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Abstract Rigid chemical structure provides for excellent
thermal and thermo-mechanical properties of heat resistant
organic polymers, but affects their fabricability. For the first
time a new original chemical approach to the problem of com-
bining high-temperature stability, durability of thermosetting
polymers with environmental safety and easy processability
has been developed and demonstrated in detail. The key meth-
odological concept was introducing a new structure-forming
tool (x-hydroxyethyl)phenylene functional groups) into the
chemistry of thermally stable organic polymers. The main
goal of this work was to reveal structure—property correlations
for rolivsans and products of their cure; using the obtained
data would allow to combine resin processability with high
thermo-oxidative stability, good heat deformation characteris-
tics and mechanical strength of the prepared polymeric mate-
rials. The properties of network copolymers of
(di)vinylaromatic ethers with thermosensitive
(di)methacrylates and copolymer-based composites were
studied. These copolymers were capable of changing their
(micro)structure, crosslink density and mechanical properties
in the process of thermal treatment. Rolivsan resin composi-
tions with equimolar concentrations of styrene-like and meth-
acrylate end groups have shown optimal combination of fab-
ricability, mechanical strength and heat deflection temperature
(HDT). It was found that HDT of rolivsan castings/glass-
reinforced plastics was 250 °C/275 °C. Rolivsan
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copolymers/composites could withstand short-duration tem-
perature spikes (up to 350 °C).

Keywords (Di)vinylaromatic ethers - (Di)methacrylates -
Crosslinked polymers - Polymer matrix composites - Thermal
properties - Mechanical properties

Introduction

As is well-known, high-temperature properties of organic
polymers (which are characterized by glass-transition temper-
ature (T,), heat deflection temperature (HDT) and tempera-
tures of thermo-oxidative destruction (e.g., temperature of 5 %
weight loss (Tse,)), on the one hand, and their good fabrica-
bility, on the other hand, are reached by using various synthet-
ic methods and including flexible or rigid chemical fragments
into polymer chains. Poor processability is peculiar to com-
monly used heat resistant polyimides containing rigid aromat-
ic, heterocyclic and densely cross-linked fragments obtained
by polycondensation. On the contrary, common solvent-free
liquid unsaturated (poly)ester and epoxy thermosetting resins
which are easily cured (for example, by free radical
crosslinking and the epoxide—amine polyaddition reactions),
include relatively flexible ether/ester units and have not very
high crosslink density. However, they demonstrate low heat
resistance (on the average, their HDT is 100£50 °C).
Therefore, great attention is still given to developing new
methods for the synthesis of heat resistant polymers combin-
ing high thermal stability and durability, good fabricability
and environmental safety. Various palliative approaches are
suggested (e.g., introduction of different combinations of
rigid-flexible structural elements into polymer chains [1, 2]).
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Chemistry of rolivsan resins

The development of rolivsans involved novel chemical ap-
proach to the synthesis of high-temperature thermosetting
resins. This approach is based on the introduction of a new
structure-forming tool into the chemistry of heat resistant
polymers, namely, (x-hydroxyethyl)phenylene group
(—C¢H4-CH-(CH3)-OH) and its esters (thermosensitive
cyclizable methacrylates). Rolivsans are formed in the series
of consecutive-parallel reactions (catalyzed by strong acids)
between di-secondary aliphatic-aromatic diols (di-sec. diols)
and unsaturated carboxylic acids [3-9]. Thermosetting resins
of this type may be obtained from various di-sec. diols and
carboxylic acids [5—8]. However, the most promising mate-
rials were synthesized via the acid-catalyzed reaction of one
di-sec. diol (bis-[4-(x-hydroxyethyl)phenyl] ether, BHEPE)
with methacrylic acid (MAA) [4, 7, 8]. Rolivsans (ROLs)
are solvent-free liquid or low-melting monomer-oligomer
compositions including bis-(4-vinylphenyl) ether (4,4'-
divinyldiphenyl oxide), (di)methacrylates of BHEPE and
highly unsaturated aromatic oligoethers containing terminal
styrene-like and methacrylate groups (ROLs-OLs).

The studies of mechanism of the ROLs formation have
revealed that in the one-pot process, the following
consecutive-parallel acid-catalyzed polyreactions occur:

(a) esterification of the BHEPE diol by MAA [3, 4],

(b) co(poly)condensation of BHEPE and MAA leading to
the formation of oligoethers with methacylate end groups
(OMEQG) [10],

(c) acidolysis and dehydration of OMEG resulting in the for-
mation of bis-(4-vinylphenyl) ether (M 1), methacrylic es-
ter of 4-vinyl-4'-(o-hydroxyethyl)phenyl ether (M2) and
dimethacrylic ester of bis-[4-(x-hydroxyethyl)phenyl]
ether (M3) [3, 4],

(d) stepwise splitting of the M2 and M3 methacrylates [3, 4]:
M3 — M2 + MAA, M2 — M1 + MAA,

(e) cationic proton-transfer polyaddition reactions of
(di)vinylaromatic compounds (M1) [3, 4, 11-15].

Thus, it has been established that aromatic compounds con-
taining two (x-hydroxyethyl)phenylene groups are capable to
start cascade of consecutive-parallel polyreactions yielding a
new type of solvent-free liquid or low-melting multicompo-
nent polyfunctional compositions which were called «rolivsan
thermosetting resinsy.

