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ACTIVE ESTER CURING AGENT COMPOUND FOR
THERMOSETTING RESINS, FLAME RETARDANT COMPOSITION COMPRISING
SAME, AND ARTICLES MADE THEREFROM

This application claims priority to provisional U.S. Patent Application No. 62/254.847

fited on November 13, 2015.

FIELD OF THE INVENTION
the presentinvention velates to the field of flame retardants, specifically phosphorus-

containing flame retardants for electronic applications such as privted circuit boards.

BACKGROUND OF THE INVENTION

Thermosetting vesins are widely used in both industrial and consumer electronics hecatse
of, among other things, their chemical resistance, mechanical strength and electrical properties.
For example, thermosetting resins can be used in electronics as protective films, adhesive
materials and/or insulating materials, such as interfaver insulating films. To be useful for these
applications, the thermosetting resins must provide case of handling and possess certain physical,
thermal, electrical insulation and moisture resistant properties. For example, thermosetting
resins having a low dielectrie loss tangent, while maintaining a sufficiently low dielectric
constant. can possess a desirable combination of properties for electronic applications. especially
in situations requiring increased signal speed and frequency,

Thermosetting resins, however, can be flammable. As sach, different approaches have
been made {o impart the desired level of flame resistance 10 thermosetting resins, such.as epoxy
resing, such approaches entailing the employment of either halogen-free flame retardant
compounds or halogen-containing flame retardant compounds. Halogenated compounds.
however, are now undergoing additional serutiny, and the various non-halogenated compounds
available are difficult to formulate to provide acceptable properties. 1t would be desirable to
provide the desired level of flame retardancy and acceptable properties such as high glass
transition temperatwre {Tg) and high thermal stability to a thermosetling resin, such as an epoOXY

resin, while still maintaining a suitable combination of properties for electronic applications,
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SUMMARY OF THE INVENTION

It is therefore a feature of the present invention to provide a compound(s), which can
concwrrently function as a flame retardant and an active ester curi ng agent for thermosetting
resins, such as epoxy resins, which vured epoxy resins can be emploved in electronic
applications while imparting high thermal resistance and thermal stability, high adhesive force,
low water absorbance, low diclectric loss tangent, and simultancously. a sufficiently fow
dielectric constant. It is known that many phosphorus-containing flame retardants react with
epoxy resins with the formation of highly polar hydroxyl groups. For this reason, it is difficult to
achieve good electrical properties in the cured products. In addition, most of the known flame
retardants for epoxy resing are monofunctional or bifunctional, thus smipairing the cross-linking

density of the cured resin, which is finally reflected in a reduced glass-transition temperatire.

The present invention provides phosphorus-containing flame retardants which are used as
polyfunctional curing agents, resulting in a combination of highly satisfactory flame-retarding,
mechanical and electrical characieristics in the cured products, These compounds are
phosphorus- containing avomatic polyesters, When they are used as caring agents, it is possible
to reduce the formation of undesirable hydroxyl groups during the curing reaction. In addition,
the use of the curing agents of the invention enables an increase in the crosstinking density of the
epoxy resin cured articles since these curing agents act as polytunctional curing agents which
have many reactive ester groups per molecale. As a resull of their use, the glass transition

temperature is high and the material iz useful as an electrical snlating material.,
g &

the invention further provides epoxy resin compositions containing the said phosphorus-

containing flame-retardant polyfunctional curing agent compounds that exhibit excellent fire

fe )

retardant, mechanical and electrical properties.

fwill be understood herein that in one non-limiting embodiment the expression “active
ester curing agent compound” can be used mterchangeably with “curing agent for EpOXY 1esing”,
“epoxy curing agent”, “curing agent for epoxy”, “epoxy resin curing agent” and “curing agent™,

and the ke,

3
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There is provided in one embodiment herein a compound having the general formula (1

Y
o7 Nomdg?

. 4 N ’
: {Formula 1)

where X is a bivalent aromatic hydrocarbon group containing from 6 to about 12 carbon atoms,

and which includes the non-limiting examples of phenylene groups, naphthalene groups,

biphenylene groups, efe., which groups may optionally include a substituent bonded to the

aromatic ring, such as an alkyl groap or atkoxy! group containing up to 6 carbon atoms. or

X isa bivalent linear or branched alkylene group of from 1 to 8 carbon atoms, or a bivalent linear

or branched alkenylene group of from 2 to about 8 carbon atoms,

N (i)

tad
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where Z is selected from the group consisting of a covalent bond, ~SO5-, -C{CH)a-,
CHICH)-, and —CHa-; a =02 b= (.2

wherein the wavy lines of each structure of ¥ indicate the bonds to the O atoms which Y bridees

o

in the general tormula (I

R"is M, an atkyl group of from 1 to about 4 carbon atoms, phenyl, naphthyl,
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where R7is H or ~CE0)R and where R s selected from an alkyl group of from 1 to 4 carbon
atoms, a phenyl group, a napthyl group and an aromatic phenol group which is selected from

one of a phenol group, o~cresol group, m-cresal group, p-cresol group, a-naphihol group, and a
f-naphthol group,

and when R” is H, R' cannot be phenyl or naphtyl

3

and nis>1.

In one non-limiting embodiment herein, the phosphorus- containing flame-retardant
polylunctional curing agent can comprise a mixture of different structures of the general formula
(1), e.g., the mixtore can comprise wherein at least 50 wi% of the general formula (1) structures,

and preferably more than 70 wi% of the general formula (1) structures are such that Y is chosen

o
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from moieties (1) and (it} as noted above, with the remaining different structures of the general

fornuda (1) being such that Y s chosen from the (iil) moiety noted above.

1t will be understood that the compound of the formula (1), as described herein, can
function both as a flame retardant and as a curing agent for curing thermosetting resing, such as

gpoxy resins, as described herein,

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a graph of the dynamic viscosity (open circles) profile of B-stage prepreg
containing Composition A of Example 11, at a ramp rate (filled circles) of 5°C/min ina

rheometer under continuous controlled strain and normal force conditions.

Figure 2 is a graph of theology curves of averlays of storage modulus (G” — open circles),
loss modulus (G ~ filled circles) and complex viscosity (in] - open squares) of the B-staged resin

systern contanang Composition A in a theometer.

Figure 3 is a graph of DMA measurement of Tg for the laminate (3°C/min) containine
4 } B

Compaosition A.

Figuare 4 is a graph of the TGA measurement of Ty for the laminate containing

Composition A (10°C/min).

DETAILED DESCRIPTION OF THE INVENTION

The present invention is dirgcted to compound(s), which can concurrently function as a
flame retardant and an active ester curing agent(s) compound for thermosetting resins, such as
epoxy resins, which cured epoxy resins can be eraployed in electronic applications while
maintaining high thermal resistance and thermal stability, high adhesive force, low water
absorbance, low dielectric loss tangent, and simullaneously, a sufficiently low dielectric

constant.
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Advantageously, the compound(s) which function as the active ester coring agent
compound(s) for thermosetting resins, such as epoxy resins, when reacted with epoxy resins,
produce products which do not have or almost do not have hydroxyl groups such as secondary
hydroxyl groups, thus preventing the high water absorption and higher dielectric constant of
conventional curing systems, which whesn reacied with epoxy produce products which contain

such secondary hydroxyl groups,

In addition, they are polyfunctional curing agents providing a high deeree of crosslinking
¥ ; g 2 g g g

density that results in an exceptionally high Tg and excellent thermal stability.

Some more specific embodiments of the compound(s) which can be used as the curing

nt compound for curing thermosetting resins, such as epoxy resins, is a compound of the

o2
)

general formula (I) as described above.

In one embodiment of general formula (1) R’ can be of the general formala:

. P
wherein R isas defined ahove

in another embodiment herein of general formula (I3, R’ can be an alkyt of from 1 w0

about 4 carbon atoms, more specifically selected from methyl or ethyl.
I a more specific embodiment of general formula (1), X can be of the general formula:
/.”\ :‘/
[,;/"” ~ \
7
e
e
. more specifically,

&



WO 2017/083136 PCT/US2016/059878

In another more specific embodiment of general formula (1), X can be a divalent Hucar or
branched alkylene group of from 1 to 8 carbon atoms, more specifically from 1 to about 4 carbon
atoms, most specifically selected from the group consisting of methylene, ethylene, isopropylene

and butylene.

In another specific embodiment of general formula (1) described above, X canbe a
divalent linear or branched alkenylene group of from 2 to 8 carbon atomis, more specifically from
2 to about 4 carbon atoms, most specifically selected from the group consisting of ethenylene,

propenylene and isopropenyiene.

