagjluTmaa‘%’nmaswaﬁmaﬂ@'{ﬁ%u
nqsﬂaagmaafamziuiaiaafﬁamawwaﬁLna§é:ﬁvuﬁamaTﬁﬁuﬁﬁmaawaﬁlua§ﬁ%ﬂ nanfa
fianuudonsafisdu wasdnnuadusdomsiinoanadu (thermal oxidative stability)
N msﬂ’flﬂﬂfzqnm“l‘ﬁ'ﬂuﬁaﬁ{lﬁnfiﬁwvwﬁ‘h

i’mqﬂizmﬁmmﬂﬁé’uﬁ'ﬁﬂuﬂ%ﬁ fAa zg’aLﬁuﬁﬂmﬂﬁﬁ%’u%amﬂmaa
DGEBA shusadnuanlalass elmsUsznauddannaslansssinnianaiawmna.
Fviumiu modifier laumsifAsonGaumneves DGEBA Fndunausznitandin
wonlalasouazamstsznonidsdoudindry  delanzild da  fnfaussdn:z3 o
ﬁbwmﬂ:ﬁﬁwan%waﬁlwafﬁﬁTaﬁ:aghﬂﬂsaa%mmaawaﬁLna§ Fanamsmaasefiniaite:
1o fa swtznaudidauvaslansasimhfeiifaufienfensmaiiluasorly
wpilumsiiad o ndavanadia uazBwandnafinainldesfionuadio

k]
WNUE
L1] u



Q-

o = H H Qe
ﬂ"l‘?'ﬂ']'i')"ﬂLL%'Qﬂ?'lNﬁﬂuﬂzﬂ']‘i?ﬁ]ﬂﬁlﬁﬂ'}‘ﬂﬂ\‘l

as &=t =4 o ' 1 ¥ = =1 = L3
NMITAILAIIZHINDNANDRINDIVINAIVBHANIZU I NN BN ﬂ'ﬁl.‘i‘?f%-—!.tﬂ%‘lﬂ\lﬂ'iﬂua:ﬂ’li

ilsenau-1B3snanyadlane

msFaTIEKanandnadinaialrunndumslsznautitauvaslanzuie
infevaslan: (metal salt) asludunanssninedwendisdu-uanlalased tﬂuﬁ%ﬁﬁaﬁﬁ%
dnwathain  fasninendnedwaiildidunedwesfdsudimemeninuazauia
\Fanafia

Tadwanslditaonan fa sagampdlumsifelfitendanumns s
sasuilumaieyjAsenitonrns uwazlFudpsuiGuoawediuel midaanzidnand
wadlasMsAtimusomlénaneds Idin massasmsUsznaudetauvaslanzasle
mrUsznavueulalasanauudInhunaunvinandisdu  wlanauaslsznaudeton
YaslaneadlumunausznI i nandisdu-nanlalasa

Tgwinmnmsiduiniavaslanzasludrungusenirtsdwandisdu-uanls
lasd @a inRevaslanzazavlalaia %aﬁ;&’lﬁaﬁﬂizﬂai.lL%dfﬁ'amlaﬂamtﬁaﬁﬂﬁa:mﬂ
Ioadu FedunuanfsulflumsdansdnsilznauBidonvaslansaindsznaudls
a:ﬂaumaavluiﬂ'mlwﬁaaanfﬁmu

fragrsiuiseluntsdseneiinandwatinafanisnsduindaves
Tanzaslusunanseninodnandisdu-uanlalasd fa vuwes Takechi uaz Matsuda
%aﬁﬂﬂﬁﬁmr‘ﬁiaumﬁwas DGEBA @18 hexahydrophthalic anhydride deflinda

. o o - v w A 2% A 2+
p-aminobenzoate BHA7Y ‘N&Jgﬂ‘ﬂﬁwmm‘mdu (M= Ca %38 Mg )

i i

4 2 = - 2+ & 2+
gﬂ‘ﬁ 1 lassrinvaunie p-aminobenzoate W8 M = Ca #38 Mg

gasnaanluaodnie aminobenzoate : hexahydrophthalic anhydride
DGEBA #il% @ 0.5: 1 : 40, 1:2: 40 uax 2 : 4 : 40 Fuiunsld DGEBA TutSanmunn
\IUWD (excess) Lﬁmﬁauﬁ'umﬁé‘;aﬁu%n 2 ¢ wansnaaadfild fa infe aminobenzoate
Fandnrminiiueisvamniadfisontensnne lasfindavas ca” mansn 189
Ufnsmldaniunianes Mg” nalnuasmmfadfideaasiiuuuy ionic mechanism #a



infa aminobenzoate 1AaUATHNNL hexahydrophthalic anhydride laiil adduct riaw
Pniudafad§Asedanu DeeBA ldiluawandnaiiuaf

wenanit AAdndawuihaansaldinfavaslansasnanaiul fiten
onrivasdiuaauszniinandisdu-ainlddan’

gsdsznauiiedauaaslansifaldlunmssaemsianandnadiueson
dunguIznieBnendisdu-uanlalasd leun asUsznevdszinn’ B-diketonates lan
laWINgY  acetylacetonates %ﬁﬂu'l'ﬁ'mnﬁqw srathenuddaildaslsznaudingn
I6fun 9mwes Reddy’ uar Smith® @sldansUsznou acetylacetonates tuaassd s
anpeimsuEuRanhsinandisdu-uanlalasd  dredessizney  acetyl-
acetonates 7iANWY A Ni(CsH;Oz)s, CU(CsH;Oz) Fe(CsHiOy)y U TiO(CsH,O,)
Tunsalfils Cr(CsH;0,)s ﬁﬂ"ﬁ':aﬁma.qlﬁgmmaana"lnmnﬁm];‘jﬁ%mL%aajmn'l’i'*j']
newlalasdasAaUffitenty Cr(CsH,0,); diflu cationic specie TsazifauffiTuniu
aWanBLIBUUVY cationic polymerization loiiluwadiuaf

wana Nt fafimnlsznauidedounaslansiiufisansnshan s
ansaliisondmmiudunsussnindwandisfu-uanlalase ldun  boron  trifluoride-

monoethylamine complex (BF;,.MEA)Q

NITHILATIZH AN ANTNDRNDS D INA IBHANTER I 19D WD NTLI D U-LONBURS

o 2
awﬂsxnaumwaumﬂawz

o ' PRV LIy g o L a e 1014 4 o &

G20 819099 WA [T 1% 9138 Kurnoskin TIFILATIEH
ssdsenauidedonsadlanziilessairomlhin - ML), 1udn lasassioans-
UsznauBedouvaslanzadlualiv  anfedjisendusrsdsznavBdausaslanzaalna
- - n v d & a £ o & o~
diasaniainazyiminAdudunuderslasls lulasiawilu donor atom Lila