It has been found that thermal cure of ROLs leads to
the formation of heat resistant network copolymers ca-
pable of changing their chemical structure [16—19], mi-
crostructure [20], network density and, accordingly, their
thermal and mechanical properties. In the present work,
the first detailed studies of the influence of structure
and composition as well as cure and post-cure schedules
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of ROLs on thermal and mechanical properties of the
resulting network copolymers and compositions were
carried out.

Experimental
Materials

Raney nickel catalyst and alkali-free aluminoborosilicate sa-
teen fiberglass cloth (“T-10-14(92)” grade) were purchased
from MERCK-Schuchardt, Germany and J-SC RLB Silika,
Moscow, respectively used as received. Remaining chemicals
were purchased from Aldrich and used as received.

Characterization

Size exclusion chromatography (SEC) studies of rolivsans
were made using a GPC Waters chromatograph equipped with
Ultrastyragel (500A) columns at 20 °C; toluene was used as an
eluent [4]. Number-average molecular weights of oligomers
(M,,) were determined using a Hitachi-Perkin-Elmer 115 steam
osmometer [15]. Viscosity of samples was measured with a
“Rheotest-2” rheogoniometer. Accelerated thermo-oxidative
aging of the cured ROL samples (with masses of 0.50+0.1 g
and average dimensions of 35x4x3 mm) was conducted in air
thermostat at constant temperature (300, 320 and 350 °C); mass
losses were determined every 1-3 h.

Dynamic thermogravimetric analysis (DTGA) of
grinded samples of the cured M1 and ROLs was per-
formed using a Paulik-Paulik-Erdei “Derivatograph C”
(MOM, Hungary); heating rate was 10 °C/min. The
flexural strength (oF"°C) of (clear) castings and fiber-
glass cloth laminates at various temperatures was deter-
mined using the three-point flexural test; the test ma-
chine was equipped with a thermal chamber. The sam-
ples with rectangular cross-section had the following
dimensions: width 3-4 mm, thickness ~1.0-2.3 mm,
the length of the support span 15 mm. Loading speed
was 1.5 mm/min. Temperature dependences of the dy-
namic Young’s modulus (E’) and mechanical loss tan-
gent (tan 0) were obtained dynamic mechanical analysis
(DMA) using a DMA 242C/1/F dynamic mechanical
analyzer (NETZSCH, Germany) at a frequency of
~1 Hz. The stress—strain properties of planar samples
of the cured ROL-II (including modulus of elasticity
(E“"©), ultimate lengthwise strain (¢;;"’), ultimate
crosswise strain (e5," ), and the Poisson ratio (pu"°%))
were studied within the temperature range of 20-350 °C
at uniaxial and biaxial loading using a MTS Criterion
system [25] (see Table 4).
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General procedure for the one-pot synthesis of rolivsan
resins

The synthesis of rolivsan resins includes:

1. preparation of bis-(4-acetylphenyl) ether (BAPE) via the
Friedel-Crafts acetylation of diphenyl ether,

2. preparation of bis-[4-(x-hydroxyethyl)phenyl] ether
(BHEPE) by catalytic hydrogenation of BAPE on the
Raney skeletal nickel catalyst [21],

3. acid-catalyzed “condensation” of BHEPE with MAA [4,
7, 8].

The details of obtaining the ROL resin compositions which
have been poorly described in previous publications are given
below.

Synthesis of bis-(4-acetylphenyl) ether

The mixture of 200 mL of methylene chloride (CH,Cl,) and
330 g (2.5 mol) of anhydrous aluminium chloride (AICl;) was
placed in a 2 L three-necked round-bottom flask immersed in
the ice bath. The flask was equipped with mechanical stirrer,
thermometer, dropping funnel and reflux condenser with gas
outlet pipe connected to a trap (gas absorber) containing alkali
solution for removing hydrogen chloride (HCI). 172.6 g
(2.2 mol) of acetyl chloride (AcCl) was slowly added to this
mixture from the dropping funnel at stirring (for about 15 min,
at 5-10 °C). Then, the dropping funnel was charged with
170.2 g (1.0 mol) of diphenyl ether (DPE) diluted by 60 mL
of CH,Cl, (to avoid DPE crystallization). The DPE solution
was gradually (for about 30 min) added to the acetylating com-
plex at 5-10 °C and at vigorous stirring. Then, the reaction
mixture was stirred at 20-25 °C for 1 h. Decomposition of
the BAPE/AICI; complex was carried out in a 5 L three-
necked flask immersed in the ice bath. Solution of the complex
in CH,Cl, was slowly added to the ~20 wt.% solution of HCI at
stirring (at 5—-10 °C for about 15 min). CH,Cl, was removed at
3040 °C by distillation, the precipitate was washed with water,
treated with 1 L of 2-3 wt.% solution of NaOH at 50 °C for 2 h,
and washed again with water, until pH=7.0 was reached. The
product was filtered off and dried at 50—75 °C for several hours.
Yield: 97 % (247 g), melting temperature (T,,) ~103 °C.

