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Abstract

The interactions between hexamethylenetetramine (HMTA) and models for botiNgblydroxyphenyl) maleimides) and phenol-for-
maldehyde resins have been examined. There is direct interaction between HMTA Biaghtitzoxyphenyl) succinimide and xylenols used
as model compounds. When the model compounds both contain@finegosition, four different benzoxazine derivatives are formed, that

is, the succinimide—succinimide and xylenol—xylenol benzoxazines and the two ‘mixed’ systems. The rate of reaction of HMTA with the
mixed system was measured V€ nuclear magnetic resonance spectroscopy (n.m.r.). The relative rates of formation of the benzoxazine
derivatives are dependent on the substitution pattern of the phenolic rings. Control over the interactions between HMTA and the models

was achieved via selective masking of the phenolic groups using the thermally labile tetrahydropyranyl (THP}ogt6p. Elsevier
Science Ltd. All rights reserved.
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1. Introduction ring towards HMTA, this was exemplified by the increased
rate of HMTA consumption. However, in polyimide—phe-

In recent years there has been considerable work directechol-formaldehyde resin blends, there are no reported studies
towards engineering high performance composite materials.on the chemistry of the process. In this paper, we describe
One example is the use of polN{(hydroxyphenyl) malei- our model studies on the possible interactions between
mides) (), which are blended with phenol-formaldehyde HMTA, polyimides and phenol-formaldehyde resins. In
resins and after crosslinking with hexamethylenetetramine addition, an approach to the control of the interactions by
(HMTA) (2) to give composites with excellent thermal and the use of thermally labile substituents is explored.
chemical stability [1-6]. For example, it has been shown [1]
that the incorporation of 50 wt% of poly(hydroxyphenyl)

maleimides) (HPMI) increases tAg of a novolac from 90 o= "o

to 175C, and increased the thermal deflection temperature I/N\| o

from 155 to 168C for 20 wt% poly (HPMI). However, the © Nl__N QfN‘@
chemistry of the crosslinking reaction is poorly understood. OH LN~/ % — OH

We have previously reported [7] on the use of appropri- n

ately substituted\-(hydroxyphenyl) pyrrolidine-2,5-diones, () @ @)

herein referred to aN-(hydroxyphenyl) succinimides, with 2. Experimental

the generalized structur@)( to model polyimides in their

reaction with HMTA. It was demonstrated that the model 2.1. Materials

polyimides react in an analogous manner to the phenolic

rings in phenol-formaldehyde resins, producing the same Succinic anhydride (Aldrich, AR) was used as received,

types of reactive intermediates. Further, the presence ofaminophenols were either purchased from Aldrich or

the succinimide ring increases the reactivity of the phenolic synthesized using standard literature procedures [8,9]. All
were recrystallized from ethyl alcohol. 2,4,6-Trimethylphe-
nol (TMP) (Aldrich) was recrystallized from pentane. 2,4-

* Corresponding author. Xylenol (Aldrich, 99%) and 2,6-Xylenol (Aldrich, 99%)

0032-3861/99/%$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
PIl: S0032-3861(98)00382-6



3042 M.J. Caulfield, D.H. Solomon / Polymer 40 (1999) 3041-3050

were distilled at 4.5 mmHg before use. Hexamethylenete- Table 1
tramine (HMTA) (Aldrich, 99%) was dried under reduced Substitution of theN-(hydroxyphenol) succinimide model compounds
pressure. All solvents were purified in the normal manner. 190

Structuré Abbreviated nam2  Number
2.2. Instrumentation 1o
) ) ) ) Suc@ 2HPSI 4
Melting points (uncorrected) were determined using an
electrothermal melting point apparatus. Protdhi)(and HO
carbon (*C) nuclear magnetic resonance (n.m.r.) spectra g, SM2HPSI 5
were recorded on a Varian Unity spectrometer operating

at 400 and 100 MHz, respectively, using-dimethylsulf- HO

oxide (DMSO) as a solvent, unless otherwise statedHor Suc @ 3M2HPSI 6
spectra, the residual central peak o§-RMSO (GH