“ o LT 2+ 2+ 2+ 3+ 2+ 2+

Teaauvnnvaslansnswdadn laun cd”, Co , Cu”, Fe , Nii WAz Zn

M =

L = ieflwdeiifadszian aliphatic, aromatic W8z heterocyclic amine 'l@lin
H,NCH,CH,NH, (ethylenediamine, en), H,NCH,CH,HNCH,CH,HNCH,CH,NH,
(triethylene tetramine, trien), C¢H4(NH,), (phenylenediamine), CsHsN (pyridine)

X = lesauaurainseadunis (afuandiaalessn) ldun CH;CO00, OHCEH,COO,
HsNCsH,C00, CH,=NHCzH,CO0

n= 1%382

p= 2wia3



?ﬁ... aa N ‘W’ """

TREY

"' =i

— ,,__-.,.‘_"'"r

183 l

J 1 ‘nsm&m’“}'ﬂﬁ?ﬁ'ﬁ _j

aratrasmsliznauiFITauaIngl 19U Cu(en),(HOCgH,COO0),,
Cul(trien)(HOCH,COO),, Cultrien)(H,NCgH,CO0), uas Cu(trien)(CH,=NHCH,CO0),
iluen

NntusaTsBnandweinasidlanze dlulasailasvind iz
\Faur79789 DGEBA fasansisznay IM(L)a(X)s]  Wazwud ﬂyj'lumm‘s:nam%qﬁ'au
vaslanzivih WA §Asondenunnenas DGEBA 1 e lessuuinaslansnymddu
mivandiaalosau uaznias uTunam'lummum fidnldiauenalnres  mufadfism
anunein msﬂiwnaumwaumaﬂm sliansuan@a  (dissociate) IMIEWINIMTIAR
ﬂ,’f]ﬁ‘%mvﬁamma

nmsanEENAe B neandwe i e wumslalanzaslulu
lasssfnyaanedwaivhiwefweilianuuissuaznudogomplaslad  uszdawudy
awandwodiaiiiinesunlulasisiivasmedinesazil thermal ‘oxidative stability ga%u
"ﬁaawﬁ’ﬁ'ﬂaaﬁwanﬂ't’i'wa'ﬁmafzfuifuagﬁwﬁﬁmmaunuﬁ losautinvedlan:  uaz
Samammninmilssnauididensaslansusy DGEBA #ilt wenanil QUMD AT
'l.unﬁﬁmg“ﬁ‘%mL%aumwﬁ}*amm%aﬁﬂsﬂwmﬂ.umaamm%ﬂﬁummﬁmﬁmmwmaﬁn
At mmﬂ'lmumﬂa\?m’a‘anmnu'lumsmﬂgmmmawﬂaﬂm

Lin wazams | lFansdvznauidedouaslansnmudtudn  additve
#1MiU DGEBA LLa:ﬁ'uJgj‘r‘i"“:ml,%auwm@i‘m,aﬁu \Tu  diethylenetriamine 1l ld
awandwadiual ssUsznauidsdanvalansnmudsuiildda Co(acac); uaz Cr(acac),
namsneassfildda nsld Cr(acac), lwwafiuasiildll fracture toughness nA
Co{acac), L‘ﬁaéﬁ}"m Cr(acac); &13130LA@ interaction ﬁuﬂnﬂaﬂsan%maoﬁwan%weﬁmmz
wyllaasanduasiwanGwafiuat us Co(acac); Lifia interaction @Ind3

ORLD mwummmm'lmﬁmnfmnumuwﬂumaaawanmwwu@au"l.ﬂ ok
tetraglycidyldiaminodiphenylmethane (TGDDM)fdiammodlphenylsulfone

NNWITTiEUIN Chantarasii wazame " ldFuaTsianandwafiwein
flanzodlulassadalanvinufifonifenanoras DGEBA  ssmssznauidetousas
Tavstssinmanaawnasinauaswud awandwaliluaiilad thermal stabilty e
LABMBA 1 ugeemsFaaTsiaslsznauBedanaaslansUssinanisnaawnadwie
WHUMINA 2 LLﬁmna”lnmnﬁmﬂﬁﬁ‘%mﬁmijzlﬂu’lﬂlﬁ fa avUsznaulTditauved
Tancesiiia dissociation ﬁ’ﬂﬂﬁ‘ﬂy; secondary amine %ammmﬁmﬁhﬁ'ﬁm nucleophile
diUiAseiilaasiwenladues  DGEBA  wamfeujsmdellauldwadiuesid

Tasaaiatninaun



OH
CE + M(ACO}zhﬂzo
C=0
rd
H
j H,N(CH,CH,NH),CH,CH,NH,
O.. .0
CL o
CH ~# \ HC
N/ ’; [ "N

Hexadentate Schiff base metal complexes

M =Ni2* and Zn2t

UHWANN 1 MIsdemsiansdsznauiadony aﬂamﬂs:mmam FUAUNATW LU

Turuddnil Wumahujisonfansneves DGEBA Mumunaiszning
wasnuenlalasduazmaisznamiidannaslan: wnunndl 3 uwsaafAtenfiaradne:
indu fa lutuaouusn gsUsznauiBidaunaslansasv fidonduanadnuanlalasd
Tagmyjtaiinlumnsznaudedausaclansimirfiduiadlaiadulaseausuls
lasdldwymivandan ‘faﬂgﬂﬁuans‘ﬁanﬁ'ﬁmmmﬁﬂﬂﬁﬁ‘%mtﬂmoﬁwan“lm@’fmaa
DGEBA u.a:Lﬁﬂﬂﬁfﬁm@iaaﬂﬁﬁwan%waﬁma‘?ﬁ:ﬁimaa%"mLMS‘NLL%LLE}:QTW:E@M
Tansadenaswadwed wedwafldarfiantdng lesnnidunedineinldnndnend-

LsFu-uanlalase LLa:ﬁT,av.:agl'lu’[maaﬁwaow adllas



Me
DGEBA
OH Mg OH
oG
/
Me N N’;>
N
O; “‘j@
; DGEBA
| A Eo S
OH l\lde I\—’fe
A OEO A
Me
N N
N
[ “ |
CH® -~ HC
CC
o’ o)

Metai-éoniaining epoxy polymers
M =Ni2* and Zn2+
uwunndi 2 dfATenFenaizes beeBA laslFmlsznaudidanvaalans