Synthesis of bis-[4-(a-hydroxyethyl) phenyl] ether (BHEPE)

Hydrogenation of BAPE was carried out according to the
modified procedure, in a 5 L vertical stainless steel jacketed
autoclave equipped with a mechanical stirrer (3000 rev/min),
siphon, thermocouple, manometer gage and annular electric
heater. The mixture of 770 g (3.03 mol) of BAPE, 2.8 L of
ethanol, and 135 g of a wet spread (paste) of the Raney nickel
catalyst (MERCK-Schuchardt, Germany) was placed into the

autoclave. The percentages of dry Ni and Al in the catalyst
were ~88 and 12 %, respectively. Hydrogenation of BAPE
was carried out at stirring and heating the reaction mixture;
the initial hydrogen pressure was ~100 atm. The decrease in
pressure caused by hydrogen absorption was 55 atm. for the
first 4 h, while the temperature increased from 17 to 40 °C.
The pressure was again raised to 100 atm., and the mixture
was gradually heated from 40 to 50 °C, in order to speed up
the reaction. The drop in the pressure (20 atm.) was observed
for the next 2 h. The completeness of the reaction was esti-
mated by IR-spectroscopy. In the IR spectra of the taken sam-
plings, the disappearance of acetyl group absorption band at
1670 cm™' was observed. The yield of the crude BHEPE was
780 g (after sedimentation of the catalyst, filtration of the
alcoholic solution, and removing ethanol by distillation).
Recrystallization of the crude product using 5.2 L of toluene
gave 675 g of the purified BHEPE (86 wt.%), T,, 85-87 °C.

Preparation of rolivsan resins

Preparation of the ROL-I resin For the preparation of the
ROL-I resin composition, the mixture of 50.0 g
(0.1936 mol) of BHEPE, 400 mL of benzene, 1.25 g of
copper (I) chloride (CuCl) and 0.050 g of hydroquinone
(HQ) was placed in an 1 L three-necked round-bottom
flask equipped with mechanical stirrer, thermometer, and
reflux condenser connected to the Dean-Stark trap. The
mixture was stirred and heated up to 70-80 °C, in order
to achieve BHEPE dissolution. After that, 41.7 g
(0.4844 mol) of MAA and 1.250 g of p-toluenesulfonic
acid monohydrate (p-TSA) were added to the reaction
mixture, and the solution was refluxed at ~80 °C for 1 h
40 min. The water released during the process was dis-
tilled off as a toluene-water azeotrope. When water re-
lease stopped, the resin solution was cooled down to room
temperature, precipitate was filtered off, and the solution
was washed successively with distilled water (several
times, ~50 mL at a time), with 5 % solution of NaHCO;
(three times, 50 mL at a time), and with water (several
times, 100 mL at a time), until pH=7 was reached. The
solution was dried over CaCl,, filtered again, and benzene
was removed by distillation under reduced pressure. The
yield of the resin was 48 g. The composition and proper-
ties of the ROL-I resin are given in Tables 1 and 2.

Preparation of the ROL-II resin For the preparation of the
ROL-II resin composition, the mixture of 140.0 g (0.542 mol)
of BHEPE, 3.5 g of CuCl, 1.4 g of HQ, 1300 mL of toluene
and 70.0 g (0.813 mol) of freshly distilled MAA was heated at
stirring at the temperature of 70 °C for ~15 min. After that,
0.420 g of p-TSA was added to the solution; the mixture was
stirred, boiling temperature (102—111 °C) was maintained un-
til the dehydration process ceased (i.e., for 1.5 h); the main
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Table 1  Composition and properties of components of ROLs

Unsaturated components®

4,4"-H,C=HC-Ph-O-Ph-CH=CH,* (M1)
bis-(4-vinylphenyl) ether

CH, O CH,
4,4'-H,C=HC-Ph-O-Ph-CH-O-C-C=CH, (M2)

Methacrylic ester of 4-vinyl-4'-(a-hydroxyethyl)-phenyl ether, (monomethacrylate)

H,C O H,C CH, O CH,

[ \ | Il
H,C=C-C-O-HC-Ph-O-Ph-CH-O-C-C=CH, (M3)
Dimethacrylic ester of bis-[4-(x-hydroxyethyl)-phenyl] ether
Mixture of unsaturated oligomers (ROL-OL)

Content of componentsb, wt % np2°

ROL-I ROL-II ROL-III

1242 1542 26+3 1.588°1°[8, 13, 22]
2843 3543 4343 1.570%' [23]

2043 2545 1442 1.541 [24]

40+5 25+5 1743 -

# _Ph-=phenylene
® Content of each component in ROLs was estimated from the SEC data
°Tp, for M1 is 89 °C [8]

amount of water (~14 mL) was released during the first half
hour of the synthesis. The yield of the resin was 145 g. The
composition and properties of the ROL-II resin are given in
Tables 1 and 2.

Preparation of the ROL-III resin For the preparation of
the ROL-III resin composition, the mixture of 130.00 g
(0.5032 mol) of BHEPE, 0.260 g of p-tert-butyl cate-
chol (p-TBC), 1040 mL of toluene, 1.30 g of p-TSA
and 43.5 g (0.505 mol) of freshly distilled MAA was
refluxed for ~40 min. During heating, ~16.7 mL of
water was released. Then, the temperature was lowered
down to 70 °C, and the reaction mixture was stirred at
this temperature for 1 h. The following procedures were
carried out as described above. The yield of the resin
was 125 g. The composition and properties of the ROL-
III resin are given in Tables 1 and 2.

Synthesis of bis-(4-vinylphenyl) ether (M1)

The mixture of 30.03 g (0.1163 mol, or 0.2981 mol/L)
of BHEPE, 0.030 g of p-TBC, 0.1470 g (~2x10"> mol/
L) of p-TSA and 360 mL of toluene was refluxed for
2 h 20 min. The water released during dehydration was
removed from the system by azeotropic distillation, and
the reaction mixture was treated as described above.
The yield of the unsaturated composition enriched with
bis-(4-vinylphenyl) ether (M1) was 96.7 % (25.0 g), Ty,
84-86 °C. According to the size-exclusion liquid chro-
matography (SEC), the percentages of components
(wt.%) were as follows: the M1 monomer ~90, its un-
saturated dimer ~9, its unsaturated trimer and tetramers
<1l %. After recrystallization from ethanol, the M1 prod-
uct with the purity of higher than 99.5 % and T, of
85-87 °C was obtained.