2.49 ppm) was used as an internal reference, whilst the cen-
tral peak ¢-DMSO (6C 39.5 ppm) was used as an internal  Suc
reference for®C spectra. Chemical shifts are quoted in ppm

OH
on the d scale, followed by proton integration, multiplicity S @ 2M3HPSI 8
(br: broad, s: singlet, d: doublet, m: multiplet), coupling ~“°

s

o

H
3HPSI 7

constant(s) in Hz, and possible assignment. Fourier trans-
form infrared ETi.r.) spectra were recorded on a Bio-Rad ”COOH 4HPSI °
FTS-60A spectrophotometer. Samples were recorded in a

potassium bromide disc and reported as absorption maxima, SUCGOH
vuax, quoted in wave numbers (¢t using the following
abbreviations: be broad, sh= shoulder, s= strong, m=
medium, w= weak. Liquid chromatography was performed
using Merck TLC grade silica gel, No. 7730.

3M4HPSI 10

Where Suc represents a succinimide ring.
PWhere P= phenyl, H= hydroxy, M= methyl, Sl= succinimide.

2.3. Synthesis of N-(hydroxyphenyl) succinimidieslQ

2.5. N-(hydroxyphenyl) succinimide/2,4-xylenol/HMTA

The N-(hydroxyphenyl) succinimide compound$L0), n.m.r. reactions

were synthesized by heating succinic anhydride (1.1 equiva- ) ) ]
lent) and the appropriate amino phenol (1 equivalent) at A 3:3:2 mole ratio mixture of the appropriabe (hydro-
17C°C for 3 h (Scheme 1). The subsequent cyclodehydration XYPhenyl) succinimide/2,4-xylenol and HMTA in 2,4,6-tri-
reaction afforded the desirel-(hydroxyphenyl) succini- ~ Methylphenol (TMP) was heated at T@0for 8 h. Samples
mides in excellent yields after recrystallization from ethyl (0-300 g each) were taken at 20-min intervals for the first
alcohol (Table 1). Full experimental details have been 3, then every hour for 4h, dissolved ineBMSO

detailed in our previous paper [7]. (l%.OOO g) and the reaction mixture observed directly by
C n.m.r. spectroscopy. In order to minimize the Nuclear

2.4. Procedure for preparation of ‘mixed’ benzoxazine Overhauser Effect (NOE) on the comparison of different

derivatives samples, each sample was made up to the same concentra-

tion and accumulated under similar conditions (i.e. relaxa-
A mixture of the N-(hydroxyphenyl)-succinimide tion delay, temperature, accumulation time, etc.). The
(3.00 mmol), 2,4-xylenol (14) (3.00mmol) and resulting spectra were integrated and the reduction of the
hexamethylenetetramine 2)( (1.00 mmol) in 2,4,6-tri- HMTA (74.0 ppm) resonance and the increase of the methy-
methylphenol (TMP) (21.00 mmol) was heated at I30 lene resonance of the benzoxazine (at approximately 81.8,
for 3h. The reaction mixture was purified by liquid 49 and 55 ppm) were monitored. The integrations were stan-
chromatography eluting with dichloromethane/petroleum dardized relative to the ethylene resonances of the succini-
spirits (8:2) and dichloromethane/ethyl acetate (7:3) to mide ring (28.7 ppm) whose intensity remains unchanged
afford the desired benzoxazine derivatives. during the course of the reaction.

O R O T
3 hrs/ 170°C
>y, g e
=/ "OH -2 =/ OH
(0] (0]

3)
Scheme 1. Synthesis &fF(hydroxyphenyl) succinimide1¢10) where R= H or CHs.
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Scheme 2. Reaction of HMTA witN-(hydroxyphenyl) succinimides that contain a vacartho position, where R-H or CHl

2.6. Synthesis of THP masked phenolic derivatives

The tetrahydropyranylation of 5SM2HPSbB)(and 2,4-
xylenol (14) was carried out according to our previously
reported method [10].

