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Abstract: During the last decades, the importance of phosphorus-containing halogen-free flame retardants is increasing
due to the good environmental sustainability of theses substances. 9, 10-Dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) and its derivatives as prominent members of this group of flame retardants show excellent flame-retardant efficien-
cy in different polymers, where they act in particular in the gas phase. Since the development of DOPO in 1972, a large
number of DOPO derivatives have been investigated and synthesized in academia and industry. This review will discuss the
advancements of promising DOPO-based compounds regarding their synthesis and flame retardancy in thermosets as well as
in thermoplastics.
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1 Introduction

With consideration of avoiding the generation of toxic
and corrosive gases as well as the release of persistent and bio
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accumulative substances in combustion, the trend is towards

using non-halogen flame retardants'' ™"’

In recent years,
phosphorus-containing organic compounds have been demon-
strated as effective flame retardants ( FR) for thermosets as
well as thermoplastics. Various organophosphorus compounds
have been incorporated into epoxy resin systems either as ad-

ditives or as reactive co-monomers''' "' Among of all phos-
phorus chemicals DOPO 1( Figure 1) and its derivatives have

gained the most attention due to their relative high thermal
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stability, high reactivity and flame-retarding efficiency' " ™"’ .

DOPO is a phosphacyclic organic compound, made from
o-phenylphenol and phosphorus trichloride. The first synthe-
sis of DOPO was reported by Sanko Chemical''® in 1972 and
originally this compound was designed for Toyobo’ s polyester
fibers and textiles. The reactive hydrogen of DOPO easily re-
acts with activated double bonds of benzoquinone, acrylates,
aldehydes etc. or epoxides. Therefore, DOPO can be used
both as precursor for a flame retardant additive and as an
integrative flame retardant agent.

I (0}

1_H

DOPO1
Fig. 1 Structure of 9, 10-dihydro-9-oxa-10-phosphaphenan-
threne-10-oxide ( DOPO 1)

As a reactive phosphorus flame retardant, DOPO can be
covalently incorporated into the epoxy polymer chain by a
chemical addition onto the oxirane ring in the presence of a
base as catalyst ( Figure 2). The use of such a fusion process

(OHC,H,),N (cat.)
—_—
140~160C, 2 h

( preformulation) reduces the risk of flame retardant leaching
out of the polymer during the polymer processing and the later
application.

The flame retardancy of DOPO has been investigated in
many different epoxy resin systems. Selected results are sum-
marized in Table 1.

Compared to conventional flame retardants such as
AlI(OH), (ATH) or Tetrabrombisphenol A (TBBPA) , DO-
PO provides good physical properties and requires lower load-
ings to reach UL 94 VO ratings. Schartel et al. have thor-
oughly investigated the pyrolysis and fire behavior of epoxy
systems based on DOPO and its derivatives. They reported
that DOPO acts either exclusively in the gas phase via flame
inhibition, or both in the gas phase and in the condensed
phase via char formation at the same time > ™.

A mechanistic study by Ciesielski et al. "**' supported
the gas phase activity of DOPO. The authors carried out a
number of thermal desorption mass spectroscopy ( TDMS)
experiments and proposed a mechanism for the flame retard-
ant reactivity of DOPO ( Figue 3). Additionally, they con-
firmed their results with density functional theory ( DFT)
calculations.

Fig. 2 Preformulation of DOPO into an epoxy novolac resin

Table 1 Overview of the fire behavior and glass transition temperatures of DOPO-containing epoxy resins cured with various hardeners

Epoxy resins Hardener Phosphorus content, /% FR content, w/% T,/C U%‘;gtilz;
DGEBA® m-PDAY 0.9 6.3 - nr. 19
DGEBA® DDS® 1.2 8.1 - Vo2
DGEBA® DICY!/Fenuron 2.5 24.32 135 V2
DEN 438 DICY!/Fenuron 1.6 11.45 155 0]

Note: “DGEBA ; bisphenol A diglycidyl ether; m-PDA ; m-phenylenediamine; DDS: 4, 4’ diaminodiphenylsulfone; “DICY ; dicyandiamide

HPO N H' +PO"
DOPO-H N PO +DBF
DOPO  ___,  HPO' +DBF Q Q
DOPO N H' +DOPO-H" .
p=0 o
DOPO +H" N H, + DOPO-H " Q o] O
DOPO + OH N H,0 +DOPO-H" DOPO-H’ DBF
DOPO +H " N PO +H, + DBF
DOPO + OH N PO +H,0 + DBF

Fig. 3 Proposed mechanism for the flame retardant reactivity of DOPO 1 in the gas phaseL24J

tardant has the advantage of the permanent attachment of the
flame retardant that avoids the leaching out of the flame re-
tardants and for that reason the loss of the fire resistance.