Table 2 Synthesis conditions
and some properties of the

uncured ROLs samples

Property ROL-I ROL-II ROL-III
BHEPE/MAA molar relationship 1:2.5 1:1.5 1:1.5
Temperature, °C ~80 ~110 ~110
Time, hours 1.7 1.5 1.7
Viscosity (nt,”), mPa.s (cps) 18007, 175% 800% -
Density (d*°,), g/em® 1.090 1.085 1.10
Melting temperature, °C Liquid Liquid ~44
np>° 1.594 1.581 1.573
Ester number, mg KOH/1 g resin 170 200 -
Amount of >C=C<bonds per | g 0.0055 0.0060 -

of resin
Number-average molecular weight 400 350 -
Solubility (compatibility) Aromatics, CH,Cl,, CHCl;,  Aromatics, CH,Cl,, CHCl;, -

epoxies, epoxies,
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Acid-catalyzed oligomerization of bis-(4-vinylphenyl)
ether

Oligomers of higher molecular weights (OLy;—90) Were synthe-
sized via acid-catalyzed polycondensation and dehydration of
BHEPE and subsequent cationic polyaddition of the formed
bis-(4-vinylphenyl) ether (M1) (Scheme 1). The mixture of
180.00 g (0.6968 mol) of BHEPE, 0.1809 g of p-TBC and
1440 mL of toluene was heated and stirred at 80-90 °C for
15 min. 1.2325 g (~4x 10> mol/L) of p-TSA was added to the
obtained solution; the reaction mixture was refluxed for 1.5 h.
During this period, 24.5 mL of water was removed from the
system. Then, the temperature was lowered down to 80 °C, the
solution was additionally stirred for 0.5 h, cooled to room tem-
perature and treated as described above. The yield of OLjy;—gg
was 148.2 g; content of double bonds (>C=C<) was 0.0053 mol/
g, To was 45-55 °C, np°=1.6285, np>**=1.6430 (supercooled
liquid), viscosity (“°“, mPa s) had the following values: 1=
840, n100=200, n140=15; M,=900+100. Percentages of com-
ponents (wt. %, SEC): M1 — 20 %, dimer — 15 %, trimers —
13 %, tetramers — 12 %, pentamers ~10 %, hexamers ~10 %,
oligomers with higher molecular masses ~20 %.

Preparation of rolivsan (clear) castings

The bulk polymer samples (Fig. 1) were prepared by thermal
cure of ROL compositions cast into open rectangular brass
molds treated with the methyltrichlorosilane solution with di-
mensions of 32x25x 15 mm; the process was conducted in air
according to the following regime (heating rate (deg/h)/the tem-
perature range): 5/140-170 °C,15/170-200 °C, 25/200-300 °C.

Preparation of fiberglass cloth laminates

Fiberglass cloth laminate samples in the form of plates with a
thickness of 1.6-2.0 mm were obtained by hot pressing of
prepregs consisting of 5, 6 or 8 sheets of dried fiberglass cloth
(untreated or annealed at 220 °C for 2 h). The fiberglass cloth
was made from alkali-free aluminoborosilicate sateen fiber
(“T-10-80(92)” grade) impregnated with binders based on
ROL-I, ROL-II or bis-(4-vinylphenyl) ether (M1). The specif-
ic molding pressure was 0.1 MPa. Hot pressing of the stack of
prepregs was carried out via gradual temperature increase

H,C  CH, 0 +

| | 110(144°C), [H']
HO-HC-Ar-CH-OH H,C=HC-Ar-CH=CH,
-H,0

CH, CcH, &

| I
H,C=HC-Ar-CH-(CH=CH-Ar-CH), ,-CH=CH-Ar-CH=CH, (OL),

where -Ar- is -Ph-O-Ph-, -Ph- is para-phenylene, n>2

Scheme 1 Acid-catalyzed reactions of di-secondary aliphatic-aromatic
diols

Fig. 1 The cured ROL-I samples after heating up to: (a) 180 °C/3 h, (b)
250 °C/8 h

from 140 to 300 °C as described above. The content of binder
in laminate was 30+3 wt.%.

Results and discussion

The dependence of composition and properties of samples
on synthesis conditions

The ROL-I, ROL-II and ROL-III samples studied in this work
were obtained after boiling the mixture of BHEPE and MAA
in benzene or toluene in the presence of acid catalyst and
inhibitors of polymerization. Generally, the dependence of
ROL composition on synthesis conditions can be presented
as follows (Scheme 2):

The rate of formation of monomeric (M1, M2, M3) and
oligomeric (ROLs-OL) unsaturated ethers/esters (Table 1)
and, therefore, composition of ROL resins, depends on the
[BHEPE]/[MAA] molar ratio, p-TSA concentration, temper-
ature and duration of the reaction (Tables 1 and 2). Molecular
weight distribution (MWD) of ROLs-OL oligomers depends
mainly on reaction temperature and p-TSA concentration.
However, mere varying conditions of ROL synthesis does
not allow to obtain products of any desired composition.
Concentration of methacrylates (M2 and M3) reaches maxi-
mum in the first stages of synthesis, but upon further boiling
the mixture, their concentration gradually decreases due to
partial splitting [3, 4]. With that, concentration of the M1
monomer increases (Egs. 1 and 2):