Ussinmanguawinaswiue



LY
~, L 4 - R
| P L W LI | [ 7N
S

CH ™ \/ ~ HC A CH ™. -~ HC
LA JO— o O
o~ g 3 )

7\ 7~
/~HN  NH /~HN  NH
N N ’1}

o "0
hexadentate Schiff base
metal complex O@ o
maleic anhydride
il ?I} fi) |
HO—C—CH=CH—C — C—CH=CH—C—OH
:—-N N—)
A
CH“., ,/HC
o” o
O h{Ie 0
o4 ) eOou <
Me
DGEBA
0 T i i
PR P LA ARG aaaa
- e e -*:
WA
CH™, /HC
oM D
o e
excess DGEBA
OH Me OH
e n Ua a &AL N2
OH e 7 % M9
M/O—Q—IEOO O—C—CH=CH—C\N/—\N &
e
Ly N

A N
[N Ea
CH™,  HC
oM O
o o
Metal-containing epoxy polymers

M=Ni2+ and ZnZ+

UMW 3 UATSEBaN19T8d DGEBA daprasnauTsnisanfanuanlalasauas

fIUssnauBitauradlans



= =3
ADNTIIVE

mATnildduiums fa (1) Faemsimsdszneudtenuaslanzuas
avsaulangfurasmslssnouidguansild (2) Anwimsuiisenseniwanfinuan-
alasduazmmsznauidedannaslansuasAnsnanz liAal it davge (3)
fnwmsUfisinidousnsues  DGEBA  dudmmanszwinadsnuewlelasduas
miﬂ‘s:nam%aﬁaumﬂamiauméx’sj-ﬁ’agaﬁ‘lﬁﬁnmmd:ﬁﬁﬂﬁﬁ@ﬂﬁﬁ?mrﬁammﬂﬁ

A & o o = a = s wa A
ﬂﬂq@ 1934 (4] ’Huzﬂ'ﬁud’mawE]ﬂ‘liWElﬂLJJEﬁI.WE]ﬂﬂH’]EﬂdiJGlYl”h?ﬂ’lﬁnWWLLa:ﬂuum‘mnﬂ

A5N1INAaDS
GARIGEY

diglycidyl ether of bisphenol A (DGEBA) #l¥ #o D.ER. 330 9nien
Fluka ‘%w‘iﬁﬁh epoxy equivalent = 185 m‘imﬁﬁlu fa triethylenetetramine, 2-

hydroxybenzaldehyde, nickel (ll) acetate tetrahydrate, zinc (ll) acetate dihydrate,
tetrabutyl ammonium hydroxide L8 maleic anhydride IFvasuSem Baker, Fluka gz

Merck miﬁanﬁnﬁmmﬁqﬂ% 97-98%

Pt | = &
ADNTIAATIEN

1309 IR uas NMR m"ﬁ{ﬁa Nicolet Impact 410 FTIR spectrophotometer
L@z ACF 200 Bruker instrument @Nanay

nsfnUfATendoninsuas thermal properties uasBwandwaiiua’
wildlauldia3as Perkin Elmer DSC 7 differential scanning calorimeter Waz Netzch DMA
7 dynamic mechanical analyzer @&16U NNTIAAT tensile strength 1335w ASTM
D638 UaziadIBLA3ad Instron model 4301

MsFILasIzHA TS nauLBeTanuDs lanawiniAa (NIL)

YawAsluianasaads ' deil azas triethylenetstramine (1.0 mi, 6.70
mmol) lutunuaa (10 mi) '.Laztﬁumsa:mai{m'lumm:mwm 2-hydroxybenzaldehyde
(1.18 g, 9.66 mmol) waz nickel (Il) acetate tetrahydrate (1.03 g, 4.84 mmol) luluniues
(15 ml) 7 0°c Tawlfiagidn 20 wifl  @ua1sazas 2N sodium hydroxide (5 mi) Uz
nmﬁqmﬁgﬁﬁaaiﬂmm 1 2l mn‘ﬁaﬁamm;muﬁmm‘lﬁ'ﬁqmﬁgﬁﬁauﬂunm 7

dlus NiL  2:@nasnanasniinNasasaty  niadasnaui lauasinwiionsle
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gyaIMea ssUsznauiietan NiL pldians Usanm 1.77 g (89% iiladmanian 2-
hydroxybenzaldehyde; IR (KBr, cm'1) 3640 (N-H), 3300, 3000, 2960, 2800, 1638 (C=N),
1601, 1448, 1250, 950, 850

ar 3 o
nsseTzasdsenauBetauvaslasandinzd (ZnL)

gaasevlaslddtnsidsnununsdiensvarsdrznauiBedausas
loaouilifia Tauld zine (1) acetate dihydrate assznauiFidonaslosoudindfilois
R USumk 1.99 g (99% based on 2-hydroxybenzaldehyde); IR (KBr, cm'j) 3646
(N-H), 3300, 3000, 2800, 1645 (C=N), 1600, 1448, 1200, 930, 870: 'H NMR & (CDCl,,
ppm) 8.13 (2H, s, CH=N), 6.89-7.14 (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,)

3§n1'§§%§ﬂ5wan§waﬁtua§

W&y DGEBA (D.E.R. 330 91015357 Fluka $9ii6n epoxy equivalent weight
= 185) mrtznauiBetauanslans (fa NiL wia znl) uszanddnuaulalasd vims
degas 1adNanl 60°C iardaWataMasanIINVBINEN LANTATILGRTIN tetrabutyl
ammonium hydroxide a8z degas 'é'ﬂﬂ‘?a mnﬁ?um'uadHﬂumluu:ﬂﬁmﬂaﬁ: wasvin

Uiifonsevyrilevevluday  Gamumaiadfisoidensieds IR Huljism
- o a -1
ouYI9Iuinues DGEBA 1 917 cm wiwly
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NRYBINITIVYUAZINATIENHE

L™ & S =y
nsFlaedasUsznauiBitousaslansUssinniansnewiNa s LU

UARTEINIAUATIEA NIL uss ZoL uaaslaasluusuniwd 1 faasaaay
g ¥ ’ B A b o 1
Toya97n IR Uaz NMR 283 NiL uaz ZnL wuhasnudaysanianamsdneds

OH

(:I + M(AcO)NLO

=0
5
H

H,N(CH, CH,NH),CH, CH, NH,
o. ' _o
Cr oo 1
CH "7\ HC
. - 1) R |
f N

N NH\?