2 DOPO-derivatives as reactive flame
retardants for epoxy resins

As previously mentioned, the use of a reactive flame re- However, the incorporation of only one P-H group results in a
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decrease of the functionality of the epoxy resin, which leads

e. g.
duction of the glass transition temperature ( T,). Therefore,

to a detrimental impact on the material properties, re-
studies on the synthesis of new phosphorus-
which have no or less
have attracted

in recent years,
containing bridged flame retardants,
negative influence on the material properties,
much attention.

The synthesis of 10-(2, 5-dihydroxyphenyl)-10H-9-
oxa-10-phosphaphenanthrene-10-oxide ( DOPO-HQ 2 ) was
firstly reported by Nishikawa et al. . DOPO-HQ was ob-
tained by addition of 1 to p-benzoquinone in 2-ethoxyethanol
with nearly quantitative yield ( Fig. 4). Several years later,
. reported the application of diglycol ether of
Re-

cently, the fire retardancy of 2 has been investigated in epoxy

Wang et al”™’
DOPO-HQ for producing a flame-retardant polyester.

resins as well. Wang et al. reported™’ that the preformula-
tion comprising DOPO-HQ and DGEBA, cured with 4, 4’ -
diaminodiphenylmethane (DDM) , required only 2.1 % P to
reach UL 94 VO rating. In addition, compared to a pure
DGEBA resin system hardened with DDS, the cured DOPO-
HQ-containing systems exhibited even superior thermal sta-

bility and higher glass transition temperatures ' .

DOPO HQ 2
Fig. 4  Synthesis of DOPO-HQ 2025

Ao \OH
125°C,4h

Moreover, current research focuses on the synthesis of

flame retardants with higher phosphorus contents via simple
methods'> "
ries of phosphorus-containing quinone derivatives carrying
exhibiting high
was recently reported by our

. A novel approach for the synthesis of a se-

two similar or different phosphorus units,
flame-retardant potential ,
group .

The synthesis is described in Figure 5. Treatment of
DOPO-HQ with activated MnO, yielded in the quinone deriva-
tive (DOPO-BQ). DOPO-2-HQ was obtained in good yield by
addition of one equivalent of DOPO to DOPO-BQ in toluene.

The flammability of the DOW epoxy novolac DEN 438/
DICY/Fenuron system containing DOPO-2-H(Q) was investiga-
ted. The cured preformulation reached UL 94 VO rating with
2.0 % phosphorus loading. Additionally, the modification of
the novolac resin system with DOPO-2-HQ slightly shifted the

T. to a higher temperature ™.

%2@ :g@s e}

DOPO-BQ

\/ H,
R o :/ : H H~P//O
$<1 PhO OPh Ph Ph

6

Fig. 5 Synthesis of DOPO-BQ and disubstituted p-hydroquinones
DOPO-2-HQ (3 ), DOPO-HQ-DDPO (4 ), DOPO-HQ-
(Ph0),PO(5)and DOPO-HQ-DPhPO (6) [3?]

Various other new compounds containing at least two
DOPO units were successfully synthesized by using the
Pudovik reaction. For example, Liu et al. °' prepared epoxy
monomers with high phosphorus content. 2DOPO-PhOH (7)
was obtained through a one-step reaction of DOPO with
The -C-OH group formed by the
nucleophilic addition of P(O)-H to the carbonyl group was

benzophenone derivatives.

reported to react further with another DOPO molecule to form
the designed product via a condensation reaction( Figure 6) .
Compound 7 was used to yield a phosphorus-containing epoxy
monomer followed by the reaction with epichlorohydrin and
combined with bisphenol A-based epoxy resin to produce the
phosphorus-containing prepolymer. The amine hardener,
e. g. DDM or DICY, was used for the curing reaction of
both modified epoxies. Due to the high phosphorus contents
of the cured epoxy resins (4.2 % ~8.0 % ), all samples
exhibited an extremely high LOI value ( between 37 and
46).

superior thermal stability in comparison to the phosphorus

Furthermore, the modified resin systems presented

free epoxy systems.

o
“ O ° 0
0=P-0 o O O X o H@H H 0=P-0
xx . pH ——— HO—‘—@—FOH
0-pP=0 180 C 0-P=0 H

7:X=0H,2DOPO-PhOH
8:X=NH,,2DOPO-A

Fig. 6 Synthesis of epoxy resin monome

2DOPO-TDA 9,

DOPO, was also synthesized via Pudovik reaction

the terephthal aldehyde adduct of
B4 The
flame retardant epoxy novolac resin was obtained by a fusion
] In the UL 94 test, the
prepolymer cured with DDM required only 1.0 % P to a-

reaction described in Figure 7

chieve a VO classification. In addition, the resulting polymer

Yo  Toluene refluxing

2DOPO-TDA 9

rs with high phosphorus contents!®

exhibited a high T, value of 189 °C.