2.7. N-[5-methyl-(2-[(tetrahydro-2H-pyran-2-yl)oxy]
phenyl]-pyrrolidine-2,5-dione (5SM2THP-PSI19)

Yield 88%. m.p. 144—-14%. *H n.m.r., 6 (ppm): 1.44—
1.70 (6H, overlapping m,"4H,, 5'-H, and 6—H,); 2.25
(3H, s, 8—CHjy); 2.81 (4H, s, -CO-CKH-CH,—CO-); 3.55
(2H, app. complex m, "3-H,); 5.43 (1H, app. s, "=H,);
6.97 (1H, d, J 1.8 Hz, '6-H); 7.10 (1H, d, J 8.5 Hz, '3
H); 7.18 (1H, dd, J 8.6 and 1.8 Hz/-4H). **C n.m.r.,
(ppm): 17.91 (5-C); 19.85 (5-CH,); 24.66 (4-C);
28.44 and 28.46 (—CO-GHCH,—CO-); 29.62 (6-C);
60.76 (3—C); 95.50 (1-C); 115.62 (3-C); 121.84 (-
C-N-); 129.56, 130.31, 130.33 and 149.61 (Ar-C);
176.48 (2*G=0). lL.r. (KBr) (cm™): 2958; 2943 and
2883 m; 1710 s; 1512; 1438; 1293; 1269 and 1192 m.

2.8. 2,4-Dimethyl-1-tetrahydro-2H-pyrari-21) oxyphenyl
(20)

Yield 55%. Colourless liquid*H n.m.r.,6 (ppm): 1.62—
1.94 (6H, overlapping complex m,/4H,, 5—H, and 68—
H»,); 2.31 (6H, 2*CH,); 3.70 (2H, app. complex m, 3H,);
5.40-5.45 (1H, app. complex m;-H,); 6.97—-7.03 (3H,
Ar—H). *C n.m.r.,s (ppm): 16.15 (2—CH); 18.93 (8—-C):
20.45 (4-CH); 25.29 (4-C); 30.55 (6-C); 61.94 (3-C);

O

E:NQ + HMTA
O HO

(6)

T™MP

_—
3 hrs/ 130°C

96.27 (1-C); 114.18, 126.95, 127.03, 130.42 and 131.34
(Ar—C); 152.84 (1-C). L.r. (NaCl plates) (ct): 2943 and
2871s; 1503; 1251; 1201; and 1132 s.

3. Results and discussion

The mechanism via which HMTA reacts with the pheno-
lic ring of the model polyimide compounds depends on the
substitution of the phenolic ring. Reaction occurs at the
vacant positions eithesrtho or para to the hydroxyl sub-
stituent. For example, in the reaction of model polyimides
which contain a vacardrtho position, relative to the hydro-
xyl group, the initial intermediates formed are benzoxazines
type derivatives with the general structud) (Scheme 2).

For the model compounds which contain a vacaata
position, 3M2HPSI §), the initial products formed were a
mixture of benzylamine type derivatives according to
Scheme 3.

In systems which contain both antho andpara position
vacant in the one molecule, reaction initially occurs at the
ortho position to form benzoxazine type species, then reac-
tion at thepara position occurs to form the benzylamine
type products. Similar reaction mechanisms have been
demonstrated to occur during the reaction of model
compounds for phenol-formaldehyde resins with HMTA
[11-13].

Industrially, polyimides are blended with phenol-formal-
dehyde resins and then crosslinked with HMTA, resulting in
an infusible, insoluble, three-dimensional polymeric net-
work. Given the different rates of reaction between

(13)

Scheme 3. Reaction of 3M"HPS8)(and HMTA in a mole ratio of 3:1 (phenolic:HMTA).
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HMTA with either the phenol-formaldehyde models or the those used by other workers, however, the reaction products
polyimide compounds individually, it was of interest to are similar. The rate at which thgarareaction occurs under
establish whether in the mixed systems a homogenous poly-the present conditions is very slow. Consequently, it was
meric network is formed or whether one polymer forms a decided to focus attention on the interactions between
separate crosslinked phase within which the other is dis- HMTA and a mixture of the models which contain a vacant
persed. It would be expected that the properties of the ortho position.

mixed system are dependent on the phase structure formed.