N/

M =Ni2* and Zn2*

WHBAINA 1 MIFaLaTIzy NiL Lax Znl

UARTesEnIeasysznauditanpadlansuazurddnuanlalase

WaRmsandunausnin DGEBA @ milsznauiiideuvaslan:
wddnuanlalasd niWaiduiiiaufizongounnild fo wieiiulumssznoubiran
vaalan: wiuanlalasdluindadnuaulalase uaznydnanledlu DGEBA

Gt UfASenfieandeldsl 3 URASn de UfASurswieiiu-
uenlalase Uffterszwitedu-dwenled wazUfitonszvi wnydnanlod-uaulalasd
Uffinifaldiifige fa UiRTosswhangieinuenlalasd dniu Tudnusnuas
Uiiien  wilelulumnadznauddeusaslanzesinljisenunguanlalasdluindan
wanlelasdnion  JedasdnwrfiTonsznivmstsznaudedansaslanzuazunddnion
lslasdifiolimnuammpiuasmiissalflummin izen

msdnslfsolelaslsinadia 1R iWaihdunmuaas NiL : an83n-
weulalase wio znL : wndsnuavlalasd Asandm 1 : 1 ¥UJATNA 130°C il

' e ' \ i -1 = o .
387 1 TU. WU NN IR 'Uadﬁid'.l.ﬂuvlﬂ'lﬁﬁ@fﬂ 1850 Waz 1780 cm 1’5’][1‘11] LLQ:NWH‘HQJVIH
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[ i -1 - J A Pl
ATuandani 1708 cm 1iadu JUN 2 uaAa IR spectrum a9 Znl : ddnuaulalesa
ludamam 1 : 1 el jidensi 130°C lunadieg llafadfAseud? dswuiin C=N

i A e & aaa da & a N A a
489 ZnL N 1642 cm  aIuu UHATeNeTn e wmﬁﬂum'sﬁi:nauwmamaﬂw:

Sum

-] < B 2 = e A [} =t
rujisridlanuenlslardluliniadusiniinganiuandan

JARSeIN19IBaN920e  DGEBA (Y asNANSEWINeMNADNLarlE laTdlas

=Y b 73
a1sisznauidedonuaslan:

daldTayanninljiteszniranddnuenlalasduazaslsznay
Fadauvaalanzuds duaeudall Ao @nwUfAtuamadenanies DGEBA ey
vasnausznitvanddnuenlalesduszasdrznouidsteuvadlan: lanlddamdulus
3319379 DGEBA : mstsznauidsdauvaslan: - wddnuaulalasd = 1: 02 : 0.2 Wah
PasnFuGIna N FRTNG 130°C uarfanudAsondonsrdan R Foilal Az
Lﬁm%uazmauylnﬁ: fn#i 917 cm” yaanyananladluy DGEBA azmnld amnmnasas
WU 119 DGEBA : NiL : anddnuanlalesd us: DGERA : znL : inadnuawlalass 7
ganaInlua 1:0.2:0.2 Lﬁﬂﬂg‘jﬁ%mazhmugmf%é’amnlﬁ’mm%’auﬁ 130°C 1fwam 4
7. |

gﬂﬁ' 3 UMY IR spectrum 289 DGEBA : znL : snasnuawlalasd Asam
saulun 1:0.2:0.2 WarinlfAsud 130°c lwameneg Fudafaufiteud An IR 200
ﬁy;uauﬂavtmﬁﬁl 1850 waz 1780 cm ' azwelyl wenanil wnvasnsjananledluy DGEBA
71917 em’ azwinlddan
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ey itoniifetulunmwsan sndldndnuudri YT
dAelududn fo UgAsezahenasnuenlalasduazasisznoubadanvaslansloiiiu
grvdsznauarsuenddn lewddnuenlalasduazasdsznandidouvaslans
AedfAtmuaudy  sxfiasdimsdsznouietousadlanzsinden 1flasanlddandn
Tuazasunddnuanlalasduasmmlsznaudedouiniu  uaraslsznaviBedaunaslans
1 lwianail§iseduanifdnuanlalasdld 2 Tuana

Lﬁaﬁm‘smﬂﬁﬁ%ms:wﬁwmﬁﬁﬂLtau“la"lmﬁuamgﬁwan”lm@ﬂu DGEBA
Ufnsmdanananialdoinnin jisorzniimgainlussisznaudedauvaslans
uazanddnuanlalasa Lﬁaamnmd'Laﬁmﬂuﬁ’:ﬂatﬂwéﬁ?}n'ﬁmgﬁwan"l'nﬁ Faviu 1nadN
wawlglasanfegludunmuazingisnduniiedulumssznoudetansaslansan
Wae mnﬁguﬁgms‘uaﬂ%anﬁiLﬁﬂﬁuﬁaﬁnﬁﬁﬁmﬁwyj‘é‘rwan"lw"lu DGEBA diali

Uiisnfifelulgisondudalud 2 dssion de UjiFaszninang
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awanlodlu DGEBA FsUFATuusnifaldiFinhufisemss duiu ﬂy;m%'uan%ﬁnﬁ;ﬁ@r
%ua:ﬁﬁﬂﬁﬁ‘%mﬁumﬁwanvlmmﬂlu DGEBA ldifluuaanasad FsmusnifialfAsedany
wyawanladlu DGEBA ldaaly -

nalnuasfisedenaneiiulule fe msdszneudedonaslansiiia
dissociation 97N hexadentate coordinate Lil% tetradentate coordinate ﬁy;Laﬁu'lum':‘
dsznauidafauvaslansinljizondaranddnuanlalasd ldwiaivandsn NNYiL a3
afuandaninufisitumydwenladly DeEBA ldmjuasnased deriufizmndeny
DGEBA wuldBnandwadiwaiiilassainiuioun dufldnanuudluiamwnnd 2

it ldnsnudrh fmsdsneuBedonvaslansiindeainms
yufRselutuusn SimansaifiaUfiiondeonsneiy DGeEBA ldawandwaiiued 1n
WATBTHUAN  Chantarasiri uRzAmue” Vlﬁ'ﬁ'amﬂzﬁé’wan%waﬁtua§ﬁﬁTﬂﬂ:a§1u
TassadalaurudfAsendausnies DGEBA dumsusznaudsdounaslansiszinn
LENTLAUNATNLESINEILGWLTY Bwandwaiiuaifilei thermal stability fid 67 ley
nasudluuiuani 3 nalnmsfad§Rsmfeadieaiwllld de  ssdsneu
Fydauvaslanzanfia dissociation ¥ilWldnajiailu Famansorimiafiuihedlalwg
i fATentiaasdwenledues DGEBA usufiedfAimdeliawldwediweinilass
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o 3 B R ]
HaINN1TEAIIUARTE

newdtefiduan wod elfiaasztafsuasluiioalaasanled
(tetrabutylammonium hydroxide, BusNOH) Lﬁuﬁ’;rﬁaﬂﬁfﬁmhmsﬁ'}ﬂﬁﬁ‘%mrﬁau'ﬁ'm
289 DGEBA @T’Jﬂmiﬂ?:nauﬁ‘wﬁ'ﬂmaﬂamﬁmaﬁﬂﬁ'ﬂﬁﬁ%mL%am'mt.ﬁﬂ’lﬁﬁqmﬂgﬁ
dae lauiSanm BuMNOH fimunzay @8 20 mole% wesmsilsznauiBidauvaslans
doin Tuawdsuiiaeld Bu,NOH 1uil3unms 20 mole% vavassznauiGstonaslanziite
vk §RsunFeuuives DGEBA MuvasnaNszwitanddnuawlalasduazaslsznay
Fedauvaslansiinfiammplanag