Kim et al™*
based flame retardant comprising 4 DOPO units,
4DOPO-bisphenol A,
via a two-step procedure ( Fig. 8). The addition reaction of

! pioneered the synthesis of a phosphorus-
namely
10. The compound 10 was prepared

formaldehyde and bisphenol A followed by a high-tempera-
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ture condensation reaction gave the final product 10. The
intermediate product formed in the first step was purified by
extraction of the reaction mixture with an organic solvent.
Nevertheless,
mount of the by-product,

J ﬁw

(o)

due to similar physical properties a small a-
such as the polycondensate of
(0]

)

(0]

QQ

o

ed TR
S

formaldehyde and bisphenol A could not be removed com-
pletely. The condensation of the oligomeric by-product and
DOPO was also observed. As a result the obtained compound
turned out to be a combination of 10 and corresponding DO-
PO-based oligomers.

(o}

"0

Fig. 7 The fusion reaction of 9 and DEN 438 epoxy novolac

—»
HO OH
Bisphenol A
O\P\\:‘O O
e}

vy
W -
ORI o
P % 7 T

HO

S
10

+
DOPO-oligomers

o

+ oligomers

HO

DOPO

Fig. 8 Synthetic procedure to obtain 4DOPO-bisphenol A (10) [3¢]

A different procedure for the preparation of a similar
compound was developed by the DOW chemical company
around the same time"””’

Recently, in 2012,

of an epoxy thermoset modified with a phosphorus/nitrogen

1 [38]

Wang et al. published a study

containing flame retardant 11, prepared from the adduct 12
of DOPO 1 and formaldehyde with triglycidyl isocyanurate
13 (Figure 9).
were prepared by incorporation of the DOPO derivative 11.

Epoxy resins with different contents of 11

Thermo stabilities as well as flame retardant properties of
these thermosets were investigated. In the UL 94 test, the

authors archived for an epoxy resin system with a flame re-
tardant content of 10 % the VO classification and deter-
mined a LOI value of 35. Besides,
perature T, of the composites increased with increasing con-
tent of 11.

the glass transition tem-

3 DOPO-derivatives as hardeners for
epoxy materials
Another method to incorporate organic phosphorus moi-

eties in epoxy resins is to modify the curing agents[’w’m .

Fig. 9  Synthesis of a mono phosphorylated triglycidylisocyanurate derivative 11 3%
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Several DOPO-based aminic hardeners have been devel-

JLie-4]

ope . In Figure 10 some examples of these type of

hardeners are shown. The synthesis route of 8 has already
been described in Figure 6. This DOPO-based diamine has

proven to be an appropriate curing agent for multifunctional

HEN—.O—A—O.—NHZ

2DOPO-A8
Fig. 10 Chemical structures of DOPO-based am

OPO

Wera e

Inspired by the good results from DOPO-Triol, Lin et
al. "**) developed a novel DOPO-containing triamine ( DO-
PO-TA 14) from the nucleophilic addition of DOPO and
pararosaniline chloride by using triethylamine as an acid
scavenger ( Figure 11). The curing behavior of 14 was in-
vestigated in DGEBA and dicyclopentadiene epoxy resin.

1
Fig. 11

framework was first reported by our group ( Figure 12) *".

this devel-
oped compound was proposed to exhibit a superior compati-

Due to the reduced number of aromatic rings,

bility within the epoxy as compared to previously reported

Gy e

HNO,,fum,
acetic anhydride

0—>45°C

DOPO- TA 14

R

cresol novolac epoxy resins as well as DGEBA. Both cured
resins showed high glass transition temperatures, especially
the system cresol novolac/8 presented the high T, value of
195 °C, which is potentially useful for advanced printed cir-

cuit boards (PCBs) and electronic encapsulationUZJ .

2DOPO-Bu-A 15

ine curing agents 8121 141481 ang 15041

Regarding the activation energy and onset temperature of the
curing, DOPO-TA has a lower reactivity than DDM, howev-
er, it has a higher one than DDS. Both DOPO-TA cured
systems possessed higher glass transition temperatures than
the common curing agents and high flame retardancy.

The incorporation of amino groups directly to the DOPO

NH, NH.