M3—M2 + MAA(1); M2—MI +M AA. (2)

The formation of highly unsaturated oligomers

In the final stage of rolivsan synthesis, monomers M1 and M2
are consumed fast (especially when temperature decreases

@ Springer
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1 T 80110°C HLMAA ity e M3+ oL (1)
4,4HO-HC-Ph-O-Ph-CH-OH -

-H,0, benzene, toluene (Rolivsan resins)

Scheme 2 General synthetic route for the one-pot acid-catalyzed chemical transformations (““(poly)condensation”) of the BHEPE diol with methacrylic
acid

from 110° to 70-80 °C and/or p-TSA concentration increases  unsaturated components occurs, and copolymers with dense
[11-14]) in stepwise dimerization reactions yielding ROLs-  network are formed [17, 19]. When temperature is increased
OL (Eq. 3): up to 180 °C, methacrylate crosslinks manifest thermal insta-
bility and split with the formation of pending MAA groups
and styrene-like monomer (CH,=CH-Ar-) units [17, 19, 23,
24]. Then, at 200-250 °C and higher temperatures, adjacent
MAA units and units containing aromatic styrene-like rings
are involved in solid-phase intramolecular cyclization reac-
tions (Friedel-Crafts acylation and dehydration) leading to
the formation of o-methylenetetralon and methacrylic anhy-
dride units (Scheme 3). Pending styrene-like fragments partic-
ipate in repeated reactions terminating free radical
crosslinking (post-cure) [17, 19, 23, 24].

The important point is that solid-phase acylation reac-

nM1 + 2M2—mp—(m; ) ,—m; (ROLs—OL), (3)

where -m;- and m,- are the M1 and M2 monomer units,
respectively.

These reactions are similar to the acid-catalyzed styrene
dimerization leading to the formation of 1,3-diphenylbutene-
1 [13, 14], which, in contrast to the considered
divinylaromatic ether (M 1) and oligoether (OL), is not capable
of further dimerization. In the ROL synthesis, these reactions
are the slowest [4, 15] and yield mainly unsaturated dimers
(Fig. 2) as well as small amounts of trimers and oligomers ) X > N
with higher molecular weights (ROLs-OL). In addition to typ-  tions between benzene rings of styrene-like units in poly-
ical ROLs of common composition (ROL-I, ROL-IT) obtained =~ ™€" network and carboxylvlc (al}hydrlde) groups of the
by chemical reactions, we have also prepared modified com- adjacent.unlts proceed casily within densely networked
positions of ROLs by introducing components with the lowest polyr.nerlc. ma.trlce.:s (when transport of reac.tants to the
molecular weight (M1) or the highest molecular weight rejactlon s1tes. is hindered). Therefore, the solid state of a
(OLat_000). These components were obtained separately. highly crossllnkeq pollymer cannot be an obsta.cle for n-
OLay_o00 possesses higher viscosity and number-average mo- trgmolecular .cychzfmon; the process occurs in shghtly
lecular weight (M,=900) than the oligomers comprised in acid .a'nd humid enylronment due j[O vibration and rotatloln
common rolivsans (ROLs-OL). Study of the modified ROLs mobility of the neighboring re'actlve groups. Here, one 18
was interesting, since it would allow to obtain network copol-  témpted to suggest analogy with cyclization of poly(amic
ymers with extended range of crosslink density and optimized acid) into the final polyimide WhICh are complete in solid
thermal and mechanical properties. In contrast to the rolivsan ~ Phase- Thu.s,.cured ROLs are highly crosslinked cqpoly-
synthesis, preparation of OLy_ogo Was performed via similar ~ M€TS containing x-methylenetetralon and methacrylic an-

BHEPE reactions in the absence of MAA (Scheme 1). hydride units in the maip chain and heat resistant bis-(4-
vinylphenyl) ether crosslinks (Scheme 3) [17, 19, 23, 24].

Thermal stability of these materials is caused by rigid
The cure mechanism structure and high density of polymer network including

cyclized methacrylate units in the main chain and
Processes of thermocatalytic cure of ROLs and every aromatic ~ crosslinks made of (di)vinylaromatic monomeric and olig-
monomer and oligomer comprised in the resins have been =~ omeric units. However, it should be noted that the influ-
studied previously [16-19, 22, 23, 26]. In the first (relatively ~ ence of structure, composition and regime of rolivsan cure
low-temperature, 140—170 °C) stage of the cure process, ther-  on the properties of the obtained copolymers has not been
mal copolymerization (free radical crosslinking) of  studied yet.