Tummasaswhufisoudessnsld DGEBA : mssznauididauves
Tanz : wadnuanlalasd Ademaulun 1 : 02 : 02 wazld BuNOH lutium 20
mole% vayg1TUsznauEitaueslan: m'sﬁﬂmnﬂﬁﬁ%‘mﬁaumwlﬁmﬂﬁﬂ IR lagg
nnfindwenladly DeEBA HverwivluileyffiienAeatesuysol sammanasiile
Inmsld NiL w38 znL fa U§Rsendeuaned 130°C azifiasuyIoiluiag 1 o, usziile
nasasligangiiangs fs 1 110°C Ujitenacldion 4 oo,

wHunWd 4 usaenalnaslfiseiieedniululey de vajlafinlu
maeneudidawdarnidnueulalasdlanimivendian  uasngiafiuasifowiu
indauanluiiioy  Bu,NOH  o1agrsisslfSunlasmsislusaanasnaninfananlaniisy
NNt ﬂy;m'?uan*’i’imﬂﬁﬁﬁummﬁﬂﬂﬁﬁ”‘im@iaﬁ'u DGEBA 'laifluwadinad

N3z %'iﬂ?i%ﬂ"l wANDNTNOALN E)i

nndayansfinwaniiz 1umﬁmﬂgmmt'ﬁaumnwad DGEBA lauld
ermh:naumwawaaTau:ﬂmm‘mﬂ@ 2 @ #a NiL uar znL Wusndesane la
b ] L [ o 0 S o L e A -y s, :
mylwenuiounudn msld Bu,NOH luausnlfismmlwliisesanenaialen
a ; i ;ﬂ’ i e e 1 e “‘-': ] = J ﬂ:’ =l = o (3
gamniidninlaluldansaljiim Tunoudall fa malugliwnudwendwediues
W T uui ld lnegauautinenuion  (thermal  properties) WasayloLEInNg
(mechanical properties) daly
o = - = & o e e ] =Y £ P
'lum‘mugﬂawanmwamua‘smmumimaawuma‘lﬂ- widenldgumniin
110°C {uaan 8 7w, wazldaassufAsenfiviinm 20 mole% lafisunusisisznay
Fadauadlans d9nsld Bu.N'OH  lutSinmdsnandlwdnandwofiwasliudemisa
Winlyl 'aﬁwﬂ@n:um-;-m@lﬂQn':mL-ﬁaumwm'l.m"[aum"ﬁumu'lﬂmwaaumu IR 1o

Ujitenfaadeauysol ud Ainues DGEBA i 917 cm "armly
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TumsiaSoudunudwandwefiwed dulsfirinsfinun fe deandulua
52119 DGEBA : anddnuaulalase : esdsznauidsdanvaslan: aldasaliniseln

P3masn - @797 1 LaesautanIsanuTauLazaulATInaTasBnandwadiuat

Glass transition temperature

gulanianudanvadinandwedinesiane  da  glass  transition
temperature (Tg) éd“ﬂiﬁﬂ?nﬁ% dynamic mechanical analysis (DMA) I@mﬂﬁ]'mfi'lg&qﬂ
284 loss modulus waﬁmafmﬁd’l Ty §oa o) nickel-containing polymer mﬁﬂ’mé‘m’l
§IUI= 174 DGEBA : maleic anhydride : NiL =1 : 0.15: 0.15

Thermal stability

Qg L =l A = - ; =

FulANeaNuTaudndssinnuilsuesdnanawadiuaindner o NI

B - a a ¢ asd v oa - o & e =
thermal stability vad8wandwefivad 359l Fluenasdeds Ao mmwunﬂgm_}ﬁﬂ\lﬂ
wasTNNT R WWaALLaTIN IR AINNTOR VUIeTUINUALT @0 10 mm x 50 mm x 2 mm i

PEUPTRES. G - [ N -~ g
Nnwivgiitengun)iin 250°C \{lunan 48 Tlus wanmInaaasnle fa waama{ﬁmugﬂ
laaldaaaiusenine DGEBA : maleic anhydride : NiL = 1 : 0.15 : 0.15 & thermal

stability ANga

G, o = ) = 5
dglUGLDINRVDIDNDINTNARLINDT

Lo o = ol o & e .
FUUKLTINAVRIDWANTWERLUDINANEING tensile strength Iﬂﬂﬂﬂﬁﬂu@ﬂu
3% ASTM D 638 wadluasnlian tensile strength ﬁdﬁqcﬂﬁa nickel-containing polymer #

1dndamaIuszinine DGEBA : maleic anhydride : NiL = 1: 0.1 : 0.1



HN NH’;> HN  NH
[Jrr;* g @ T?}
CH A/~ "HC A CH ™. HC

Ll Aol — MO

o’ ~o o Bis
2
maleic anhydride
[0) 0 0 0
1 [ H H j -
O—C—CH—CH—C\\ /\/ C—CH—CH—C—
£ M +N£)>
N, + N
CI_I oy ,’ C
oM O
g

- o9 o
BuyN O—C—CH=CH—C C—CH=CH—C—O NBu
4 \N,«—-\N P 4
I N
CH™._ ,/HC
[ M
>0 o
| o e ;
O
l e
excess DGEBA

r‘v&( %f@o
O@—C«@—O\A/O—C—CH—CH—C f_\:t,ﬂ
ll‘~. /’u
CH™,  ,HC
M. O
o o
Metal-containing epoxy polymers