O Q Et.N O l NH,
QW+ CHN _ —> ? O
P L

(J o Ao

NH:
14 NH:

Synthesis of DOPO-TA 14[48]

[12,48]

systems . Consequently, the thermal- and mechanical
properties of the DGEBA/15 system, which contained 4. 5
% P, were comparable to the values of the DGEBA/DDS

reference system.
o/
Pd/C, 3bar H, \/l/\ L

o)
DMAA, 40 C '

"G,

P
1l
O
2DOPO-Bu-A 15

Fig. 12 Synthesis of the diamino hardener 15 (4997 (DMAA =N, N-dimethylacetamide )

Apart from amines, other types of curing agents have
been modified with DOPO,
anhydrides ™

such as phenolic novolac and
1 po-
PO was used to produce a rigid novolac compound via a sim-
fol-
lowed by a polymerization using catalytic amounts of oxalic
acid ( Figure 13 ). The obtained novolac-analog compound
(DOPO-PN 16) has proven to be a suitable curing agent for
bisphenol-A-and o-cresol novolac-type epoxies.

', In a study reported by Lin et al.

ple addition reactions to para-hydroxybenzaldehyde,

These re-
High
limiting oxygen index ( LOT) values were found to demon-
strate the good flame retardancy of the DOPO-PN-cured
epoxy resin.

sults were supported by DSC and TGA measurements.

However, with increasing phosphorus con-

tents in the cured polymers,

182 C to 134 C,
from 21 to 36. The same tendency could be observed for

the T, values decreased from
whereas LOI values were leveled up

the DGEBA/16 systems.
Since the pioneer work by Endo et al. ' on the synthe-

sis of phosphorus-containing diacid monomers, many

paying
special attention to its application in flame-retardant poly-
22734 Cho et al.

phosphinate anhydride ( DMSA 17) as a curing agent for

re-
searchers have focused on its particular properties,
esters published their studies on the aryl
flame-retardant epoxy matrixes. This work revealed a facile,
one-pot synthesis of phosphinate anhydride from a phospha-
Michael addition of DOPO to itaconic acid, followed by a
thermal dehydration ( Figure 14). The curing behaviors of
the obtained DMSA were investigated in DGEBA and ep-
oxy-novolac, respectively. The same analyses were also
carried out with mixtures of hexahydrophthalic anhydride
(HHPA)/DMSA and phthalic anhydride (PA)/DMSA in
different molar ratios.

For both resin systems, the samples
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cured with PA showed the highest T, values. In PA/DMSA
systems the T, decreased with increasing content of DMSA.
On the contrary, in HHPA/DMSA system the T, values in-

E/H
Yo Toluene, refluxing ‘

creased when the DMSA contents also increased. The addi-
tion of DMSA significantly leveled up the flame retardancy
of cured epoxy resins.

OH
/,(@ Cat.:oxalic acid, THF
Refluxing CH "
O—P;=O
DOPO-PN

16

Fig. 13 Synthesis of DOPO-PN 16

®

150—'170 C,8h

[¢]
O (e} O
/j:\n/OH —V I'l'
1 0
@ 0 © ©

O~ OH

DMSA 17

Fig. 14 Synthesis of aryl phosphinated anhydride 17!

4 DOPO derivatives as additive flame re-
tardants

An alternative approach to get a DOPO derivative into
polymers, instead of introducing it via a chemical reaction
described above, is to blend the polymer with a non-reactive
or additive DOPO compound. Two disadvantages of additives
in polymers are their tendency to leach out of the bulk mater-
ial as well as their plasticizer effect. For avoiding these draw-
backs, DOPO based additives should have a salt or polymer-
like structure or at least a high molecular weight'™’. As men-
tioned before, DOPO is a reactive compound and can act as
an acid. Furthermore its thermal degradation starts at approx-

imately 200 °C ', Therefore,

tive without derivatization. Later on, a number of different

it cannot be used as an addi-

i MO p-H
O ° ki
(0] o
DOPO 1 DOPO-OH 18

N
|
HzNJ\N/J\NHZ

reactions to obtain derivatives of DOPO and of course their
use as flame retardants are described.