In yet another embodiment of general formula (1), Y can be of the general formula;

i
A
P
&
N,
\ Py
S/ i
o :‘-i\\\ ,5
N ~ A .
: S as described above.

Inn one other embodiment of general formula (1), Y can be of the general formula:

In one embodiment herein of general formula (1), the value of the subscript n can be of
from 1 to about 100, more specifically from 1 to about 15, and most specifically from 1 1o about
7. In one non-limiting embodiment, n can be 1, provided that R' is of the general formala:

7
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wherein R? is as defined above,

In another embodiment, the compound(s) which can be used as the curing agent
cotnpound for curing thermosetting resing, such as epoxy resins (e.g.. the active ester curing
agent for epoxy resins deseribed herein) can be a phosphorns-containing compound of the
general formula (1) such as those having at teast three reactive groups per molecule, wherein at
least two of the reactive groups are active ester groups. More prefesably the phosphorus-
contaming compounds of the general formula (1} are those having at least four reactive Lroups

per molecule, while the number of active ester groups is at least three,

Compounds of the general formula (1) as described herein may also be used as 4 non-
reactive additive, such as when used with other thermosetting systems, e.g.. other than ePOXY.
For example, compounds of the general formula (1) noted herein can be used as a charring agent

to provide an insulating layer of char at elevated temperatures for thermosetting formulations.

The term active ester refers to an aromatic ester that can react with an EPOXY Zroup

according to the following scheme:
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. DOPO-HQ

0
..... HyC CH.
- 5( CHg
e 6]
5 H
Specific Curing mechanism with DOPO-HQ ( 10-(2', 5" -dibydroxyphenyl)-9, 10-dihydro-9-oxa-
10-phosphaphenanthrene-10-oxide) where R* is an alkyl or aryl group containing up to 12
carbon atoms;
in contrast to a conventional epoxy curing scheme:
0y
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Since the curing agent acts as a polyfunctional curing agent, a cured article therefrom has
a high crosslink density which is reflected in an exceptionally high Tg. Since the formation of
highly polar and thermally liable hvdroxyl groups is minimized during the curing, a cured article
has a high thermal stability and low dissipation factor. Since the curing agent has a bulky
structure, crystallization of the molecule chain is prevented and the solubility of the polvester
curing agent in an epoxy resin composition is very good. In contrast to the compounds of EP

416 007 Al, the compounds of the present invention also provide excellent flame retardancy.

In one embodiment herein there are provided compounds, compositions and/or
formulations obtainable by reacting, blending or mixing compound(s) of the general formula {1,

with other components such as a thermosetting resin to form various 1gnition resistant
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compounds, corapositions or formulations useful in various applications such as prepregs.

lamirates, coatings, molding articles and composite products.

Another embodiment herein is directed to phosphorus-containing epoxy resin curable
formulations comprising (i} compound(s) of the general formula (1), (ii) an epoxy resin or g
mixture of epoxy resins, (lii) optionaltly, a co-crosslinker, {iv). optionaily, a curing catalyst, and

{v) optionally, a Lewis acid.

In yet another embodiment herein there is provided a curable flame-resistant epoxy resin
composition comprising (i} the compound of the general formula (1), (ii) optionally, a
epoxy resing having more than one epoxy group per moleente. (iv) optionally a co-crosslinker
and, (v} optionally, a curing catalyst, to obtain a corable flame-resistant epoxy resin composition.
such curable Hame-resistant epoxy resin compeositions may be used to make prepregs, which
prepregs may be used to make laminates and circuit boards useful in the electronics industry. The
epoxy resin composition may also be used to coat metallic foils, such as copper foils, to make

resin-coated copper foils for so called build-up technology.

The cormponnd{s) of the general formula (1) described herein aud derivatives thereof, may
also be combined with at least one thermosetting system (epoxy and curing agents) to make a

hybrid ignition-resistant thermosetiing composition.

lgnition-Resistant Epoxy Resin Composition (Epoxy resin composition)

In one embodiment of the present invention, the compound(s) of the general formula (y
deseribed heren, as well as in one embodiment and combinations thereof, nv ay be used a5 one
component of a curable (crosslinkable) phosphorus-containing flame-resistant epoxy resin
composition. In this embodiment, the curable phosphorus-containing flame-resistant epoxXy resin
composition comprises (i} the compound(sy of the general formula (1) described herein, (i) at

10
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least one epoxy resin such as those selected from halogen-free epoxies, phosphorus-free cpoxies,
and phosphorus-containing epoxies, and mixtures theveof, incloding, but not Ihnited to, DEN
438, DER 330 Epon 164 (DEN and DER are trademarks of The Dow Chemical Company),
epoxy lunctional polyoxazolidone-containing compounds, cycloaliphatic epoxies, GMA/styrene
copolymers, and the reaction product of DEN 438 and DOPO resins; and optionally (iii) at least
one co-crosslinker, and optionally one or more of a curing catalyst, a Lewis acid, an inhibitor,
and a benzoxarine-containing compound. The curable phosphorus-containing flame-resistant
epoxy resin composition optionally may contain at least one additional crosslinkable epoxy resin
or a blend of two or more epoxy resins other than and different from component (i1) above. The
curable phosphorus-containing flame-resistant epoxy resin composition may also optionally
contain at least one curing catalyst and at least one inhibitor. All of the above components may
be blended or mixed together in any order to form the curable phosphorus-containing flame-

resistant epoxy resin composition.

The curable phosphorus-containing flame-resistant epoxy resin compositions prepared
according to the present invention, made hy reacting a mixture of compound(s) of the general
formula (1) deseribed herein, an epoxy resin, and optionally another co-crosshnker (i.e. another
curing agent); may be used to make prepregs, laminates and cireuit boards useful in the
electronics industry and as a phosphoerus-containing flame-resistant epoxy resio composition o

coat metallic foils for so called baild-up technology as described above.

The epoxy resins which can be used in the herein deseribed invention include, in one

embodiment, polyepoxides having the following general Formula (H):

Q
N\
LN o kg
p ()

wherein "R™ is a substituted or unsubstituted aroniatic, aliphatic, cycloaliphatic or heterocyelic
group having a valence of "p", where "p" preferably has an average value of from 1 to less than
about 8. Exémplﬂs of the polyepoxide compounds useful in the present invention include the
diglycidy! ethers of the following compounds: resorciuol, catechol, hydroquinone, 4,4 -biphenol,
1

ey
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bisphenol A, bisphenol AP (1,1-bis(4-hydroxylphenyl)-1-phenyl ethane), bisphenol F, bisphenol
K, phenol-formaldehyde novolac resins, alkyl-substituted phenol-fermaldehyde resins, phenol-
hydroxvbenzaldehvde resing, cresol-hydraxybenzaldehyde resing, dicyelopentadiene-phenol
resing, dicyclopentadiens-substituted phenol resins, tetramethylbiphenol, and any combinations

thereof.

Examples of particular polyeposxide compounds usetul in the present invention include a
diglyeidyl ether of bisphenol A having an epoxy equivalent weight (EEW) between 177 and 189
sold by The Dow Chemical Company under the trademark D.E.R. 330; and halogen-free epoxy-
terminated polyoxazolidone resins, phosphorus ~containing epoxy compounds; cycloaliphatic

epoxics; and copolymers of glyeidyl methacrylate ethers and styrene.

Preferred polyepoxide compounds incloade epoxy novolacs, such as DEN. 438 or
[3EN. 439 (trademarks of The Dow Chemical Company); cresole epoxy novolacs such as
QUATREX 3310, 3410 and 3710 available from Ciba Geigy; Epon 164 from Momentive,
trisepoxy compounds, such as TACTIX 742 from Ciba Geigy; epoxidized bisphenol A
novolaes, dicyclopentadiene phenol epoxy novelacs; glveidyl ethers of tetraphenolethane;
diglvcidyl ethers of bisphenol-A; diglyeidyl ethers of bisphencl-F; and diglveidyl ethers of

hydreguinene.

in one embodiment, the most preferred epoxy compounds are epoxy novolac resins
(sometimes referred to as epoxidized novolac resing, a term which is intended to embrace both
epoxy phenol novolac resing and epoxy cresol novolac resins). Epoxy novolac resing (including
epoxy cresol novolae resins) are readily commercially available, for example under the trade
names DLEN, (trademark of The Dow Chemical Company), and QUATREEX and TACTIX 742

{trademarks of Ciba Gergy).