M =Ni2t and Zn2+

wHAIN 4 UFASedouneves DGEBA dnvasnaNIznivinfanuewlalarduns

amstsznaudenawsaslanniiall Bu,NOH atidae
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Wainsmauialasmuvasdnendneime fiaisunnmasauly
SaTEIuAienIiu WUdn nickel-containing polymer fleandamdiuszniie DGEBRA :
maleic anhydride : NiL = 1 : 0.15 : 0.15 ﬁauﬂ'ﬁmdmumwua:auu‘“ﬁvﬁanaﬁﬁﬁq@ e
usamdmansasdwin 1: 02 : 0.2 wui T, tensile strength WAz thermal stability
ANRY «'fiamm@lmmﬁmmnmamﬂmm’m DGEBA : maleic anhydride : Ni_ fianuniiag
351t homogeneous mixture wazifiaaadamauaseadwi 1 : 0.05 : 0.05 wuii
¥

g
inly Safadazen laiauysal

. = a = A o
tensile strength WAz thermal stability aaad BvanafaNIUIu M I TaNY Kol

WallSpuAsunwefiwasaansnnuanandwadiwasnlfesmly e

waRlNaTALATENN DGEBA-diethylenetriamine Wu31 nickel-containing polymer &
thermal stability ﬁgan"h

MTIN 1 FULANNMEMNURRNLAITINaTasawandnafiuat

Metal complex Mole ratio of T % Weight loss | Tensile strength
DGEBA : MA : c) (N/mm’)
metal complex

NiL 1:0.05:0.05 o1 19.6 38

1:0.1:0.1 119 11.8 61

1:0.15:0.15 139 7.7 48

1:02:02 133 9.5 43

ZnL 1:0.05:0.05 106 19.8 33

1:0.1:01 132 19.6 59

1:0.15:0.16 131 10.5 51

1:02:0.2 129 14.6 48

Diethylene- 125 | 26.6 57
triamine
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28 dq1
namnaasafild e nswd DGEBA mmmLﬁmﬂﬁﬁ%mtﬁaumwﬂml-ﬁ'
sasnauTzninmsUnauditousaslansuazanddnuaunlalosdiiumndensne dase
UfASInAnanzas fa Bu,NOH m'a:ﬁmm:ﬁu'lumi%ugﬂ‘é'wan‘ij’waﬁma{ fa ﬁqr&mgﬁ
110°C flwiamn 8 Ta: nickel-containing polymer WEMIFNLTANMINEMNUAZANTAFINGT

o o o i “ A a "
Gfae usllsndandniawandwedineinldlaunall fa wedlnaifiaTusuan DGEBA-

diethylenetriamine

ADLAWD U

'l.umﬁfugﬂﬁwan%waﬁt.ma‘fmns&mmam:wj'm DGEBA : aRdnUaU-
lolased - avUszneuidedouveslansin  Sevilddasldiiamulumsaandunay
fansn asnunadnuanlalesdidurasuds Fomnldmsusznaunenlalasdiiiuuag
waunumsltunddnuanlalesd 1iu hexahydrophthalic anhydride @1a¥inlwnmInan

L ° LN & i al = A a o = a Py = &
m‘smmum"lm 31 EJ']JHLLR:VLGI"J‘J aynFuNLwIBaLasIN gD :T’t"]l‘ﬁ'ﬁu\‘]"l UWaRLNATLTAI
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Abstract

Crosslinking of diglycidy! ether of bisphenol A (DGEBA) with tetradentate and hexadentate Schiff base metal
complexes of transition metals and maleic anhydride (MA) was investigated. The crosslinking reaction is proposed to
proceed through a complex mechanism. Tetrabutylammonium hydroxide was found to be a suitable catalyst for such
reaction. The properties of the resulting metal-containing epoxy polymers investigated were glass transition tempera-
ture, thermal stability and tensile strength. The copper-containing epoxy polymer obtained from tetradentate Schiff
base metal complexes at the mole ratio of DGEBA:metal complex:MA = 1:0.2:0.2 showed 7, at 143°C and tensile
strength of 62 N/mm?. The polymer showed good thermal stability comparing to the DGEBA-MA system. Upon
heating at 250° C for 48 h, the weight loss of the polymer was 2.8%. © 2001 Published by Elsevier Science Ltd.

Keywords: Epoxy polymers; Metal-containing polymers; Schiff base metal complexes

1. Introduction

Use of metal-containing epoxy polymers allows the
possibility of producing epoxy polymers with good me-
chanical properties and high thermal stability as well as
achieving low processing temperatures [l]. A large
number of such investigations have been reported [2-
[2]. Metal-containing epoxy polymers can be synthe-
sized by various methods as follows: (1) use of metal-
containing admixtures (2) crosslinking of metal-con-
taining epoxy resins and (3) use of metal-containing
crosslinking agents.

Previous work [13,14] from this laboratory involved
the synthesis of metal-containing epoxy polymers by
crosslinking of DGEBA with tetradentate and hexad-
entate Schiff base metal complexes of copper, cobalt,

* Corresponding autlior. Tel.: +662-218-4986; fax: +662-254-
1309.
~ “mail address: nuanphun.c@chula.ac.th (N, Chantarasiri).

nickel and zinc (Scheme 1) so that the metal is incor-
porated in the polymer structure. The obtained polymers
showed good thermal stability.

It is well known that epoxy resins can be crosslinked
with various acid anhydrides in the presence of catalysts
such as N, ,N-dimethylbenzy!..nine which produces
crosslinked polymers with good physical and mechanical
properties. Addition of metal salts is widely employed in
the crosslinking of epoxy-anhydride systems with the
purpose of reducing the crosslinking temperature and
improving the polymer properties. One example is the
use of calcium and magnesium salts of p-aminobenzoic
acid in the crosslinking of DGEBA-hexahydrophthalic
anhydride system [15,16]. The likely mechanism is that
the amino groups of the metal salts first react with the
anhydride group to generate carboxylate groups, which
could then undergo further reaction with the epoxide
groups in DGEBA to give the crosslinked polymers.
Other examples of metal complexes employed for this
purpose are acetylacetonate complexes [17,18].

0014-3057/01/$ - sce front matter © 2001 Published by Elsevier Science Ltd.
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Scheme 1. Structures of Schiff base metal complexes.

The metal-containing epoxy polymers in this present
study were synthesized by the crosslinking reaction of
DGEBA with mixtures of maleic anh dride (MA) and
the previous mentioned tetradentate and hexadentate
Schiff base metal complexes. The tetradentate Schiff base
metal complexes contain two phenolic groups which
should undergo the crosslinking reaction with MA and
DGEBA to give the metal-containing epoxy polymers.
The hexadentate Schiff base metal complexes contains
two amine groups which should undergo similar cross-
linking reaction to the tetradentate Schifl base metal
complexes.