4.1 Salt and salt-like DOPO additives

Described DOPO salt additives often have a nitrogen-
containing cation and a DOPO-based anion™ "', For the
DOPO 1 has to be oxidized
into its corresponding acid DOPO-OH 18 which can be easily
done by using hydrogen peroxide as oxidant "

synthesis of such compounds,

. In a second
step DOPO-OH 18 and an organic typically nitrogen-contai-
ning base such as melamine ( Mel, 19) are mixed together to
provide a corresponding DOPO salt. Figure 15 shows an ex-
ample of a DOPO salt additive 20 where DOPO-OH 18 was
treated with melamine 19 at elevated temperature in water as
solvent to get[ H Mel ][ DOPO - O] 2017,

The authors blended [ H Mel ] [ DOPO - O ] 20 into a

NH,

X

()

\
Mel, 19 P’
- i,
A

[H Mel][DOPO-0] 20

Fig. 15 Two step Synthesis of 20 ; In the first step DOPO 1 is oxidized with hydrogen peroxide to the corresponding acid DOPO-
OH 18. Treatment of 18 with melamine (19) at elevated temperature yielded the salt 20[°"]

novolac epoxy resin with or without synergist and hardened
with DICY/Fenuron to investigate the flame retardancy of 20.
The composites reached the VO classification in the UL-94
test with a phosphorus content of 1.0 % and even less in
the additive 20 and

the mixture of additive and synergist showed just a slightly in-
) [62] ]

combination with synergists. Moreover,
fluence on the glass transition temperature ( Table 2
A further compound has to be mentioned in this context

namely zinc DOPO (ZnDOPO 21). In 2006, Just et al. '

Table 2 Required loading of the salt 17 to achieve UL 94-V0 in
DEN 438 cured with DICY/Fenurone ¢!

Flame retardant UL 94 P content, FR content, T,
(4 mm) w/ % w/ % /°C

- n. c. - - 182

20 Vo 1.0 11.6 174

20 + 30 % boehmite Vo 0.8 7.0 171
20 + MPP (1:1) A 0.9+40.7 5.2+5.2 179

Note: MMP: melaminepolyphosphate ; boehmite: Al(0)OH; T, meas-
ured by Differential Scanning Calorimetry ( DSC)



150 Hh R R 2

832 %

reported a simple synthesis of this salt-like substance 21,
from the reaction of a zinc salt with DOPO 1 in the presence
of a base (Fig. 16). The exact structure of the product 21,
which represents a coordination polymer, was by crystal
structure analysis ( Fig. 17). ZnDOPO 21 can be oxidized to
the corresponding coordination polymer ZnDOPO-O 22,

Zn DOPO 21

according to Figure 14. Due to its high thermostability above
400 °C, ZnDOPO 21 was blended with and without melamine
cyanurate ( MC) into polyamide 6 (PA6), an engineering
plastic and showed in both cases good results concerning
flame retardancy. As an example, a PA6 blend with 7.5 %
21 and 7.5 % MC reached the UL VO classification'®’ .

Zn? Oxidation _H 7
> /P\O
0 o
n n
Zn DOPO-0 22

Fig. 16  Synthesis of the coordination polymers ZnDOPO 21 and ZnDOPO-0 22 starting with zinc chloride and 1 to obtain 21 fol-

lowed by an oxidation to 2263 ~64]

Fig. 17  Crystal structure of ZnDOPQ 21 (3]

4.2 Organic derivatives of DOPO

In the following section, selected organic DOPO deriva-
tives are discussed where the P-H group of DOPO 1 was for-
mally converted into a P-C, P-O or P-N group. This transfor-
mation is important to block the reactivity and to increase the

—_—
methanol

g o
&

thermal stability of the DOPO compounds.
DOPO-methyl 23, an efficient flame retardant for flexi-
ble, low density polyurethane foam was investigated by Konig

et al. 1!

. They obtained 23 from a Arbuzov reaction of the tri-
valent DOPO species 24 in the presence of a catalytic amount
of methylsulfate, according to Dittrich et al. " and Artner et
al. ™). The precursor 24 was prepared from DOPO 1, metha-
nol, orthoformiate and HCI ( Figure 18 ). Additionally, the
authors synthesized low density, flexible polyurethane foams
that contained different amounts of 23 to study the burning be-
havior and the material properties of these foams. The results
of this research indicate that 23 has a good compatibility with
the polyurethane foams. Furthermore, 23 shows a good flame-
retardant effect. Konig et al. "' figured out that 23 mainly ac-
ted in the gas phase by diluting the burnable gaseous product
of the decomposed polymer and by functioning as radical scav-
enger, as described earlier. The latter effect was determined
by TG-MS and cone calorimeter experiments.

Fig. 18  Synthesis of DOPO-methyl 23 from the trivalent compound 24, prepared from DOPO 1 [49,65-66]

Angell et al. "’ reported the synthesis of an ethylene
bridged DOPO derivative DOPO, -ethylene 25. It results from
the nucleophilic reaction of the potassium salt of DOPO with
dichloroethane prepared by treating DOPO 1 with potassium
tert-butoxide according to Figure 19a. They also successfully
incorporated 25 into epoxy resins and prepared laminates.