One technique to examine such systems is by the use of high OH OH
resolution solid staté’C n.m.r. with cross polarization and

magic angle spinning (CP/MAS NMR) [14—-16]. However,

due to the experimental limitations of the technique, the

resonances observed for each of the carbon environments (14) (15)

tend to be fairly broad, making the assignment of small

changes in the chemical structure of the polymeric network 3.2. Reactivity of models for polyimide and phenol-

difficult. Consequently, it was envisaged that by using formaldehyde resin towards HMTA

monomeric model compounds the study of the chemistry

could be simplified greatly. A mixed system where thdl-(hydroxyphenyl) succini-
mides, which contain a vacaattho position, and 2,4-xyle-

3.1. Selection of suitable models for phenol-formaldehyde nol can compete for reaction with HMTA was examined.

resin The ratio of phenolic unit to HMTA was kept constant at
3:1, i.e. 3:3:2 N-(hydroxyphenyl) succinimide/xylenol/

Previous studies [17,18,13] have used 2,4-xyledd) ( HMTA). This ratio was chosen so that these results could

and 2,6-xylenol 15) as model compounds for the repeat be compared with reactions conducted on other phenolic

units of phenol-formaldehyde resins, since they contain systems in the literature and in published reports in our

one reactive site, eitheortho or para to the hydroxyl group [13]. A general example is shown in Scheme 4,

group and represent the two different internal phenolic with the interaction between HMTAN-(hydroxyphenyl)

units of a phenol-formaldehyde resin. When reacted with succinimide 8) and 2,4-xylenol 14). After heating the

HMTA, 2,4-xylenol was found to form benzoxazine type reactants at 13C for 3 h, four different benzoxazine spe-

derivatives and 2,6-xylenol forms benzylamine type deriva- cies were observed in th€C n.m.r. of the crude reaction

tives. The reaction conditions used during this present studymixture.

(i.e. TMP as solvent, 13C) are somewhat different from However, the isolation and identification of the
0 llq OH
I:: = ou + + HMTA
o
@) (14)

3 hrs/130°C TMP

OH o

OH
Oo™N X 0N
ﬁfﬂ@”ﬁ g\vﬁ
o) o)

(11) (16)
OH o OH
o/\N’\(\_ N 0N
R/\/
0
(17) (18)

Scheme 4. Generalized reaction betwdkhydroxyphenyl) succinimides/2,4-xylenol and HMTA in a mole ratio of 2:3:2, where R or CHa.
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O T OH
ﬁ N OH + + HMTA
(o]
(3) (14)
Pathway A Pathway B

" Succinimide / HMTA" Reactive Intermediate " 2,4-Xylenol / HMTA" Reactive Intermediate

1,8 448

(18)

Scheme 5. Proposed mechanism for the formation of benzoxazines derivafiyesd (L6).