Preferred compounds of the type mentioned above have an epoxy equivalent between
150-400 and most preferably from 160-300 and a molecular weight above 500 and nost

preferable between 700-2500.

12
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The polyepoxide useful in the present invention is preferably substantially free (or
completely free) of bromine atoms, and more preferably subsiantially free {or completely free) of

halogen atoms.

One non-limiting example of polyepoxides that are useful in the present invention and
that are substantially free of halogen atoms are the phosphoras-containing epoxy resins such as
those which ave the reaction produets of an epoxy conpound containing at least two epoxy
groups and a reactive phosphorus-containing compound such as 34,5 6-dibenzo-1,2-
oxaphosphane-2-oxide (DOPOY, or 10-(2', 5 -dihydroxypheny}-9. 1 0-dihvdro-9-oxa- 10-

phosphaphenanthrene-10-oxide {DOPO-HQ).

The amount of epoxy in the compesitions described herein, i.e., the curable phosphorus-
contarming Hame-resistant epoxy resin compositions, the thermoset compaosition and the hybrid
composition, are such that in the final formulation of the epoxy, any optional phosphorus-
containing epoxy based on compound(s) of the general formula (1) described herein in the
amouuts described hereiw, and any other components in the amounts described herein or known
1o those skilled in the art, is such that the total phosphorus content of the composition is from 1
weight percent to about 5 weight percent, more specifically trom about 2 to about 3.5 weight
percent. Thus, one skilled in the art will formulate the amount of epoxy to be commensurate

with such other components, so as to have the final phosphorus content as described above.

The amount of such phosphorus-containing epoxy in the final composition can vary from
10-90 parts, preferably 20-80 parts and most preferably from 30-30 parts, based on 100 parts of

EPOXY resin.

The amounts of epoxy resin desertbed herein can in one non-limiting embodiment be
equal to the amounts of the thermoplastic resin in the thermoplastic composition described
herein, the thermoset resin in the thermoset composition described herein and the combined

amount of the resins in the hybrid composition described herein.

The effective Hame-retardant amount of the compound(s) of the general formuda (1)

described herein which can be used as the compound for the curing epoxy resin herein, in the
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curable epoxy resin composition deseribed herein, will vary, depending on the specific epoxy
resin and the specific compound being emploved, as well as the specific parameters of
processing as are known by those skilled in the art. [none non-limiting embodiment, the
effective flame-retardant amount of compound(s) of the general formuda (1) deseribed herein
which can be used for curing the epoxy resinis from about 10 to about 150 parts by weight per
100 parts of the epoxy resin, more specifically from about 30 to about 100 parts by weight per
YOO parts of the epoxy resin and most specifically from abouwt 30 to about 70 parts by weight per
100 parts of the epoxy resin. To provide adequate flame retardancy, the compositions herein will
contain from 1% to about 5% phosphorus in the fingl composition. In one embodiment, the
above stated amounts of compound(s} of the general formula (1) described herein can be the
amounts of compound(s) of the general formula (1) deseribed herein used in any of the epoxy

resin compositions, the thermeoset composition, and the hybrid composition, described herein.

As deseribed above, phosphorus-containing {lame-resistant epoxy resin compositions
may be formed by blending (iy compound(s) of the general formula (1) described herein, (i) at
least one crosslinkable epoxy compound, and optionally (111} at least one co-crosslinker, as well
as any of the other optional comiponents deseribed herein; or in another embodiment. the
phosphorus-containing fame-resistant epoxy resin compositions may be formed by blending (i)
an epoxidized compound(s) based on compounds of the general formuda (1) described herein, at
feast one crosslinkable phosphorus-containing compound, and (iii) at least one co-crosslinker, as
well as any of the other optional components described herein. The phosphorus-containing
Hlame-resistant epoxy resint compositions may, optionally, contain atl least one crosslinkable
epoxy tesin other than the crossiinkable phosphorus-containing compounds in (i1} above. In one
embodiment herein it will be understood that the term “crosslinkable™ in crosslinkable
phosphorus-containing compound, is understood to be a phosphorus-containing epoxy compound

which has more than 2 epoxy functionalities, as would be understood by these skilled in the art.

With any of the compositions above where an epoxy resin is present, any number of co-
crosstinking agents (i.e., in addition to the phosphorus compound(s) of the general formula (1)
described herein) may optionally also be used. Snitable co-crosslinkers that may optionally be

present in combination with the phosphorus-containing epoxy compounds according to the

14
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present invention include, for example, multifunctional co-crosstinkers as are knows to those

skilled in the art,

The co-crosslinkers include, for example, copolymers of styrene and maleic anhydride
having a molecular weight (M) in the range of from 1,500 to 50,000 and an anhydride content
of more than 15 percent. Commercial examples of these materials include SMA OO0, SMA
2000, and SMA 3000 and SMA 4000 having styrene-maleic anhydride ratios of 1:1. 2:1, 3:1 and
4:1, respectively, and having moscgular weights ranging from 6,000 10 15,000, which are

available from EIf Atochem S.A.

Other preferred co-crosstinkers useful in the preseat invention include hydroxyl-

containing compounds such as those represented by the following Formula (1)

OH - OH - QOH

C ]

PN | PN ;
r/ \\IW‘“MCH2*W:/‘://!/ \- CHz“‘ (’;{W

APt N\ | \/\’
RS ;

4 {aun
wherein "R™ is a hydrogen or an alky! group having from 1 to 20, preferably from 1 to 10, and
maore preferably 1 to 3 carbon atoms and "q" is an integer of from 0 to 20, preferably from 1 to

10, and more preferably from 2 to 3.

Commercially available products having the above Formuls (1) include, for example,
PERSTORP 85.36.28. which is a phenolic resin obtained from phenol and formaldehyde, having
an average Mettler softening point of 103°C, a melt viscosity at 150°C=1.2 Pas and a
functionality of 6 to 7. Another example includes SD1708 (from Momentive): Viscosity at
150°C, 2200-3800 cps, Softening Pt 110°C; HRJ13399 ( from SI Group): Specific Gravity 1.20,
Softening Pt: 90-105°C; HRI12952 ( from Si Group): Specific Gravity 1.25, Softening Pt: 97-
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H07°C; FRI425 (from ST Group): Specific Gravity 1.24, Softening Pt: 112-118°C: BRI 473

liquid {from 81 Group): Specific Gravity 1.10, Brookfield viscosity: 1000-4300 ¢ps.

One example of a co-crosslinker that is suitable in the compositions described herein is

an active ester phenolic resin with the general formula (1V):

L L
OCR’ OCR OCR’
B h\
(:ﬁf"’ ;! CHy—— \} CHy——
. § |
E\‘ J | 1 ‘ = b
X . gf\gs \\/\( 3
R R (1V)

where R® s hydrogen. an aliphatic motety of from 1 to 10 carbon atoms. or a phenyl or a
substituted phenyl; R is an aliphatic moiety of fromt | to 4 carbon atoms, or a phenyl or a
substituted phenyl group. One example of a commercial curing system of this tvpe is EPICLON

HPC-8000-65T, available from DIC corporation, Japan.

Other phenolic functional materials which are suitable as co-crosslinkers include
compounds which upon heating form a phenolic crosslinking agent having a Runctionality of at
feast 2. Some examples of these compounds are benzoxazine group-containing compounds.
Examples of compounds which form a phenolic crosslinkin gagentupon heating Include
phenolic species obtained from heating benzoxazine, for example as illustrated in the following

chemical equation:

16



WO 2017/083136 PCT/US2016/059878

g d heat

. ~  OH >
|
” TN =
< ig >
=, \ ! ﬁ
\\\'\\\le\‘
RO
. A

* I . 3 N i, 1 3 & "y : it o i 9:!
wherein "t is greater than 1 and is preferably up to about 100,000; and wherein "R and "R

may be. independently and separately, the same or different hydrogen, an allyl group from 1 to
about 10 carbon atows such as methyl, a 6 to 20 carbon atom aromatic group such as phenyl, or a

4 1o 20 carbon atom cyveloaliphatic group such as eyelohexane.

Examples of the above compounds also include benzoxazine of phenolphthalein,
benzoxazine of bisphenol-A, benzoxazine of bisphenol-F, benzoxazine of phenol novolsc, and
mixtures thereof, A mixture of these compounds and Formula (IH) and/or (IV) may also be used
m the present invention. Non-lmiting examples of commercial benzoxazines from Huritsman
include examples such as Bisphenol A benzoxazine (MT35600); Bispheno! ¥ benzoxazine
{(MT35700); Phenolphthalein benzoxazine (MT35800); Thiodiphenol benzoxazine (M135900).

and Dieyclopentadiene benzoxazine (MT36000).