Fig. 2 Chemical structure of (EH3
unsaturated dimers H,C=HC-Ph-O-Ph-CH-CH=CH-Ph-O-Ph-CH=CH, (m,-m,),
CH, CH, OCH,

\ \ 1
H ,C=HC-Ph-O-Ph-CH-CH=CH-Ph-O-Ph-CH-O-C-C=CH, (m,-m,),

H,CO H,C CH, CH, O CH,

[ \ \ \ [l
H,C=C-C-O-HC-Ph-O-Ph-CH-CH=CH-Ph-O-Ph-CH-O-C-C=CH, (m,-m,)
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Scheme 3 Simplified scheme of
thermocatalytic transformations
of'a model rolivsan resin into heat
resistant network structure

Bridges
&“‘ 3
CH3 -‘O CH

H,C=HC- @ O-Q-CH -0-C-C= CH, (M2)

Thermosensitive
Styrene group methacrylic group

H C-HC-@ @-CH =CH,

H,CO H,C CH, OCH,

(M1)

[H']140-250°C

-H,0

| |
H,C=C-C-0-Hc© -o-@

The influence of temperature on thermo-oxidative
stability of network copolymers

As the cure of a rolivsan proceeds, crosslink density of the
obtained copolymers increases, together with values of thermal
characteristics (T, and HDT). Completeness of the formation
of desired copolymer structure is facilitated by more severe
post-cure conditions, i.e., higher temperature and duration of
the process. Increase in temperature and reaction time is possi-
ble only within certain range; beyond some limits, vigorous
thermo-oxidative destruction of copolymer takes place. It is
known that during the formation of high density polymer net-
works (e.g., three-dimensional polymerization of divinyl- and
trivinylbenzenes), large portion of pending unsaturated groups
(CH,=CH-Ar-) turn out to be blocked inside solid polymer
matrix [27]. During heating in air, these groups are subjected
to thermo-oxidative destruction in the first place [28].

According to the data of dynamic thermogravimetric analysis
(DTGA), considerable weight loss (5-10 wt.%) of ROL samples
with a final cure temperature of 250 °C is observed at 400+
20 °C (Fig. 3). However, dependences of sample weight loss
of the ROLs’ clear castings on the time of isothermal aging at
various temperatures proved to be more useful both for finding
optimal thermal schedule of cure and for obtaining characteris-
tics of thermo-oxidative destruction of new network copolymers
(Fig. 4). Deviation of initial experimental data (attributed to short
exposure times) from linear plot is caused rather by completion
of intramolecular (poly)cyclization (i.e., dehydration) in the post-
cure stage, than by the beginning of thermodestruction.

Figure 4 demonstrates that the post-cure carried out at
300 °C for 2 h (or even short-duration heat treatment of sam-
ples at higher temperatures, e.g., at 320 °C for 0.5 h) may
facilitate more complete cure of ROLs and not pronounced
thermo-oxidative destruction of polymers. Moreover, using
the Arrhenius equation (Fig. 5) in the analysis of the curves
of the initial isothermal decomposition allows us to estimate
approximately the activation energy of this process.

The E, value found for this high-temperature range (300°—
350 °C) turned out to be rather high (~60 kcal/mol, or ~251 kJ/
mol) and exceeds similar characteristic for thermodestruction
of a model polymer (polystyrene, 55 kcal/mol [27]).

-CH-O-C-C=CH, (M3)

Post-cure schedule

In order to reach the highest possible values of high-
temperature strength of casting samples, various temperature
and time schedules of ROL cure (including the most severe
ones) were studied. Table 3 demonstrates that the post-cure of
ROL samples at 250-300 °C is quite sufficient for maximiz-
ing 0"° values. Figs. 4 and 5 also indicate that treatment of
these samples at higher temperatures is hardly practicable,
since it leads to considerable destruction of copolymers.

Thermal and mechanical properties of neat resins
and composites based on these resins

Heat deflection temperature

Ambient temperature mechanical properties of the (clear) cast-
ings obtained by curing the neat resins do not differ greatly
from those of common unsaturated polyesters, vinyl esters or
epoxy resins [1]. Cured rolivsans are transparent, rather robust
but brittle colored polymer glasses (Fig. 1). The values of the
Poisson’s ratio for ROL (clear) castings [25] are close to those
for polystyrene, polyimide films, copper, aluminium or brass.

Weight Loss, %)

100 200 300 400 500 600 700 800 900 1000

Temperature, °c

Fig. 3 DTGA of grinded sample of the cured ROL-II at a heating rate of
10 °C/min in air
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Weight loss (100 Am/m), %
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Fig. 4 The dependence of weight loss of the ROL-I (1,3, 4) and ROL-II
(2) (clear) castings on the duration of thermooxidative aging at constant
temperatures (300, 320 and 350 °C)

In order to evaluate mechanical characteristics of the cured
ROL-I rolivsans at various temperatures and to estimate their
HDT, temperature dependences of averaged values of flexural
strength, static and dynamic elasticity modules were obtained.
In the studies of ROL castings, a great deal of scatter for the
measured flexural strength data (~20 %) was observed; this
fact may be explained by the presence of internal stresses
caused by high polymer network density. However, these tem-
perature dependences (Figs. 6, 7, and &, Table 4) are in good
accord with each other and indicate that within the 230-
300 °C temperature range, the studied ROL (clear) castings,
on the average, retain about half their initial strength (op>Y
or2°) or elasticity module (E*%E") measured at 20 °C.
These results were obtained for a common rolivsans resin of
the average composition, i.e., where the molar ratio of styrene
and methacrylate groups is approximately 1:1. Their number-

log K
02~

00
02
0,4
-0,6
-0,8
1,0
A2k
1,4
1,6

1,8 T R T T SR R R B
1,60 1,62 1,64 1,66 1,68 1,70 1,72 1,74 1000/T,K

O

Fig. 5 The Arrhenius plot (log(k) plotted against inverse temperature
1/T), where k is the initial rate constant of ROL-1 thermo-oxidative de-
struction estimated from the weight loss (percent/h) within the 300—
350 °C temperature range

@ Springer

Table3  The effect of maximizing temperature (Teywe max) and duration
of post-cure treatment of the ROL-I (clear) castings on their flexural
strength

Teure max>» CC ~ Time, hrs  Flexural strength o:"C, MPa at t, °C

20 250 300 320

250 10 105+10 40+5 25+5 1543
250 35 105£10 - 15+3 10+3
300 2 110+10 35+5 15+3 -

300 6 115+10 - 25+5 15+3
300 24 95+10 - - 25+5
300 72 100£10 - - 25+5
320 10 115+10 - - 15+3
320 20 125+10 - - 542
350 1 140+10 - - 542

average molecular weight is 400+£50. Analysis of the obtained
data leads us to the conclusion that HDT of the cured rolivsans
of the average composition ranges within 250+25 °C.