benzoxazine derivatives was a long and tedious processwould follow a similar proposed mechanism, the initial
The benzoxazine derivatived1) and (L8) were isolated interaction occurs through the xylenol to form a xylenol—
and fully characterized, however, due to the extreme diffi- HMTA reactive intermediate, which either further reacts
culties in separating the ‘mixed’ benzoxazine specl®) (  with a xylenol molecule to form1g) or can react with the
and (7), they were characterized as a mixture of the two phenolic ring of the succinimide compound to form7)
isomers. All spectroscopic data (i.e. n.m.r.,, M.BTi.r., (Scheme 5, Pathway B).
etc.) supported the proposed structures. The structures of Alternative mechanisms which involve interchange reac-
the ‘mixed’ benzoxazine derivatives and relative yields tions between a first formed benzoxazine and the free xyle-
were identified from their'*C n.m.r. resonances in the nol or succinimide were tested (Scheme 6).
crude reaction mixture. The resulting crude reaction mixture was observed
The benzoxazine derivatives of typdd) and (L8) were directly via®3C n.m.r. spectroscopy. The characteristic reso-
identified as being derived from the interaction of HMTA nances of the benzoxazine derivative were unchanged from
with two succinimide or two 2,4-xylenol compounds their position in the starting materials, suggesting that the
together, respectively. The formation of such intermediates benzoxazine does not readily decompose under the present
suggests that the presence of either the succinimide or xyle-reaction conditions. Further, there was no evidence of the
nol compounds in the systems does not preclude the normalformation of the ‘mixed’ benzoxazine derivatives. This
mechanism of the reactions between the phenolic rings andlends support to the theory whereby the mixed benzoxazines
HMTA. The other two benzoxazine derivative$6{ and are formed directly and not from an interchange process.
(17), represent the formation of ‘mixed’ benzoxazine spe-  To further investigate other pathways for the formation of
cies. These results are consistent with each of the phenolicthe ‘mixed’ benzoxazines, a mixture of the benzoxazine
units (from either the succinimide or xylenols) forming derivatives {1) and (8) was heated in the presence of
separately a reactive intermediate with HMTA. These inter- HMTA at 130°C for 3 h (Scheme 7). This system more
mediates can then react with the succinimide or xylenol to accurately represents the conditions for the interaction
form the four benzoxazines observed. Thus, in pathway A between theN-(hydroxyphenyl) succinimides, 2,4-xylenol
(Scheme 5), the initial reactive intermediate is derived from and HMTA, where there is an excess of HMTA.
a succinimide—HMTA interaction, and further reaction The **C n.m.r. of the crude reaction mixture showed little
forms either {1) or (16). The formation of {7) and (L8) evidence of the breakdown of either of the benzoxazine

3 hrs/130"C

‘<-_/ /\Q/ No Observable
Reaction
(18)

Scheme 6. 2,4-Xylenol benzoxazine derivatit8)(and N-(hydroxyphenyl) succinimides3) in a 1:1 mole ratio, where R- H or CHs.
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OH o
O/\N/\(\ N .
N R/\/ . + HMTA » NO Observable
Ot:/ o 3hrs/130°c  heaction
N
o (18)

Scheme 7. Reaction of benzoxazine derivatii®y énd (8) with HMTA at 130°C, where R= H or CH;.

(11)

derivatives and no formation of either of the ‘mixed’ ben- could interact with HMTA forming an interconnected three-
zoxazine derivatives. Therefore, under the present reactiondimensional network.

conditions, the mixed benzoxazine derivatives are probably

derived from interaction between HMTA, Id-(hydroxy- 3.3. Kinetics of reaction between HMTA and model’s for
phenyl) succinimide and a 2,4-xylenol molecule. It would polyimides and phenol-formaldehyde resins

be reasonable to assume that a similar reaction mechanism

occurs in the composite system where the pgél{fydro- The relative reactivity of the xylenol anN-(hydroxy-
xyphenyl) maleimides) and the phenol-formaldehyde resin phenyl) succinimide compounds towards HMTA in the

HMTA

N l 4 hrs
1 e J 3 hrs
A l 2 hrs
Mixed Benzoxazines
L A 1hr
1 l 40 mins
(a) (b)
0 hrs

T T T T T T T T T

115 110 105 100 95 90 85 80 75 ppm

Fig. 1.°C n.m.r. spectra of interaction between 5SM2HFBIZ,4-xylenol 14) and HMTA, where (a) and (b) are tlethoreactive position sites for SM2HPSI
and 2,4-xylenol, respectively.
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Table 2

3047

Measured 1, values for the reaction of model polyimides/2,4-xylenol/HMTA in a 3:3:2 mole ratio at@30

Compound tio HMTA Major product
2HPSI @) 1h 3 min Benzoxazine
5M2HPSI ) 1h 30 min Benzoxazine
3M2HPSI ) Inhomogeneous Benzylamihe
3HPSI () 2 h 50 min Benzoxazine
2M3HPSI 8) 3h Benzoxazine
4HPSI Q) Inhomogeneous Benzoxazfhe
3M4HPSI (0 4'h 30 min Benzoxazine