When a co-crosslinker is used in the present invention, the co-crosslinker is present i an
amount to crosslink of less than 50 percent of the stoichiometric amount needed to cure the
thermosetting resin, such as the epoxy resin, and is more preferably less than about 40% of the

amount peeded 1o cure the thermosetting resin, such as the epoxy resin, and is most preferably
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less than about 35% of the amount needed to cure the thermosetting resin, such as the EPOXY
resi.

Any of the curable compositions of the present invention described herein may comprise
a cunipg eatalyst, Examples of suitable curing catalyst materials {catalyst) useful in the present
invention include compounds containing amine, phosphine, ammeniurn, phosphonium, arsonium

or sulfonivm moieties or mixtures thereof. Particularly preferred catalysts are heterocyclic

nitrogen-containing compounds.

The catalysts (as distinguished from the co-crosslinkers) preferably contain on average no
more than about 1 active hydrogen molety per molecule. Active hydrogen moieties include
hydrogen atoms bonded to an amine group, a phenolic hydroxyl group, or a carboxylic acid
group. For instance, the amine and phosphine moieties in catalysts are preferably tertiary amine
or phosphine moieties; and the ammonium and phosphonium moieties are preferably quaternary

ammoniam and phosphonium moieties.

Among preferred terliary amines that may be used as catalysts are those mono- or
polyanuiries having an open-chain or cyclic structure, whick have all of the amine hydrogen
replaced by suitable substituents such as hydrocarbyl radicals, and preferably aliphatic,

cycloaliphatic or aromatic radicals.

Examples of these amines include, among others, 1.8-diazabicyclo(5.4.0)undec-T-en
(DB, methyl dicthanolamine, triethylamine, tributylamine, dimethy! benzyiamine,
triphenylamine, tricyclohexyl amine, pyridine and quinoline. Preferred amines are trialkyl,
tricycloalkyl and triaryl amines, such as tricthylamine, triphenylamine, tri-(2.3~dimethyl
oyclobexylamine, and alky! dialkanol amines, such as methyl diethano! amines and
trialkanolamines such as triethanolamine. Weak tertiary amines, for examiple amines that in
agueous solutions give a pH less than 10 in agueous solutions of 1 M concentration, are
particularly preferved. Especially preferred tertiary amine catalysts are benzyldimethvlamine and

tris-(dimethylaminomethylphenol.

18
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Examples of suitable heterocyclic nitrogen-containing catalysts which ¢an be emploved
herein include heterocyelic secondary and tertiary amines or nitrogen-containing catalysts which
include, for example, imidazoles, benzimidazoles, imidazolidines, imidazolines, oxazoles,
pyrroles, thiazoles, pyridines, pyrazines, morpholines, pyridazines, pyrimidines, pyrrolidines,
pyrazoles, quinoxalines, gninazolines, phthalozines, quinelines, purines, indazoles, indoles,
indolazines, phenazines, phenarsazines, phenothiazines, pyrrolines, indolines, piperidines,
piperazines and combinations thereof. Especially preforred are alkyvl-substituted imidazoles: 2.5-
chloro-4~-ethyl imidazole; and pheayl-substituted imidazoles, and mixtues thereof. Fven more
preferred are Nemethylimidazole; 2-methylimidazole; 2-ethyb-4-methylimidazole; 1.2-
dimethylimidazole: 2-methylimidazole and mixtures thercofl Especially preferred is 2-

phenylimidazole.

The amount of curing catalyst used depends on the molecular weight of the catalyst, the
activity of the catalyst and the speed at which the polymerization is intended to proceed. In
general, the caring catalyst is used in an amount of from 0.01 parts per 100 parts of resin (p.hr.)
to about 1.0 phur., more specifically, from about 0.01 phur. to about 0.5 phor. and, most
specifically, from about 0.1 p.hur. to about 0.3 phur. In one embodiment herein it will be
understood that the parts of resin relate to the parts of curable epoxy resin deseribed herein, ic.,
the total amount of the curable composition excluding catalyst (fotal grams of epoxy +
compound(s) of the general formula (1} described herein and any other components present other
than the curing catalyst = 100% and then taking 100 grams of this is equal to 100 parts of resin);

catalyst is added in the above ranges to 100 parts of this total weight amount,

Preferably, a Lewis acid is also employed in any of the curable epoxy resin compositions
of the present invention described herein, especially when the catalyst is particularly a

heterocyelic nitrogen-containing compound.

The Lewis acids useful in the present invention include for example one or a mixture of
two or more halides, oxides, hydroxides and alkoxides of zine, tin, Htanium, cobali, manganese,
iron, silicon, aluminum, and boron, for example Lewis acids of boron, and anhvdrides of Lewis
acids of boron, such as borie acid, metaboric acid, optionally substituted boroxines (such as
trivuethoxyboroxine), optionally substitited oxides of boron, alkyl borates, boron halides, zine
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balides (such as zine chloride) and other Lewis acids that tend to have a refatively weak
comjugate base, Preferably, the Lewis acid is a Lewis acid of boron, or an anhydride of a Lewis
acid of boron, for example boric acid, metaboric acid, an optionally substituted boroxine (such as
timethoxy boroxine, trimethyl boroxine or triethyl boroxine), an optionally substituted oxide of
boron. or an alkyl borate. The most preferred Lewis acid is boric acid. These Lewis acids are
very effective in curing epoxy resins when combined with the heterocyclic nitrogen-containing

compounds referred 1o above,

The Lewis acids and amines can be combined before mixing into the formulation or by

mixing with the catalyst in situ, to make a curing catalyst combination,

Fhe amount of the Lewis acid employed is preferably at least 0.1 mole of Lewis acid per
mole of heterneyelic nitrogen compound, more preferably at least 0.3 mole of Lewis acid per
£

mole of heterocyelic nitrogen-containing compound.

The curable compositions of the present invention may optionally have boric acid and/or
maleic acid present as a cure inhibitor. In that case, the curing agent is preferably a polyamine or
polyamide. The amount of cure Inhibitor will be known by those skitied in the art.

The curable compositions of the present invention may also optionally contain one or
more additional flame retardant additives including, for example, red phosphorus, encapsulated
red phosphorus or liquid or solid phosphorus-containing compounds, for example, "EXOLIT Op
930", EXOLIT OP 910 from Clariant GmbH and ammeoniam polyphosphate such as "EXOLIT
700" from Clariant GrabH, a phosphite, or phosphazenes: nitrogen-containing fire retardants
and/or synergists, for example melamines, melem, cyanuric acid, isoeyanuric acid and
derivatives of those nitrogen-containing compounds: halogenated flame retardants and
halogenated epoxy resins {especially brominated epoxy resins); synergistic phosphorus-halogen-
containing chemicals or compounds containing salts of organic acids: inorganic metal hydrates
such as Sb20y, $b;0s, aluminum trihvdroxide and magnesium hydroxide, such as "ZEROGEN
30" from Martinswerke GmbH of Germany, and more preferably, an aluminum trihydroxide
such as "MARTINAL T8-610" from Martinswerke GmibH of Germany: boron-containing

compounds; antimony-containing compounds; silica and combinations thereof.
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When additional flame retardants which contain phosphorus are present in the
composition of the present invention, the phosphorus-containing flame retardants are preferably
present tn amounts such that the total phosphorus content of the EPONY resin composition is from

0.2 wt. percent to 5 wi, percent.

The carable compositions of the present invention may also optionally contain other
additives of a generally conventional type including for example, stabilizers, other organic or
morganic additives, pigments, wetting agents, flow modifiers, UV light blockers, and fluorescent
additives, These additives can be present in amounts of from 0 to S wi. percent and are

preferably present in amounts of less than 3 wi, percent,

The flame-resistant epoxy resin is preferably free of bromine atoms, and more preferably

iree of halogen atoms.