2. Experimental
2.1. Materials

The metal complexes used in this study were tetrad-
entate Schiff base metal complexes (CuL,, CoL, and
NiL;) and hexadentate Schiff base metal complexes
(NiL, and ZnL,) synthesized by employing the methods
as reported previously [13,14]. MA and tetrabutylam-
monium hydroxide (BuyNOH) were obtained from

Fluka and were used as received. The concentration of

BusNOH used was 0.8 M in methanol. As the DGEBA
epoxy resin, D.E.R. 330 (Fluka) with the epoxy equiv-
alent of 185 was used.

2.2. Analytical methods

The crosslinking reaction of DGEBA with the metal
complexes and MA were investigated with a Nicolet
Impact 410 FTIR spectrophotometer using KBr pellets.

Glass transition temperature of metal-containing
epoxy polymers were obtained on a Netzch DMA 240
dynamic mechanical analyzer. Thermal stability of the
polymers were determined using isothermal TGA by
heating the polymer samples (sample size
50 mm x 10 mm x 3 mm) in a heated air oven at 250°C
for 48 h and their weight losses were then measured.
Tensile testing was performed on an Instron model 4301
following ASTM D638. -~

2.3. Preparation of metal-containing epoxy polymers

A mixture of DGEBA, metal complex and MA was
degassed at 70°C under vacuum until it was free ol
bubbles. The mixture was cooled down to room tem-
perature. Bu;NOH was then added and the mixture was
degassed again. The mixture was cast into a metal mould
or a silicone mould and crosslinked in a heated air oven.
The completeness of the crosslinking reaction was con-
firmed by the disappearance of the characteristic band of
the epoxide groups in DGEBA at 917 cm™! in the IR
spectrum.

The crosslinking temperature for CuL, and CoL,; was
150°C. When NiL, was employed, the crosslinking
temperature was 180°C. The crosslinking time was | h at
the mole ratios of DGEBA:metal complex:MA =
1:0.2:0.2 and 1:0.3:0.3. At the mole ratio of 1:0.1:0.1, the
crosslinking time was 3 h.

The crosslinking condition for both NiL; and ZnL,
was 110° C/8 h for every mole ratio.

A comparative polymer was prepared by crosslinking
of DGEBA with diethylenetriamine and MA in the
presence of benzyldimethylamine [19,20].

3. Results and discussion

3.1. Reaction between metal complexes and maleic

anhydride

3.1.1. Tetradentate Schiff base metal complexes
Considering a curable mixture of DGEBA:metal
complex:MA, the functional groups which undergo
crosslinking reactions are the phenol groups in the metal
complexes, the anhydride group in MA and the epoxide
groups in DGEBA. Thus, the three possible reactions
are the phenolic group—anhydride group reaction, the
phenolic group-epoxide group reaction and the epoxide
group-anhydride group reaction. Since the reaction be-
tween phenolic group and anhydride group proceeds
more rapidly than do the other two reactions, the phenol
groups in the metal complexes should react prefcren-
tially with the acid anhydride group in MA in the initial
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Fig. 1. Infrared spectra from the reaction between CuL; and
MA at the mole ratio of I:1: (a) initial at 150°C, (b) |1 h at
150°C.

stage of crosslinking reaction to form the product con-
taining ester groups and carboxylic groups.

The reaction between metal complexes and MA was
studied using IR spectroscopy. When a mixture of
CuL;:MA at the mole ratio of 1:1 was heated at 150°C
for 1 h, the band of the anhydride group at 1850 and
1780 cm™! disappeared and a band at 1705 cm™' as-

- signable to a carboxylic group could be observed (Fig.

1). When CoL, and NiL; were used instead of CuL,;, the
IR bands of the anhydride group disappeared after
heating at 150°C for 1 h and 3 h, respectively.

3.1.2. Hexadentate Schiff base metal complexes

In this case, the metal complexes contain two amine
groups instead of two phenolic groups in tetradentate
Schifl base metal complexes. These amine groups could
undergo reactions with MA to yield the product con-
taining amide groups and carboxylic groups. Similar
results were obtained when the mixtures of NilL;:MA
and ZnL,:MA at the mole ratio of 1:1 were heated at
130°C for 1 h. The anhydride band in the IR spectrum at
1850 and 1780 cm™! also disappeared and the peak at
1708 cm~' due to the formed carboxylic acid was ob-
served.

3.2. Crosslinking reaction of DGEBA with the mixture of
metal complexes and maleic anhydride

3.2.1. Tetradentate Schiff base metal complexes

Having obtained the results that the reaction between
metal complexes and MA occurred at 150°C, the next
step was to study the reaction between DGEBA, metal

complexes and MA. IR spectroscopy was employed to
determine the reactivity of the metal complexes towards
the crosslinking reaction of DGEBA-MA system. A
mixture of DGEBA:metal complex:MA at the mole ra-
tio of 1:0.2:0.2 was heated and the completeness of the
reaction was determined by the disappearance of the IR
band at 917 cm~' due to the epoxide groups in DGEBA.
Crosslinking of DGEBA:CuL,;:MA and DGEBA:-
CoL;:MA mixtures at 150°C tock 3 h to complete.
Reaction using NiL, required a higher crosslinking
temperature at 180°C in order to finished in 3 h.

3.2.2. Hexadentate Schiff base metal complexes

The IR experiments performed in the szme manner as
in the case of tetradentate Schiff base metal complexes
were carried out. The IR spectra suggested that the
crosslinking reactions of both DGEBA:NiL,:MA and
DGEBA:ZnL,:MA mixtures at the mole ratio of
1:0.2:0.2 were completed after heating at 130°C for 4 h.

3.3. Crosslinking mechanism

3.3.1. Tetradentate Schiff base metal complexes

As mentioned previously, the reaction occurred in the
initial stage of the crosslinking reaction in the curable
mixture of DGEBA:metal complex:MA was the reaction
between the metal complex and MA to generate carb-
oxylic groups. After all of the MA underwent reaction
with the metal complexes, half of the metal complexes

‘would not have reacted since equimolar amounts of MA

and metal complexes were used.

In the second stage of the crosslinking process, there
are two possible reactions, the carboxylic group-epoxide
group and DGEBA hydroxyl group-epoxide group re-
actions. In this case, the carboxylic group-epoxide
group reaction is faster than the hydroxyl group-epox-
ide group reaction. Therefore, all carboxylic groups
should react with the epoxide groups to generate sec-
ondary alcohols which could then reacted with the other
epoxide groups in DGEBA.