1.1BuOK, 25~30 C
2.CIN_"~Cl,25~50 C O

O Nal(cat).,

UL-94 tests with and without synergists were performed of
these laminates. The results indicated a good flame retardant
effect and are summarized in Table 3. Afterwards, Yao et
al. 1) described a one-step procedure to obtain 25 from
DOPO and ethylene glycol catalyzed by sodium iodide ( Fig-
ure 19b).

2 HO~
1" OH
p H o’g\/\P’O S T e
Q 3o DMSO Xernesﬂ Q g o
O 195-200 C
(a) (b)
DOPO 1 DOPO,-ethylene 25 DOPO 1

Fig. 19 Two synthetic strategies starting with DOPO 1 to obtain DOPO, -ethylene 25 (a) DOPO 1 was transformed into a potassium
salt via potassium-tert-butoxide that was treated in a second step with dichloroethane to lead the final product 25. (b) in a

one-pot reaction 25 was obtained from DOPO 1, ethylene glycol and sodium iodide as catalyst!®” -8
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In 2007, Artner et al. " already synthesized a similar
bridged DOPO compound DOPO,-butylene 26 with a butylene
instead of an ethylene spacer between the two DOPO moieties.
Their synthetic approach was a transesterification of the triva-

lent DOPO compound 27 with butanediol to 25, followed by an

Arbuzov rearrangement in the presents of para-toluenesulfonic
acid as catalyst to obtain the final product 26 ( Figure 20).
However, the authors have not done any tests regarding flame
retardancy. This synthetic route could also be used for the
preparation of 25 starting from 27 and ethylene glycol ®"

HO OH (’ ,) (cat )
/P ~P< 4 ~P<

Fig. 20 Synthesis of DOPO, -butylene 26 published by Artner and coworkers.

sponding trivalent phosphorus species 28 , prepared from the transesterification of 27 and butanedio

Table 3 Results of UL 94 tests of DOPO,-ethylene 25 in epoxy

resins[¢7

UL 94 P content, T,

Flame retardant (0.94 mm)  w/% JC

Epoxy resin

DEN 438-EK 85/

Durite SD-1702 none n. c 0 163 ~172
DEN 438-EK 85/
Durite SD-1702 25 Vo 4.0 126 ~131
DEN 438-EK 85/
Durite SD-1702 25 Vi 3.0 136 ~140
Diﬁfl\é—g?{oz none n.c 0 198
NPCN-703/ 256.6 % +6.6 % e 1o

Durite SD-1702 MMP +30 % silica
Note: MMP: melamine polyphosphate;

T, measured by Differential
Scanning Calorimetry ( DSC)

0
SIS
\/u\o oo  + H

(Yoo
o)
TAEP 29 ﬁo

DOPO 1

Fig. 21
Table 4 Results of UL 94 tests of DOPP 30 in RTM6!™!.
Epoxy resin Flame UL 94 P content, FR content, Tg
retardant (3.0 mm) w/ % w/ % /°C.
RTM6 none HB 0 0 229
RTM6 DOPP 30 Vi 2.0 19.6 191
RTM6-CF none HB 0 0 215
RTM6-CF  DOPP 30 VO 0.6 5.9 190

Note: T, measured by dynamics mechanical analysis ( DMA)

A further approach to achieve a DOPO based flame re-
. They obtained a star like
THIC-DOPO compound 31 from its corresponding derivative
( THIC-O-DOP, 32) via Arbuzov reaction catalyzed with para-

tardant was done by Zang et al. "’

Et N(cat

Toluene

The product was obtained from a Arbuzov reaction of the corre-
10491

A study of Perret et al. ™' published in 2011, pointed
out that the treatment of pentaerythrol tetraacrylate ( TAEP
29) with DOPO 1 and triethylamine as catalyst gave the cor-
responding tetra DOPO derivative ( DOPP 30) via analogue
Michael Addition ( Figure 21). The authors blended DOPP
30 into commercially available epoxy resins for aircraft appli-
cations RTM6 as well as in carbon fiber reinforced RTM6 and
investigated the fire behaviors and mechanical properties.
Additionally, they proposed thermal decomposition pathways
and figured out that DOPP 30 acted in the gas phase by flame
inhibition and in the condensed phase through charring. The
results of UL-94 tests are listed in Table 4 and demonstrate
efficient flame retardancy.