The compositions described above are useful for making coating formulations,
encapsulation, composites, and adhesives, molding, bonding sheets, and laminated plates. The
compositions of the present invention can be used to make composite materials by techniques
well-known in the industry, such as by pultrusion, melding. encapsulation, or coating. As an
illustration, a coating formulation may comprise (i} compound(s) of the general formula (0
deseribed herein (i) a solid epoxy resin, and {111) a hardener such as an amine or phenolic

hardener. The amounts of hardener will be known by those skilled in the art,

The present invention is particularly useful for making B-staged prepregs, laminates,

bonding sheets, and resin-coated copper foils by well known techniques in the industry.

lgnitlon-Resistant Thermosetting Composition {Thermosetiing COmposition)

In another embodiment of the present invention, the compound(s) of the general formula
(D) described herein is used to make a phosphorus-containing ignition-resistant thermosetting
composition, e.g., in one non-limiting embodiment wherein the thermaset polymer is in addition

to, or other than, epoxy.
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A halogen-free ignition-resistant thermosetting composition is obtainable by blending (i)

compound(s) of the general formula (1) described herein with (if) at least one thermosetting
I ‘ g

5]

ystem, Examples of thermosetting systems are epoxy, polyurethane, polyisocyanates,
benzoxazing ring-containing compounds, unsaturated resin systems containing double or triple

bonds, pelycyanate ester, bismaleimide, triazine, bismaleimide and mixtures thereal

The thermoset resin compositions herein can contain any of the components and or
ranges of amounts of such components described herein for the corable SPOXY Tesin compositiom
or the hybrid compositions, and vice-versa, and of the thermoset resin composition, Le., any of
the components and or amounts of the components of the thermoset composition described
herein can be used in any of the epoxy compositions, or the hybrid compasitions described

herein,

In one embodiment herein there is provided an article that containg any of the
composition(s) described herein. In one embodiment the article herein can be used in lead-free
soldering applications and electronic devices, e.g., printed circuit board applicatinns.
Specifically, the article can be a prepreg and/or a laminate, In one specific embodiment there is
provided a laminate and/or a prepreg that contains any one or more of the compositions
deseribed herein. In one other embodiment there is provided herein a printed circait board.
optionally a multilayer printed circuit board, comprising one or more prepreg(s) and/or a
laminate (either uncured, partially cured or completely cured) wherein said prepreg(s) and/or
Jaminate comprises any one or more of the compositions described herein, In one embodiment
there is provided a printed circuit board comprising a prepreg and/or a laminate, wherein said

prepreg and/or laminate comprises any one of the compositions described herein.

Partial curing as used herein can comprise any level afcuring} short of complele cure,
and will vary widely depending on the specific materials and wrz(‘l tons of manufacture as well
as the desired end-use applications, In one specific embodiment, the article herein can further
comprise a copper foil. In one embodiment the article can comprise a printed civeuit hoard, In
one embodiment there is provided an FR-4 laminate which comprises a prepreg and/or laminaie

of the invention. In a more specific embodiment there is provided a printed cirenit board
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comprising an FR-4 laminate, wherein the FR-4 laminate comprises a prepreg or laminate of the

invention,

In one embodiment herein there is provided a process for making a laminate that contains
any ol the compositions described herein, which process comprises Impregnating the respective
composition{s} into a filler material, e.g., a glass fiber mat to form a prepreg, followed by
processing the prepreg at an elevated temperature and/or pressure to promaote a partial cure to a
B-stage and then laminating two or wore of said prepregs to form said laminate. In one
embodiment, said laminate and/or prepreg can be used in the applications described herein, 2.8

prinfed circutt boards,

It 1s provided herein, that any of the compositions described herein are useful for making
a prepreg and/or laminate with a good balance of laminate properties and thermal stability, such
as one or more of high T, (1.e. above 130°C), a Ty of 330°C and above., 4 tyg of 5 minutes and
above, a lame resistance rating of V-0, good toughness, and good adhesion to copper foil. In
recent years the Ty has become one of the most important parameters, because the indostry is

changing to lead-free solders which melt at a higher temperature than traditional tin-lead solders.

In one embodiment herein, the compositions described herein can be used in other
applications, e.g., encapsulants for electronic elements, protective coatings, structural adhesives,
structural and/or decorative composite materials, in amounts as deemed necessary depending on

the particular application,

In yet a further embodiment herein there is provided a method for making an active ester

curing agent for thermosetting resing, such as epoxy resins.

It one non-limiting embodiment hercin, the method of making the active ester curing
agent of the compound(s) of the general formula (1) deseribed herein can comgprise the following

general reaction mechanism:

[
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where Ac= acetyl motety

This reaction does not require the use of any additional solvents. Acetic anhydride s both
solvent and reagent. [t is used between 1 to 10 molar excess and most preferably 2 1o 3 molar
excess with respect to DOPO-HQ. The reaction is carried out at 170°C-260°C and most

preferably 190°C-240°C for a period of 1-16 hours and most preferably 5-8 hours.

Other non-timiting embodiments for making an active ester curing agent {or

thermosetiing resin are described in the examples befow.

While the wvention has been described with reference 1o certain embodiments, it will be
understood by those skilled in the art that various changes may be made and equivalents may be
substituted for elements thereof without departing from the scope of the mvention. In addition,
many modifications may be made to adapt a particular situation or material to the teachings of
the invention without departing from the essential scope thereof. Thercfore, it is intended that
the invention not be limited to the particular embodiments disclosed as the best mode
contemnplated for carrying out this invention but that the invention will include all embodiments

falling within the scope of the appended claims.
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EXAMPLES

Examaple 1: Svathesis of di-isophthaloyi ester of DOPO-HQ

DOPO-HQ (3.2 g, 10 mmol) and pyridine (0.8 g, 10 mmol} were mixed together in 50 mL of
acetone/dioxane. Isophthaloyl dichloride (1.0 g, 5 mmwl) in 20 ml of acetome was added
dropwise. The suspension was heated to reflux tomperature, and a homogenous solation formed,
Adter 4 h, solvents were removed under vacuum. The leflover white sohd was washed with water
and dried under vacuurn. The final produet was a white solid. "HONMR (300 M Hz, Acetone-d;,
ppm) & 8.69-6.90 (m, 26H). *'P NMR (121 MHz, Acstone-ds. ppm) 8 28, HPLC showed di-
isophthaloyl ester of DOPO-HQ 74%, other higher oligomers 18%, low-molecular weight

compounds 8%.

Example 20 Synthesis of oligomerie DOPO-HQ-{sophthaloyl-Ester

HO B o o R DT H
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DOPO-H@Q-isophthaloyl-ester (pentamer mixture): DOPO-HQ (719 g, 2216 mmol) and
pyridine (25 ml, 310.3 mmol) were mixed together in 200 mL of chloroform. Isophthaloyl
dichleride (30.0 g, 147.8 mmol} in 50 mL of chloroform was added dropwise. The suspension
was heated to reflux temperature, and a homogenous solution formed. After 3 h, the solution was
cooled down to room temperature and washed with 0.5 M HCI aq solution and saturated brine.
The organic layer was collected and dried over sodium sulfate. Solvents were removed under
vacuum. The final product was a white solid. "H NMR (300 MHz, Chloroforni-d, ppni} & 9.00-

St
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6.78 (multiple Hy. *'P NMR (121 MHz, Chloroform-d, ppm) § 32.5-34, multiple peaks 18-19.

HPLC showed trimer 12%, pentamer 7%, heptamer and other higher oligomers 66%.

Example 3 Synthesis of oligomeric DOPO-HQ-Terephthaloyl-Ester

pyridine ¢ ’ e o

U A VIR

DOPO-HQ (4.8 g, 15.0 mmol) and pyridine (2.0 mL, 24.6 mumol) were mixed together in 50 mlL
of chloroform. Terephthaloy! dichloride (2.0 g. 9.8 mmol) in 20 mL of chioroform was added
dropwise. The suspension was heated to reflux temperature for 3 h. The insoluble solids were
filtered out, and the solution was washed with 0.5 M HCI ag solution and saturated brine. The
organic laver was collected and dried over sodium sulfate. Solvents were removed under
vacuum. The final product was a white solid. 'H NMR (300 MHz, Chloroform-d, ppun) 8 9.00-
6.78 (multiple H). *'P NMR (121 MHz, Chioroform-d, ppm) & 32.5-34, 18-19, HPLC showed

wimer 7.2%, pentamer 29%, heptamer and other higher oligomers 60%.

Example 41 Synthesis of oligomeric DOPO-HQ-Malonyl-Ester

pyridine

........

DOPO-HQ-madoryl-ester: DOPO-HQ (6.9 g, 21.3 mmol) and pyridine (2.5 mL, 28.4 nunol)
were mixed together in 50 mil of chloroform. Malonyl dichloride (2.0 ¢, 14.2 mmol) in 20 mL of
chloroform was added dropwise. The suspension was heated to reflax temperature for 6 h. The
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insoluble solids were filtered out, and the dark green solution was washed with 0.5 M HCI ag
solution and bring. The organic laver was collected and dried over sodium sulfate. Solvents were
removed under vacwuam, The final product was a vellow foam. p NMR (121 MHz, Chloroform-
d, ppmy § 32-33, 20. HPLC showed trimer 27%, pentamer 14%, heptamer and other higher

oligomers 47%.