4nhomogeneous reaction mixture, therefoggvalue not measured.

individual cases has previously been shown to vary consid- benzylamine type intermediates. This possibility of compet-
erably. The presence of the succinimide ring was shown to ing reaction pathways complicates the study of the reaction
increase the reactivity of the phenolic ring towards HMTA mechanism. However, it can be stated that the interaction
in all the model polyimide compounds investigated. In addi- between HMTA and the phenolic rings of both tine
tion, it was shown that the relative substitution of the phe- (hydroxyphenyl) succinimide and 2,4-xylenol does occur.
nolic ring affected the reactivity of the model polyimides. Further, the reactivity of the polyimide models depends on
The model polyimides which contain the succinimide ring the substitution of the phenolic ring. The models which

orthodisposed relative to the hydroxyl substituent generally
reacted faster than either theetaor para derivatives.

The increased reactivity of tHé-(hydroxyphenyl) succini-
mides towards HMTA, and its effects on the interaction with
2,4-xylenol were of interest. This could have ramifications on

the structure of the composite material, if there was preferen-

tial incorporation of one component. Thus a series of NMR
experiments was carried out where the rate of HMTA
consumption was measured over a period of 8 h (Fig. 1).
From the'*C NMR spectra in Fig. 1, it was observed that
the intensity of the HMTA resonance (at approximately

74 ppm) decreases concurrently with the increase in the
resonances associated with the four different types of ben-

contain the succinimide ringrtho disposed relative to the
hydroxyl substituent are considerably more reactive than
either themetaor para disposed models.

To determine whether the increased reactivity of the phe-
nolic ring of the polyimide models towards HMTA has any
effect on the formation of the mixed benzoxazines, the rate
of formation of the benzoxazine derivatives was monitored
over the course of 8 h using thefiC n.m.r. resonances.

3.4. Relative rates of formation of the benzoxazine
derivatives

The interactions between HMTA and each of tNe

zoxazine derivatives (centered around approximately (hydroxyphenyl) succinimides containing a vacamtho

81 ppm). The intensity of thertho reactive site on thé-

position and 2,4-xylenol produces four types of benzoxazine

(hydroxyphenyl) succinimide decreases at a greater ratederivatives. The rate at which each benzoxazine is produced

than that of 2,4-xylenol, which is consistent with the greater
reactivity of the phenolic ring of the succinimide derivative.
The time for half of the available HMTA to be consumed,
thety, value, was calculated from the spectral data for the
interaction of each of the model compounds10) and 2,4-
xylenol with HMTA. Our reaction conditions allow for the
comparison of the relative reactivity of HMTA towards the
N-(hydroxyphenyl) succinimides and 2,4-xylenol systems
but not to deduce more accurate kinetic data (Table 2).
The reactivity towards HMTA of the phenolic ring of the
N-(hydroxyphenyl) succinimide and of the 2,4-xylenol sys-
tem followed a similar trend to that observed for the system
without the addition of 2,4-xylenol. The models which con-
tain a vacanbrtho site relative to the hydroxyl substituent
are considerably more reactive towards HMTA than either
the metaor para derivatives. This is most evident for the
reaction of 2HPSI, 2,4-xylenol and HMTA system, where
HMTA is consumed up to four times faster than the reaction
between 3M4HPSI, 2,4-xylenol and HMTA. As noted ear-
lier in systems which contain a vacgrdraposition relative
to the hydroxyl substituent further reaction occurs to form