Seqey
SR
F ok

DOPP 30

Synthesis of DOPP 30 via analogue Michael Addition of DOPO 1 to TAEP 29 in the presence of triethylamine as catalyst' 7]

toluenesulfonic acid methylester (Figure 22e). The precursor
32 can be synthesized with two different methods. Both use
THIC 33 as starting material. In the first one, 33 is coupled
with DOP-CI 34,
nucleophilic substitution in the presence of a base ( Figure
21a). In the second one 33 is converted into 32 using DOPAM-
3-propyl 35, prepared from DOPO itself and n-propylamine,

a precursor of the DOPO synthesis'®' | by

according to Figure 21c. To evaluate the flame retardancy of
THIC-DOPO 31 and its effect on the material properties, the
final product 31 was blended into epoxy resins. For example,
the THIC-DOPO 31 containing epoxy resin ( DEN 438/DICY/
Fenuron) reached the UL 94 VO classification with a phos-
phorus content of 1. 0 percent (Table 5).



152 Hh R R 2 832 %
i
HO-_"\ NS NN OH
o> o
s\ O o)
OH
p-Cl (@) (b) P-NH @ 'P\\’g
ay 3-8 . s
DOP-CI 34 O O DOPAM-3-propyl 35 DOPO 1
TFN“\
f o’
P'¢O THIC-0-DOPO 36 o/
@/ ~0 THIC-O-DOPO 31
Fig. 22 Synthesis of DOPO-THIC based flame retardants THIC-O-DOPO 36 and THIC-DOPO 31 starting with THIC 33. To obtain these com-

pounds the following reactions were performed: (a) nucleophilic substitution of THIC 33 with DOP-CI 34, (b) conversion of THIC 33
with DOPAM-3-propyl 35, (c¢) reaction of DOPO 1 with n-propylamine, (d) oxidation of THIC-O-DOP 32 with tert-butyl hydroperox-
ide, and (e) Arbuzov reaction of THIC-O-DOP 32 catalyzed by p-toluenesulfonic acid methylester!”"]

Table 5 Results of UL 94 tests of THIC based flame retardants
31 and 37 in DEN 438"

UL 94 P content T,
Epoxy resin Flame retardant 9 content, 3

(4.0 mm) w/% /C
DEN 438-E

N 438-EK/DICY/ none nc. 0 182
Fenuron

DEN 4%8—EK/DICY/ THIC-DOPO 31 VO 1.0 169
Fenuron

DEN 438-EK/DICY/ THIC,-DOPO 37 A0 1.3 178
Fenuron

Note: T, measured by Differential Scanning Calorimetry ( DSC)

Zang et al. """ also reported the synthesis of a corre-
sponding oligomer THIC -DOPO 37, which was first prepared
by Just et al. ', To achieve 37, THIC, 38 was treated with
DOPAM-3-propyl 35, followed by an Arbuzov reaction. TH-
IC, 38 was obtained from the polycondensation reaction of
THIC 32 (Figure 23). The oligomeric compound 37 exhibi-
ted after incorporation in epoxy resins similar flame retardant
behaviors to 37, but the glass transition temperatures of the
epoxy resins were higher, see Table 5.

A commercially available polymeric flame retardant

with DOPO in the side-chain is 40 also known as Ukanol-
FR80. In an analogue Michael Addition DOPO 1 and itac-
onic acid (ICA, 41) were converted into the addition prod-
uct ICA-DOPO 42, which was first synthesized by Endo et
al. " in 1975. In 2009, Glauner et al. "' published a
method where the DOPO containing acid 39 was treated with
ethylene glycol to obtain the monomer 43. In a polyconden-
sation reaction 43 was transformed into the final product 40
(Figure 24 ). First,
polyamide fibers especially polyamide 6 (PA6) and polyester
Later
reported the application as flame re-
tardants for poly-butylene terephthalate ( PBT) ,
reinforced PA6 and thermoplastic copolyester elastomer
(TPE-E).

An interesting approach to get a monomer with high

40 was applied as flame retardant for

fibers especially polyethylene terephthalate ( PET).
on, Wermter et al. "
glass fiber

phosphorus content was published by Miiller et al”. in
2004. The addition of two equivalents of DOPO with acety-
lenedicarboxylic acid 44 to 45 in the presence of aluminium
triisopropylate or mercury (1) sulfate as catalyst gave 45.

Afterwards, the authors synthesized a monomer 46, prepared
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from the acid 45 and ethylene glycol. The monomer 46 was eties are directly connected to the polymer backbone. Howev-
used for the copolymerization with the diglycol ester of tereph- er, the authors did not mention any test results concerning

thalic acid 47 ( Figure 25). In the copolymer the DOPO moi- flame retardancy.