Fiberglass cloth laminates based on the common rolivsan
matrices of average composition

Rolivsans demonstrate good adhesion to fiberglass surface,
and rolivsan-based fiberglass cloth laminates possess rather
high mechanical strength and high chemical resistance [16,
29, 30]. Figure 9 shows temperature dependences of flexural
strength of (determined using the three-point bending test) of
fiberglass cloth laminate samples obtained from prepregs im-
pregnated with ROL-I and one of its components with the
lowest molecular weight (the M1 monomer). Flexural proper-
ties may vary with sample thickness. High of values for thin
samples (curve 1) can be explained by their considerable flex-
ibility leading to breaking at higher loads than those of thicker

_ 120}
©

S i
£ 100 |
m -
b

£ 80
o L
c

£ 60t
‘n -
®

S 40t
X L
°

o 2

0 " 1 " 1 " 1 " 1 " 1 " 1 " 1

0 50 100 150 200 250 300 350
Temperature (°C)

Fig. 6 The effect of temperature on flexural strength of the cured ROL-1
samples
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Fig.7 The effect of temperature on the static Young’s modulus E, (MPa)
of the cured ROL-II sample [25]

rigid samples (curves 2 and 3). Annealing of fiberglass cloth
(necessary to remove finishing material) weakens fibers and
leads to significant decrease in fiberglass cloth laminate
strength (curve 4). Within 280-300 °C, the samples still retain
approximately 50 % of the strength determined at ambient
temperature (20 °C). Thus, reinforcement leads to higher
HDT values for composites as compared with those for neat
resin matrices. Besides, in contrast to the data on (clear) cast-
ings, the observed scatter in the fiberglass cloth laminate
strength data is smaller (apparently, due to lower amount of
microcracks and internal stresses in thin laminar sublayers)
[31].

Estimation of rolivsan service temperatures

The data obtained in the studies of thermo-oxidative aging of
both castings (Fig. 4) and fiberglass cloth laminates (Table 5)
allowed us to determine service temperatures for rolivsan ther-
mosetting resins; these materials can be used as chemically

Dynamic Mechanical Analysis of a Rolivsan Resin

2800 |

— - 10,13
©
& 2400 - lo12
g :
W 2000 101
P 40,10
2 1600 - -
3 1009 3
2 1200 - 40,08 o
“gf, 800 | 40,07
8 - 40,06

o 1 1 1 1 L 1 L 1 n 1 1 1 L 1 L 0‘04

0 50 100 150 200 250 300 350 400

Temperature (°C)

Fig. 8 DMA of the cured ROL-II sample. Temperature dependences of
the Young’s modulus (E') and mechanical loss tangent (tan ) of the cured
ROL-II sample are shown

Table 4  Physico-mechanical properties of rolivsans

250 250 20 250 20 170
E,

ROLs E120 €t20 I O Of W i

2510 3.5
3320 0.9*

1550 43 115 45 -

ROL-I -
1050*  1.1* - - 0.33*  0.34"

ROL-II

*E, and ¢, are the elasticity modulus and the breaking elongation, respec-
tively; w is the Poisson’s ratio [25]

resistant, electrically insulating potting, casting and encapsu-
lating compounds as well as binders for composites [16, 29,
30, 32].

The combined analysis of the data on isothermal aging of
cured unreinforced ROLs (Fig. 4) and the ROL-based fiber-
glass cloth laminates at 300, 320 and 350 °C and temperature
and time dependences of flexural strength (Tables 3 and 5)
leads us to the conclusion that service temperatures for these
thermosetting resins in air have the following values (°C/h):
250/3000, 300/>200, 320/10, 350/>1.

Fiberglass cloth laminates based on the modified rolivsan
matrices

Rolivsans with increased content of bis-(4-vinylphenyl)
ether Previously it has been demonstrated that in the process
of three-dimensional radical polymerization of bis-(4-
vinylphenyl) ether (M1), unusually dense and heat-resistant
network is formed [22]. Since the films of this polymer is very
brittle, M1 was used as a binder for obtaining model fiberglass
cloth laminate; the temperature dependence of o' for this
material is given in Fig. 9 (curve 3). Its flexural strength 0"
is lower than that for ROL-based laminates by about a factor
of two. However, for this M1-based laminate, retaining 50 %

900 |- o 1
. 800
& I
= 700 -
o 600 2
= I
% 500 /3
=
£ I
Z 400f 4
T 300f
Z I
= 200

100

o I L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1
0 50 100 150 200 250 300 350 400 450