is dependent on several factors. The first is the relative
reactivity of the N-(hydroxyphenyl) succinimide. It was
previously mentioned that the reaction betweetho sub-
stituted succinimides and HMTA occurred at a greatly
increased rate compared to that of 2,4-xylenol and
HMTA. Therefore, during the initial stages of the reaction,
the benzoxazine derivatives are primarily derived from the
reactions which contain the faster reacting species, i.e. the
N-(hydroxyphenyl) succinimide derivatives, producing
compounds such adl) and (6). For example, during the
reaction of SM2HPSIY), 2,4-xylenol and HMTA, the phe-
nolic ring of the succinimide compound reacts more than
four times faster than 2,4-xylenol, and consequently there is
a higher proportion ofN-(hydroxyphenyl) succinimide
derived benzoxazines. The second controlling factor is the
concentration of the reactants in the system. As the concen-
tration of 5M2HPSI §) in the system decreases, the prob-
ability of two N-(hydroxyphenyl) succinimide compounds
interacting to form benzoxazine derivatives diminishes, and
reactions involving 2,4-xylenol begin to dominate. This is
evidenced by the increase in the benzoxazine derivative of
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(16)
(18)
(1)
an
3 hrs
NV T 2 hrs
W 1hr
40 mins
W\/\/\MM\/M\/\/W\MW 20 mins
LA R A T LAY AR AR LM AAA R LA AL LR A L L S L LAt A EA KA LA A A LA
83.0 82.6 82.2 81.8 81.4 81.0 80.6 ppm

Fig. 2. °C n.m.r. spectra of interactions between SM2HPSI (%)/2,4-xyletd)| énd HMTA.

the type (8) in the later stages of the reaction, which is types of benzoxazine derivatives is demonstrated in the
derived from the interaction of two 2,4-xylenol species. series of**C n.m.r. spectra shown in Fig. 2. The resonances
The reaction to form the benzoxazine species of tia% ( are labelled with the corresponding benzoxazine derivatives
is not as prevalent in this system, as it involves the initial from which they are derived.
formation of a ‘2,4-xylenol-HMTA’ reactive intermediate Where theN-(hydroxyphenyl) succinimide derivatives
and then interaction with aiN-(hydroxyphenyl) succini-  contain a vacanortho position and react with HMTA at a
mide species. The difference in reactivity between these similar rate to 2,4-xylenol, such as 3M4HP3DJ, the four
two species is significant and the concentration of the benzoxazine derivatives are formed at approximately the
‘2,4-xylenol-HMTA'’ reactive intermediate in the system same rate. This suggests that formation of the first reactive
would be quite low. Therefore, the possibility of it inter- intermediates, as outlined in Scheme 5, occur at similar
acting with a freeN-(hydroxyphenyl) succinimide species is rates, and the possibility of these species reacting with the
unlikely before all the reactive succinimide species have phenolic ring of a 2,4-xylenol molecule or a succinimide
been consumed. species is approximately equal.
The concentration of the normal 2,4-xylenol benzoxazine  The previous two systems outlined above both contain
derivative (L8) continues to increase during the course of the one reactive positiomrtho to the hydroxyl group. For the
8 h until all the free 2,4-xylenol has reacted. Under the systems where there is more than one reactive position on
present reaction conditions, there is no evidence of thethe phenolic ring, the number of possible reaction mechan-
breakdown of any of the benzoxazine derivatives formed isms is greater. The normal reaction throughahtho posi-
over the 8 h. The increase in concentration of the four tion to form the four benzoxazine derivatives can occur, but
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OO0

d O 0
P T™P No Observabl
+ +HMTA ———— 70 -bsevable
N 3 hrs/130°C Reaction
(e}
(19) (20)

Scheme 8. Reaction ot THP-masked phenolic compounds with HMTA.

in some systems, reaction can also occur througtptira observed is the benzoxazine derived from xyled®) (We
position. It has been noted, that reaction atdttbo position can therefore control which phenolic ring interacts with
dominates the reaction pathway when there are dnteo HMTA in the system, and by varying the temperature of