Exampie 5 Syathests of oligomeric DOPO-HQ-Terephthalovl-Ester

A 100 ml 4-necked flask, equipped with a mechanical stirrer and a nitrogen inlet, was charged
with DOPO-HQ-Diacetate {10 g, 0.0245 mol) and heated to 170 °C to full melting. Terephthalic
acid (2.03 g, 0.012 mol) was added, and the mixture was stirred over a period of 1 . The
temperature was then increased to 190 °C for 1.5 h, As the reaction continued, the mixture
became more viscous. During the entive reaction, a strong flow of nitrogen was passed through
the flask above the reaction mixture to drive out the formed acetic acid from the reaction zone.
The resulting, very viscous, hot liquid was quickly poured onto an aluminum plate 10 avoid
solidification in the Hask. The solid light-brown product was obtained in a quantitative yield.

The product consisted of phosphorus-containing oligomeric terephthalates of formula (1), The
product contained 7.6% DOPO-HQ-monoacetate and DOPO-HQ-acetate-terephthalate, 13%
unreacted DOPO-HQ-Diacetate and 78.4% oligomers (HPLC area %) with the major fractions
being trimers, pentamers and heptamers, The product contained 7.2% wt. phosphorus. The
principal constituents of the product were wWentified by means of LC-MS (Table 1).

LC-MS analyses were conducted on a Dionex, UHPLC, Ultimate 3000, equdpped with a PDA
200-450 nm UV detector. The column used was Phenomenex, Kinetex, Phenyl-Hexvl 1004, 250

x 4.6 mm, 5w

s

27



WO 2017/083136 PCT/US2016/059878

LC-MS conditions: 0.7 ml/min, 2=210 wm. Elaent A - water 0.055 FA, Fluent B - ACN 0.05%
FA.

Time (min) | Bluent A% | Bluent B%
) o0 110

20 o

10 99

i 2

LR R )

10 50
90 10
90 10
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Table | LC-MS (Q-TOF ESIT) interpretation of chromatographic peaks of Example 3.
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Example 6: Synthesis of oligomeric DOPO-HQ-1sophthaloyl-Ester
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A 230 mi 4-necked flask, equipped with a mechanical stivrer, a thermometer and a nitrogen
mlet, was charged with DOPO-HO-Diacetate (100 g, 0,245 mol) and the reaction contents were

heated to 170 °C with stirring, to full melting. Nitrogen was passed through the flask during the
258
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whole process. [sophthatic acid (2034 g, 0.12 mol) was added and the reaction mixture was
heated for an additional 1 hoat 190°C and 3 h at 200°C. At this point, vacuum was applied to
more efficiently remove the formed acetic acid from the reaction zone, thus accelerating the
polycondensation. The mixture became more viscous. The vacaom was gradually increased from
about 30 mm Hyg to 1 num Hyg towards the end. The resulting, very viscous, prodoct was poured
oo an aluminmun plate. Solidification occwrred almaost instantly. The product consisted of
phosphorus-containing oligomeric isophthalates of formula (1). The final solid product was
ground and deied at 137°C under vacuum o eliminate the residual acetic acid, TGA: 1% 299 °C,
52270, 10% 374 °C. The product contained 7.2% wit. phosphorus and was completely

soluble in MEK {methyl ethy] ketone).

Example 7: Synthesis of oligomeric DOPO-HQ-Isophthaloyl-Ester

gaed

A 1L 4-necked flask, equipped with 2 mechanical stirrer, a thermometer and a nitrogen inlet,
was charged with DOPO-HQ (293.9 g, 0.9 mel) and acetic anhvdride (3672 ¢
3.6 mol). The inttial slorry became clear afier 30 min at 140°C and the solution was further
heated at reflux for an additional 2 Ir. The formation of DOPO-HQ-Diacetate was confirmed by
HPLC analyas. Tsophthalic acid {100 g, 0.6 mol) was then added and the reaction mixture was
heated 10 200 °C. AL this point, vacuum was applied to remove more efficiently both the excess
acetic anhydride and the formed acetic acid from the reaction zone. thus accelerating the
polycondensation. The temperature was increased gradually to 250 °C over a period of
3 b During this pertod, the vacuum was gradually increased from about 30 mbar to 1 mbar
towards the end. The resulting, very viscous, hiquid product was poured onto an aluminum plate.
Solidification occurred almost instantly as the product cooled. The final solid product, obtained

g

in a quantitative yield, had a light-brown color and contained 3.3% DOPO-HQ-monoacetate and

b=d
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DOPO-HQ-acetate-1sophthalate, 13% unreacted DOPO-HQ-Diacetate and 83.1% oligomers
(HPLC arca %), with major fractions of trimers, pentamers and heptamers. Most of the
constituents of the product were identified by LO-MS (Table 23 TGA: 196 304°C, 2% 334°C,
5% 365°C, 10% 400°C. The phosphorus content in the pmd act was 6.8%. The total content of
acetic acid w the product dried under vacunm was abo % (GO head-space). The product
had exeellent solubility in MEK. Up to 60% of oligomeric DOPO-H() isophthalate of Example
7 was dissodved in MEK at $5°C. No precipitation was observed upon cooling o room

tempemture.

Example 8: Synthesis of oligomeric DOPO-HQ-Isophthaloyl-Ester using potassiam acetate
catalyst

Using catalyst such as potassiam or sodinm acetates enabled to achieve the same results as
without a catalyst but using milder conditions, such as a lower temperature and higher vacuum
{30 mbar mstead of 1 mbar) that are more suitable for the scale-up.

AT L 4-necked flask, equipped with a mechanical stirrer, a thermometer and a nitrogen inlet,

was charged with DOPO-HQ (293.9 g, 0.9 mel) and acetic anhydride (367.2 g,
3.6 mol). The initial slurry became clear after 30 min at 140°C and the solution was further
heated at reflux for an additional 2 h. Isophthalic actd (100 g, 0.6 mol) and 0.04 g potassium
acetate were then added and the reaction mixture was heated to 220°C. At this point, vacunm was
applied to remove more efficiently both the excess acetic anhydride and the formed acetic acid
from the reaction zone, thus accelerating the polycondensation. The temperature was increased to
230 °C. During this period. the vacuum was 30 mbar. The resulting, very viscons. Hquid product
was poured onto an aluminum plate. The final solid product, obtained in a quantitative yield, had

a light-brown color and contained 4% DOPQO-H-moneacetate and DOPO-HQ-acerate-
isophthalate. 10% unreacted DOPO-HQ-Diacetate and 86% oligomers (HPLC area %43, with
major fractions of trimers, pentamers and heptamers. The phosphorus content in the product was

6.8%.

Example 90 Synthesis of ohgomeric DOPO-HQ-1sophthaloyl-Ester starting from 8,10-Dihydro-

G-oxa- 1 0-phospha-phenanthrene-10-oxide {DOPO) and benzogquinone
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A 025 L d-necked flask, equipped with a mechanical stirrer, a thermometer and a nitrogen
et was charged with DOPO (21.6 g. 0.1 mol), benzoquinone (10.3 g, 0.095 maol) and
dimethoxy ethane {30 mi). The flask was heated to reflux and maintained at that temperature for
3 hto afford a shurry of DOPO-H{Q in the solvent. Subsequently, acetic anhydride (30.6 2,

(1.3 mol) was introduced, followed by heating to 140°C, Dimethoxy ethane was distilled off
during the heating. The initial slurry became clear after 30 min at 140°C and the solution was
further heated at reflux for an additional 2 k. Isophthalic acid (10 g, .06 mol} and 0.01 ¢
potassium acetate were thew added and the reaction mixture was heated o 220°C. At this point,
vacuum of 30 mbar was applied 1o remove more efficiently both the excess acetic anhydride and
the formed acetic acid from the reaction zone. The resalting, very viscous, liquid product was
poured onto an alaminum plate. The final solid product. obtained in a quantitative vield, had a
brown color and contained 3% DOPO-HQ-monvacetate and DOPO-HQ-acetate-isophthalate, 6%
unreacted DOPO-HQ-Diacetate and 9196 oligomers (HPLC area %), The phosphorus content in

the product was 6.7%.