A likely crosslinking mechanism is proposed to in-
volve a ring opening of MA by the phenolic groups in
the metal complexes to give carboxylic groups. The
carboxylic groups then react with DGEBA to give ester
and secondary alcohol which can then react with an-
other molecules of DGEBA. The reaction occurs re-
peatedly to produce the Cu-, Co- and Ni-containing
epoxy polymers as shown in Scheme 2.

The unreacted metal complexes [rom the initial stage
of the crosslinking reaction could also undergo the re-
action with DGEBA to give the crosslinked polymers
(Scheme 3). The mechanistic details were discussed
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Scheme 2. Proposed cresslinking mechanism of DGEBA with the mixtures of tetradentate Schiff base metal complexes and MA.

previously [13]. Therefore, the total crosslinking reaction
should involve the reactions shown in both Schemes 2
and 3. !

3.3.2. Hexadentate Schiff base metal complexes

A possible crosslinking mechanism is proposed on the
same basis as tetradentate Schifl base metal complexes.
The metal complexes first dissociated froni hexadentate
into tetradentate coordination, then the amine groups

! Another possible crosslinking mechanism is the reaction
between the metal complexes and MA in the first step gives the
adduet containing unly one carboxylic group. This adduct then
undergoes further reaction with DGEBA to yield the cross-
linked polymers.

open MA ring to generate carboxylic groups. The
carboxylic groups then undergo reaction with DGEBA
to give secondary alcohol which react further with
DGEBA to give Ni- and Zn-containing epoxy polymers
(Scheme 4).

The unreacted metal complexes from the initial stage
of the crosslinking reaction would also be present.
Scheme 5 shows the reaction between the metal com-
plexes and DGEBA to give the crosslinked polymers as
described in our previous report [14]. Hence, the final
polymers should contain the structures resulting from
the reaction shown in both Schemes 4 and 5.!
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Scheme 3. Reaction between tetradentate Schiff base metal complexes and DGEBA.

3.4. Effect of catalyst

Our previous work [13,14] showed that BuyNOH was
a suitable catalyst in the crosslinking reaction of DGE-
BA with tetradentate and hexadentate Schiff base metal
complexes. It was found that the crosslinking reaction in
the presence of BusNOH proceeded more rapidly than
the reaction without BuyNOH and the optimum amount
of BuyNOH was 20 mol% of the metal complex.
Therefore, BusNOH was also chosen as a catalyst in this
study.

3.4.1. Tetradentate Schiff base metal complexes

IR spectroscopy was again employed to study the
crosslinking reaction of the DGEBA:metal complex:MA
mixtures at the mole ratio of 1:0.2:0.2. In the case of
tetradentate Schiff base metal complexes, the results
from IR study showed that use of Bus;NOH at the
amount of 20 mol% of the metal complex reduced the
crosslinking time when the reaction was done at the
same temperature as those without BusNOH. The
crosslinking condition for both Cul; and Col, was
150°C/1 h. Use of NiL; required 180°C/1 h.

BusNOH might accelerate the crosslinking reaction
by removing protons from the phenol groups of the
metal complexes to generate phenolate groups which
open MA ring to give carboxylate groups. Further re-
action of the carboxylate groups with DGEBA gives
crosslinked polymers.

3.4.2. Hexadentate Schiff base metal complexes
In the case of hexadentate Schiff base metal com-
plexes, the presence of BuyNOH at the amount of 20

mol% of the metal complex also reduced the crosslinking
time comparing to the reaction without Bu,NOH.
Crosslinking reaction for both NiL, and ZnL, at 130°C
finished in | h. When the reaction was done at a lower
temperature of 110°C, crosslinking was completed in 4 h.

A possible crosslinking mechanism is that the metal
complexes first dissociates. The amine groups open the
MA ring to generate carboxylate groups and the amines
become ammonium salts. BuyNOH might accelerate the
reaction by removing protons from the ammonium salts.
The carboxylate groups then undergo reactlion with
DGEBA to give crosslinked polymers.

3.5. Properties of metal-containing epoxy pelymers

Polymer samples were prepared from different mole
ratios of DGEBA:metal complex:MA in the presence of
20 mol% BuyNOH for further investigation of their
properties. The metal-containing epoxy polymers were
characterized by IR spectroscopy. All epoxy polymers
had similar IR spectra. The important absorption bands
observed were alcoholic O-H at 3300-3500 ¢cm~' and
ester C=0 stretching at 1730-1735 cm~!. The broad
band at 1600-1660 was due to the C=N, aromatic and
olefinic C=C stretching vibration.

Other properties of the polymers investigated were
thermal and mechanical properties. Glass transition
temperature of the polymers was determined from a
DMA thermogram by observing the maximum value of
the loss modulus. Thermal stability was determined and
measuring the % weight loss from isothermal TGA
technique. Table 1 shows 7, % weight loss and tensile
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Scheme 4. Proposed crosslinking mechanism of DGEBA with the mixtures of hexadentate Schiff base metal complexes and MA.

strength of the epoxy polymers obtained from variation
of the mole ratios of DGEBA:metal complex:MA.

It was found that copper-containing polymer ob-
tained at the mole ratio of DGEBA:CulL;:MA =
1:0.2:0.2 possessed high 7,, high tensile strength and
good thermal stability which is comparable to the
DGEBA-MA system.

4. Conclusions

Metal-containing epoxy polymers have been prepared
from crosslinking reaction of DGEBA with a mixture of
Schifl base metal complexes and MA. The crosslinking
time and temperature can be decreased by use of
BuyNOH. The metal-containing epoxy polymers show
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Scheme 5. Reaction between hexadentate Schiff base metal complexes and DGEBA.

Table |
T,, tensile strength and thermal stability of the metal-containing epoxy polymers

Metal complex Mole ratio of DGEBA:metal 7: (°C) Tensile strength (N/mm?) % Weight loss
complex:MA

CuL; 1:0.1:0.1 114 56 2.7
1:0.2:0.2 143 62 2.8
1:0.3:0.3 105 45 3.2

CoL 1:0.1:0.1 125 42 24
1:0.2:0.2 128 51 2.7
1:0.3:0.3 103 41 3.1

NiL, 1:0.1:0.1 124 43 8.4
1:0.2:0.2 125 53 9.0
1:0.3:0.3 122 42 9.3

NiL, 1:0.1:0.1 119 61 11.9
1:0.15:0.15 139 48 7.7
1:0.2:0.2 133 43 9.5

ZnL, 1:0.1:0.1 132 59 19.6
1:0.15:0.15 131 51 10.5
1:0.2:0.2 129 48 14.6

Diethylene-triamine 125 57 26.6

MA 143 56 4.0

299  good thermal and mechanical properties compared to Acknowledgements 301

300  the known DGEBA-MA system.
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