Temperature, °C

Fig. 9 Temperature dependence of flexural strength o' of fiberglass
cloth laminate samples based on ROL-I (curves 1, 2, 4) and M1 (curve
3). Thickness of samples: /—1.25 mm (5 plies of unannealed fiberglass
cloth); 2—2.3 mm (8 plies of unannealed fiberglass cloth); 3—1.5 mm (6
plies of unannealed fiberglass cloth); 4—2.3 mm (8 plies of annealed
fiberglass cloth)
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Table5 The influence of temperature and duration of aging on flexural
strength of the ROL-I fiberglass cloth laminates

Table 7  The effect of composition of the ROL-III resin comprising
OLy—o00 on flexural strength (o%') of fiberglass cloth laminates

Aging in air oF', MPa at t,°C Composition, wt.% o', MPa

T, °C T, hrs 20 250 300 350 ROL-I OLn—900 20° 150° 250°
250 0 580 350 220 170 100 0 600+50 530430 320420
250 500 370 270 - - 85 15 600+50 530+30 300420
250 1000 270 210 - - 70 30 750+50 550+30 250+20
250 2000 - 140 - - 50 50 850+75 550430 20020
250 3000 - 120 - -

300 125 280 140 130 -

300 180 180 _ 100 B (scheme 3, Fig. 4). Obviously, this effect may be attributed to
300 365 100 B 20 B the presence of longer crosslinks formed by OLy—gqo chains
350 10 ~10 B B ~1o  and decrease in density of modified rolivsan network, respec-

Fiberglass cloth laminate samples with a thickness of 2.3 mm were pre-
pared from eight-plies unannealed cloth prepregs

of strength was observed at a temperature approximately
100 °C higher (HDT=375 °C) than that of non-modified
ROL-based sample.

For the purpose of further improving thermal properties of
ROL matrix, fiberglass cloth laminates based on the ROL-I
resin (containing increased amount of the M1 component)
were obtained. As might be expected (Table 6), addition of
M1 to ROLs results in increasing high-temperature strength of
these materials, but, at the same time, leads to increase in
material brittleness. For instance, addition of 30 % of M1 to
rolivsan leads to increase in its o' < value by a factor of 1.8
after exposure of fiberglass cloth laminate sample at 320 °C
for 10 h.

Rolivsans modified with OLy;—0¢ additives The use of
binders based on the mixture of the ROL-III rolivsan with
high molecular weight reactive aromatic oligoethers contain-
ing terminal vinyl groups (OLy—900) gives fiberglass cloth
laminates with higher strength (0%°") and lower HDT than
those in the case of common ROLs with average composition

Table6  The influence of composition of the ROL-I enriched with heat-
resistant crosslinking agent bis-(4-vinylphenyl) ether (M1) on the high-
temperature strength of fiberglass cloth laminates

Composition, wt.% O_ch, MPa

ROL-I M1l  np60° 20°  300° 320°/0.5h  320°/10 h
100 0 1.579 440 235 200 100

95 5 1.580 500 250 210 110

90 10 1.581 450 250 225 130

70 30 1.585 425 275 240 175

0 100 1.590°'° 300 - 230 150

The binder content in the compositions is 30+5 wt.%; sample thickness is
2.3 mm (8 plies of annealed fiberglass cloth)

@ Springer

tively. Indeed, as can be seen from Table 7, with increasing
OLy—900 content in rolivsan, the ambient temperature lami-
nate strength (o) increases considerably (by a factor of 1.3—
1.4), and the high-temperature strength (0>>°) decreases.

Conclusions

The synthesis procedures for rolivsan resins of predetermined
compositions and their highly unsaturated components (aro-
matic ethers and oligoethers) were described in detail for the
first time. Using thermal cure of rolivsans, novel network
copolymers (including x-methylenetetralon and anhydride
units and bis-(4-vinylphenyl) ether crosslinks) were prepared.

Temperature dependences of thermal and mechanical prop-
erties of the cured rolivsans and their compositions were stud-
ied. The influence of polymer network density on thermo-
oxidative stability and mechanical properties of rolivsans
was studied for the first time using rolivsans of average com-
position as well as rolivsans enriched with bis-(4-vinyl-phe-
nyl) ether and its unsaturated oligoethers with terminal styrene
groups.

It was established that the optimal combination of process-
ability, strength and thermal stability is characteristic of the
resin compositions with an average molecular weight of 400
+50 and equimolar concentrations of styrene and methacrylate
groups. The formation of final network copolymer structure
(complete cure of rolivsans) occurs in the post-cure stage
(within the 250-300 (320)°C temperature range). Intensive
thermo-oxidative destruction of these highly crosslinked ther-
mosets in air starts at 320°C. The flexural strength (o>2°°%) of
fiberglass cloth laminates based on rolivsans containing addi-
tional 30 wt.% of bis-(4-vinylphenyl) ether (i.e., with higher
network density) is higher by a factor of 1.8 than that of
rolivsan laminates of common composition (strength values
were obtained after exposure at 320 °C for 10 h in air).

It was demonstrated that heat deflection temperature
(HDT) of rolivsan (clear) castings and HDT of fiberglass cloth
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laminates with rolivsan matrix range within 250+25 °C and
275+25 °C, respectively. Rolivsans can be used as heat resis-
tant, electrically insulating potting, casting and encapsulating
compounds, binders for various composites, glues and coat-
ings intended for long-term (hundred of thousands of hours)
service in air at 175-200 °C, for ten thousand hours at 210—
230 °C, for several thousand hours at 240-260 °C and for
several hundred hours at 280-300 °C. Thus, methacrylation
of a-hydroxyethylaromatic compounds relults in high temper-
ature easy processible solvent-free thermosetting resins.
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