Table 2. LC-MS (Q-TOF ESI+) interpretation of chromatographic peaks of Example 7

Retention | Mw Chemical stracture Retention A Chemieal struciure
time time
Guin) {min) 7
.02 366 4.26 968 Isomers of
4.55 '
{16 514 517 1018
261 5.88
619
Sy b . 6.37
¢ : Or T Nt “
1.35 403 6.88 1316 Isomers of
71.53
O::f
""" 32
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2.80 820 Isomers of 782 1464 isomers of
4.51 5 P §.00
e 8.31
3.92 862 5,80 F7T0 {sopers of
4.99 9.0
9.40

Comparative Example 1: Synthesis of DOPO-HQ-dacetate

¢
{:} Ty
ol Vg
->“ },_v
/O - P\éO &
\'/} \\\}/’) \\\\>

DOPO-HQO-diacerare:  DOPO-HQ-diacetate was  synthesized  fromm DOPO-HQ and  acetic

anhydride. This product has very limited solubility in MEK.

Example 10: Small scale Epoxy Curing Experinents with caring agents of the invention
Samples of DOPO-HQ-derivatives prepared in Examples 1+ 4 and § were combined with epoxy
and Novolac and cured on a small scale {all the materials information is listed in Table 4).
Samples were cured using DEMNA38: EPON164 in 131 ratio, SD1708 as a co-curing agent and (.2
wi¥s of 2-methyimidazole as catalyst. Total % P was 2.4-2.7%. The epoxy was cured at 163-
163°C for 2 hours and post-cured at 180-210°C for 1 hour. Thermal stability of the samples was
studied using DSC and TGA. To prepare varnish castings for Dk and DP measurements,
composition A was blended with DEN438; EPON164 in 1:1 ratio, co~curing agent SIDE708 and
catalyst 2-methyimidazole. 107107 aluminum foils were coated single-side using the sample-

Ay

epoxy blend. Afier coating the fuils were air dried followed by “B7-staging at 165°C (37507},

33
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The epoxy was peeled from the foil, followed by molding and curing at 200 °C for 2-3 hours and

-

sost-curing at 210-220"C for 1 hour, The results are shown in Table 3
I 2

Table 3: Composition, Tg, TGA and electrical properties for small scale curing experiments

Compounds Composition (wt %) Te. °C Tempi@weight, °C Dk/Df
, 98% / 95% / 90% (1 GHz)
EPONI64 | DEN43 SD1708

Example | 30.3 24.8 110 176 35773947 409

Example 2 | 29.6 24.3 10.2 173 341 /396 /407

Example 3 29.6 243 10.2 179 32173717 400

Example 4 29.5 24.1 10.7 178 324/ 383/ 406

Example § 29.0 23.7 103 175 344 /382 /401 3.26/0.019
Comparative 297 243 10.0 161 358 /389 /405

Example 1

Example 11 Laminate Preparation with DOPO-HQ-Derivatives

The composition A, synthesized in Example 2 was explored as a co-curing agent for
3 [ g ag

the epoxy laminate application. The composition A together with phenolic Novolac was used to

cure muldti-functional epoxy resins DEN 438 and EPON 164, All the materials information is

listed in Table 4 The solids content was maintained at 66.67% with the addition of

MEK/Dowanol (80/20) solvent mixture. A varnish formulation was prepared therefrom which

had a phosphorous content of 2.7% and the composition coutents are shown in Table 5.
i

Table 4: Materials

Trade Name (Producer)

General Information

Function

Phenolic novolac

Curing agent

DEN 438 (ex Dow Chemicals)

Phenol novolac epoxy

Epoxy resin

EPON 164 {ex Momentive)

Cresol novolac epoxy

Epoxy resin

Me’{hyl ethyl ketone (ex Fluka) Butan-2-one Solvent
Dowanol (ex Fluka) [-methoxy 2-propanol Solvent
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Dimethyl formamide (ex Fl uka) N.N-Dimethylformamide Solvent
2-MI (ex Adr Praducts) Zemethyl imnidazole {Catalyst

Glass Cloth {ex BGF Industries) | E-Glass Reinforcing agent
Copper foil (ex Gould Electronics) JTC. 1.0 oz Resistance to oxidation

o warmn and hunid
ervironiments and for
precise etehing behavior

and others

Table 5: Epoxy laminate formulation for Example 11

DEN 43§ EPON 164 | Composition A SD-1708 2-ml
{wi %) (Wt %y (Wt %) (Wt %) (wt %)
2430 2070 | 35.84 10.15 0.02

The catalyst addition was carefully controlled by adding small incremental amounts of
2-methylimidazole (2-ml) solution {20 weight% solids solution in DMF) to obtain an optimum

varnish eel time of 270 seconds at 171°C according to (PCTM-6501est 2.3.18,
P s

A glass fabric (17 inches X 36 inches) was continuously passed through a trough
containing the varnish and through squeeze rolls such that a uniform coating was obtained.
Sections of the coated fabric were hanged in the hood overnight for slow evaporation of solvent.
Prepregs were made by drying the resin coated glass fabric in & preheated air cirenlated oven at
160°C for 4307 (four minutes and thirty seconds). which gave a resin flow less than 20.0%.
Also. the resin content was controlled to be over 50 — 55%, which is determined through the
difference in weight between the plass fabric and the prepreg. The prepreg gel time was
determined by collecting the fusible, thermoplastic resin by crushing the prepreg m a zip-lock
bag. The collected resin was placed on the hot-plate at 171 °C and the gel time determined. The

prepreg properties are shown in Table 6 below:

Table 6: Prepreg properties with Composition A as shown in Table 5

Lo
L
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Formulation of Composition A as showit in Table 5 IPC-TM-650 No. | Value
Resin content (wt %) ) 2.3.16.2 30-55
Varnish gel time {sec) ., 3.3.18 270
Prepreg gel time (‘sec_} ) 2.3.18 81
. Resin Flow (Yo} ) 2.3.17 <24

A circular stack of 4 prepregs with a diameter of 25 mum was placed between disposable
aluminum (AD plates to study the rheological behavior of the B-stage prepreg by electrically
heating the resin to 200°C at 5°C/min in an AR2000ex Rheometer. A continuous controfled
strain condition within the linear viscoelastic region of the prepreg was mainiained along with
the pormal foree contral that accounts for volume changes occurring in the resin with change in

temperature.

Based on rheology curves, the final curing temperature for the laminate was selected
above 179°C. Based on the rheology curve, the curing cycle was designed o obtain a good
wetting of the glass cloth, Figure 1 shows the complex viscosity profile of the prepreg with rise
in temperature of the B-staged resin system in an oscillatory testing mode. Figure 2 shows the
overlay curves for the storage modulus (G7), loss modulus (G”) and complex viscosity () of the
B-staged resin system. Based on the Figures 1 and 2, the curing cycle was designed to obtain a
pood wetting of the plass cloth. A low initial pressure of 10 pst was applied af 103-105°C (the
complex viscosity of the prepreg was around 17360 pa-s) and sufficient to wet the glass fabric as
studied during the preparation of various experimental epoxy laminates. Subsequesntly 20 psi
pressure was applied at 140°C and the pressure was maintained at 20 psi until 165°C. The
pressure was again raised to 50 psi at 165°C and 100 psi once the press reached 175°C. A
pressure of 100 pai was applied at 175°C and finally a pressure of 220 psi was applied at 195°C.

Finally, the press was maintained at 220 psi and 195°C isothermally for 90 minutes. The
faminate showed a good resin flow and the thickness of the final laminate was close to 1.3 mum
(without copper). The laminate was rated as a borderiine V-0 with a maximum burn time of 7
seconds by following ASTM D3801-10 standard using an Atlas UL-94 burming chamber (V-0

being the highest possible rating).
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The glass transttion temperature (Tg} of the maltilaver laminate was determined to be
192°C by Diynamic Mechanical Analysis (MA) in a single-cantilever mode at a ramp rate of
3°Cimin. The thermal decomposition temperature of the composite at 3 weight%s loss is 416°C a3

measured by Thermogravimetric Analysis (TGAY at a heating rate of 10°C/min in an et
) g 8

atmosphere of nitrogen.

Four specimens for the Pressure Cooker Test (PCT) were cut from the epoxy laminate
;:c»ntziining Composition A and placed in the pressure cooker for 30 minutes at 121°C and 15 psi.
The water uptake of the test coupons was around (.07~0.14 weight % with average of abowt
0.1%. Three test speeimens do not exhibit any blistering and were graded as Condition 3
according to the IPC test criteria. One test specimen exhibited a blister and graded as Condition
1.