and para reactive sites, and reaction at thara position the system, the onset of the reaction with HMTA can be
occurs later when most of thertho sites have been controlled.
consumed. These difficulties make the interpretation of Industrially, the reaction temperature at which the cross-
the relative growth of the different reaction products diffi- linking reactions of phenol-formaldehyde resins and HMTA
cult. This exemplifies the difficulties encountered even occur is varied along a ramped temperature cycle [16]. By
using a model compound approach for examining the inter- selective masking using the THP derivative of either the
action between the polyimides, phenol-formaldehyde resins phenol-formaldehyde resin or polN{(hydroxyphenyl)
and HMTA. maleimides), the temperature at which reaction with HMTA
occurs can be controlled. The THP masked polymeric material
3.5. Control of interactions between HMTA and both models will not interact with HMTA, therefore in a composite
for polyimides and phenol-formaldehyde resins blend, only the component with the free phenolic group
will interact with HMTA. The possibility of the formation
Interactions between the HMTA and the models for the of an interpenetrating polymeric network is a consequence
polyimides and phenol-formaldehyde resins have been of the relative inertness of one of the polymeric materials in
established. It was shown that there is a predominance ofthe blend towards HMTA. Two phases could be formed in
the more reactive phenolic ring in the benzoxazine deriva- the blend, whereby one polymer interacts with HMTA to
tives formed. If this was generally applicable to the poly- form a crosslinked network, and the second does not
meric systems, we might expect there to be a higher level of undergo any crosslinking reactions. Possible changes in the
crosslinking between the polyimides in the composite mat- physical properties of such a composite could be beneficial,
erials. Control over the level of crosslinking reactions that and work is currently being conducted to more closely
occur in composite materials is a desirable engineering examine these systems. Further articles in this series will
characteristic. In our previous work on the synthesis of discuss the implications of the selective masking of the
high molecular weight poly-(hydroxyphenyl) malei- phenolic groups using THP groups.
mides) [10,19], a tetrahydropyranyl (THP) group was used
to mask the phenolic group during the free radical chain
polymerization. The THP group effectively masks the 4. Conclusions
reactivity of the hydroxyl group, and can be easily removed
thermally. It was therefore envisaged that by masking N-(Hydroxyphenyl) succinimide and xylenol compounds
the hydroxyl group of the model polyimides, their reactivity have successfully been used to model both poii(ydro-
towards HMTA could be modified. To this end, the xyphenyl) maleimides) and phenol-formaldehyde resins in
most reactive of theN-(hydroxyphenyl) succinimides, their reaction with HMTA. Interactions between HMTA and
5M2HPSI 6) and 2,4-xylenol 14) were masked with N-(hydroxyphenyl) succinimides and 2,4-xylenol com-
THP and their reactivity towards HMTA gauged, as outlined pounds to form four benzoxazine derivatives were noted.
in Scheme 8. The relative rates of reaction were examined usif@
The °C n.m.r. of the reaction mixture showed no evi- n.m.r. techniques, and found to be dependent on the substi-
dence of any interaction between HMTA or either of the tution pattern of the phenolic ring of the succinimide ring.
THP-masked phenolics. In the reaction of HMTA with The N-(hydroxyphenyl) succinimides which contain the
5M2HPSI 6) and @O0), the only products observed are hydroxyl grouporthoto the succinimide ring, reacted faster
those derived from the reaction of 5SM2HPSI to form the than either thanetaor para derivatives. This is evident in
corresponding benzoxazine derivative. Further, in the reac-the disproportionately high concentration of benzoxazine
tion of HMTA with 2,4-xylenol (L4) in the presence of the  derivatives derived from the succinimide compounds in
THP-masked succinimide derivativé9), the only product the initial stages of the reaction. As the concentration of
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unchanged succinimide compounds in the system decreasesl[2] Matsumoto A, Hasegawa K, Fukuda A. Polym Int 1993;31:275.

over time, the relative proportion of xylenol derived ben-
zoxazine derivatives increases. Control over the relative
rates of reaction of the succinimide and xylenol compounds
was achieved by selective masking of the phenolic substi-
tuent with the thermally labile THP group. Masking the
phenolic group with a THP group, stops all reactive inter-
actions between HMTA and the phenyl ring. The THP
group can be thermally removed at a specific temperature,
unmasking the phenolic group and allowing reaction with
HMTA to occur.
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