Example 12: Laminate Preparation with DOPO-HOQ-Derivatives

The composition A, synthesized in Example 8 was explored as a co-curing agent for the epoxy
famivate application. The composition A together with phenolic Novolac was used to cure malti-
functional epoxy resins DEN 438 and EPON 164, All the materials information is listed in {able
4. The solids content was maintained at 65-66 % with the addition of MEK/Dowanol (80/20)
solvent mixture. A varnish formulation was prepared therefrom which had a phosphorous

content of 2.4 % and the composition contents are shown in Table 7.

Table 7: Varnish Formulation for Example 12

DEN 438 | LPON {64 Composition A | SD-1708 2.\

{wi %) {wt %) {wt %) {(wi%s) {(wia)
240 294 35.3 1.3 0.02

A varnish was formalated from material prepared for sampling purposes to confirm its
performance in a glass filled laminate. The vamish was prepared using a MEK/Dowanol (80/20)
solvent mixture. After determining gel times of the FR varnish by adjusting the catalyst fevel the
glass fabric panels were coated by passing them through a wough containing the varnish then
pulled between rollers of a predetermined gap allowing excess material to be forced out leaving a

smooth uniform coating. The higher solids content of the varnish made the coating process more

3

7

Lo
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difficult. The coated panels were hung 1o air dz‘y overmght. After drving the four 187 x 307
panels were cut into 8.5 inch squares prior to “B” staging at 165°C in a forced air oven. The
laminate was made using 8 phies of each prepreg between 2 sheets of 35um copper foil, The
stack was then placed in a heated press. Temperature and pressure were ramped following a
viscosity profile obtained from an AR200ex rheometer. A final pressure of 200 psi at 195°C was
apphed to the laminate and held for 1 hour 1Smin prior to cooling. After removing the copper
cladding test samples were cut to determine FR and thermal properties of the laminate.
Following UL94 protocol the laminate was rated V-0 with burn times of 6 s, The Tg of the

faminmate was 194°C. The laminaie passed the PCT at 1, 1.5, and 2' hours. All surfaces being
i g

vated Condition 5.

PCT/US2016/059878

Table §: Prepreg and laminate properties with Composition A as shown in Table 7

Prepreg Properties

Resn content (wit%h) 36
Varnish gel time at 171°C (seconds) 318
“B” staging at 165°C {secondr.'é}' 186
Flow (%) s
Laminate Properties

- Laminate thickness {(mm) 1.5
Resin content {wt 30) 31
Glass Transttion Temperature {DMA) 19d
Thermal Decompasition at 5 wi% Loss) 400

CFlammability (UL-9H V0

| Total burn time (sec) 32

Maximuin burn thne (sgc) &

Water uptake after PC test (%) 0.3

Pressure Cooker Test 1 howr

pass 100%

1.5 hour

pass 100%

2 howr

pass 100%"

T-288 (min} '

Peel strength (poundfinch) 8.2
=6(
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CCTEZ (ppm Py e 2 T4118S
CTE (%), 50-260°C; TMA 2.2

"using formulation of composition A (36.8 wi%) with DEN 438 (50.9 wi%), SD 1708 (12.4

wi%) and catalyst 2-MI,

Table 9: Formulation of DOPO-HQ-diacetate from comparative Examplel {(synthesis) at 2.7 % P

in final epoxy varnish with Dowanol as solvent

limited solubility,

. This product was ditficalt to formulate due to

Table 9
DEN EPON DOPO-HQ- | SD-1708 | 2omi
438 164 diacetate
243 297 35.8 10 0.065

Table 10: Prepreg and Laminate Properties with formulation as shown in Table 9

Prepreg Properties | IPC-TM-650 Value
,,,,, No.

Resin content (wt %) 23162 35-45

Varnish gel time (see) [171°C] 2.3.18 390

Prepreg gel time (sec) 2318 210

Flow (%) [165°C, 27027] 2317 3

i Laminate Properties

Glass Transition Temperature (DMA
I/ min)

150

Flammability (UL-94)
- s

V-0, maximum burn time 2 seconds

Thermal Decomposition (5 wit% Loss -
10°Cimin)

418

Pressure Cooker Test (30 minutes)

[ Around 0.22 wi% water uptake and 4
i out of 4 samples passed the test
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CLAIMS:

PCT/US2016/059878

1. A epoxy resin composition comprising a thermosetting resin and a phosphorus-

coutalning aromatic polyester of formula (I3 which is concurrenily a flame retardant and an

active ester curing agent

.
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where X is a bivalent avomatic hydrocarbon group containing from 6 to about 12 carbon

aloms, and optionally substiteted with an alkyl group or alkoxy! group. contaiaine up o
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about 6 carbon atoms, or

X 1s a bivalent linear or branched alkylene group of from 1 to 8 carbon atoms, or a
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or
where £ s selected from the group consisting of a covalent bond, -S8Ch-, ~-C{CH -,

~CH(CH3)- and - CHoy~ a= 02 b= (-2

wherein the wavy lines of cach structure of Y indicate the bonds to the O atoms which Y

bridges in the general formula (i

RYis H, an alky!l group of trom 1 1o about 4 carbon atoms, phenyl, naphthyl,

N or i

where R”is H or -C(=0)R” and where R is selected from an alkyl group of from 1 to 4 carbon
atoms, a phenyl group, a napthyl group and an aromatic phenol group which 1s selected from

one of a phenol group, o-cresoel group. m-cresol group, p-cresol group, w-naphthol group, and a

f-naphthel group,

and when R* is H, R cannot be phenyl or naphtyl,

and nis>1.

2 The composition of Claim 1 wherein R' is

41
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and where X is a bivalent aroratic hydrocarbon group of from 6 to 12 carbon atoms which is
optionally substituted with an alkyl or alkoxy group of up to 6 carbon atoms,
e NEPURN . . 1. ~ g ) N .
3. The composition of Claim 1 wherein R’ {s an alkyl of from 1 to about 4 carbon
atoms and where X is g bivalent aromatic hydrocarbon group of trom 6 1o 12 carbon atoms

which is optionally substituted with an alkeyl or alkoxy group of up to 6 carbon atoms.

4. | he composition of Claim 1 wherein K 18

and where X is a bivalent linear or branched alkylene group of from 1
to & carbou atoms, or a bivalent linear or branched alkenylene group of from 2 to about &

carbon atonys.

5. The composition of Claim 1 wherein R is H oranalkyl of from 1 to about 4
carbon atoms and where X is a bivalent linear or branched alkylene group of from 1 10 8
carbon atoms, or g divalent linear or branched atkenylene group of from 2 o about 8 carbou
atoms.

6. The composition of Claim 1 wherein X is a bivalent aromatic hydrocarbon group
of from 6 to 12 carbon atoms which is optionally substituted with an alkyl or alkoxy group of

up to & carbon atoms.
42
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7. The composition of Claim 1 wherein X is a divalent linear or branched alkylene
group of from 1 to 8 carbon atoms, or a divalent linear or branched alkenylene group of from

<

2 to about § carbon atoms.

8. The composition of Claim 1 wherein u is from { to about 100,
9. The composition of Clairn | wherein the thermosetting resin is an cpoxy resin,

. The composition of Claim | wherein the thermosetting resin i3 an epoxy resin
selected from the group consisting of halogen-free epoxies, phosphorus-free epoxies, and

phosphorus-containing epoxies and mixiures thereof,

11, The composition of Claim 1 wherein the curing agent compound is present in an

amount of from abont 10 to about 130 parts by weight per 100 parts of the thermosetting resin.

P2 Any one of a coating formulation, an encapsulant, a composite, an adhesive, a

molding a bonding sheet or a laminated plate comprising the compusition of Claim 1.
13, Anarticle comprising the composition of Claim 1.

14, The article of Claim 13 wherein said article can be used in lead free soldering

applications and electronic devices.
15, The article of Claim 13 wherein the article further comprises a copper foil.
16, The article of Claim 13 wherein said article is a printed circuit board,
17 A prepreg comprising the composition of Claim 1.

I8, A laminate or a bonding sheet comprising the composition of Claim 1.

Led

A
@4
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19 A panted wiring board comprising prepreg of Claim 17,

28, A printed wiring board comprising the laminate of Claim 18.

21 A process of making a laminate that contains the composition of Claim 18
comprising impregnating the composition into a filler material, to form a prepreg, followed by
processing the prepreg at elevated temperature to promote partial cure to a B-stage and then

laminating two or more of said prepregs at elevated pressure and temperature to form a laminate,

22. A printed circuit board made by the process of Claim 21

44
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