OH R

oA A A

m
0 o 0 f o o |;
How o~y AN OH HOL A~ W~ 0 o R L~~~ A
_ @
o

NSO 07 "N"o 0" NS0 07 'N" 7o
\ N o \ o
THIC32  OH OH ! O~ Ay ~ton R [ NN NN
()
THIC 38 o//I\N\O ), o N\’go
OH n R n
(D -
R o) o
2 )
S NS
THIC,-0-DOPO 39 THIC,-DOPO 37

Fig. 23 Synthesis of the oligomeric flame retardants THIC,-O-DOPO 39 and THIC ,-DOPO 37 with THIC 32 as starting material: (a) THIC 32
was transformed by polycondensation to THIC, 38, which acts as precursor for both oligomers 37 and 39. (b) The polycondensate 38
was converted into THIC,-0-DOPO 39 by Atherton-Todd reaction. (c¢) The precursor 38 was treated with DOPAM-3-propyl 35 followed

by an Arbuzov reaction to obtain THIC,-DOPO 37 (7]
Q g ’
O ‘
HO O ZP
— )QE( )Q’Q

08" T
¢}

DOPO 1 ICA 41

Ho\)

ICA-DOPO 42

Fig. 24  Synthesis of the commercially available DOPO containing polymer Ukanol-FR80 40. In an analogue Michael Addition DOPO 1 and
itaconic acid 41 were converted into ICA-DOPO 42, followed by a condensation reaction with ethylene glycol to obtain 43. The

monomer 43 was polymerized to the final product 4017 ~74]

Oy 0O

\LOH
Q COOH O Q N\ o HO\L 47

HO OH /
P’H + Catalyst 0 0 -R O=P (0]
(o N =0 /f‘; T TS T oo
COOH o o] o
DOPO 1 HOOC  ‘COOH ~ 00
44 45 HO OH

2

Fig. 25 Synthesis of the acid 45 prepared from DOPO 1 an acetylenedicarboxylic acid 44 by addition reaction. The acid 45 was trea-
ted with ethylene glycol to get the corresponding monomers 46 , which were copolymerized with bis (2-hydroxyethyl) tereph-
thalate 47 in the presence of a catalyst'®]

1 [77]

In a study by Brehme et al. , the fire behaviors and thalate (PBT) with a DOPO containing polyester 48 were

mechanical properties of a blend of polybutylene tereph- determined and compared to corresponding PBT/aluminium
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diethyl-phosphinate composites. The flame retardant 48 was
first synthesized by Pospiech et al. "’*! from the polyconden-
sation reaction of the diglycole ether of DOPO-HQ 49 and
dimethylterephthalate 50, according to Figure 26. The

0 0 .i .i
§—©—( & 0-P=0
H 0 H

50 o o 0

49

A
(@)

PBT/48 blend reached the UL 94 V2 classification with a
phosphorus content of 1.5 % ( flame retardant content:
26 % ) and did not show a negative effect on the tensile

strength.

Ti(OBu), (cat.),
Sb,0, (cat.)

%

Fig. 26 Synthesis of the DOPO containing polyester 48 prepared from the polycondensation reaction of 49 and 50 in the

presence of a catalystr77 -78]

The reaction, reported by Chang et al. ! | of DOPO-
HQ 2 with phenylphosphonic dichloride 51 gave a polymer 52
with a high phosphorus content of 13. 8 % ( Figure 27). In
this case the phosphorus containing units are in the polymer
chain as well as in the side chain. The authors studied also

O-R=0 +

oo

2 51

cl—p-Cl

the flame retardant effect of 52 in different polymer systems
by UL 94 tests and determined the LOI values. In Table 6,
the results of these tests are shown and indicate excellent
flame retardancy for PET, epoxy resin and unsaturated poly-

O-P=0

ester.

52

Vacuum (0]
g n
s o o-t—}-c
@ n

Fig. 27  Synthesis of a polymeric flame retardant 52 with a high phosphorus content, prepared from DOPO-HQ 2 and the dichloride 51 via

a polycondensation reaction!”’

Table 6 Table 6. Results of UL 94 tests and LOI values of the

polymeric flame retardant 52 in different polymer sys-
(79]

tems*
P content, UL 94
Polymer system Flame retardant w/'% (3.2 mm) LOI
PET none 0 - 21.6
PET Polymer 52 0.77 Vo 32.4
ER, glycerol epoxy ) _
resin/polyamide 651 Polymer 52 0 20.4
ER, glycerol epoxy

resin/polyamide 651 Polymer 52 0.70 Vo 32.6

Unsaturated polyester
(USPE, 191)/styrene/BPO ¥ Ol¥mer 52 0 - 208
Unsaturated polyester Polymer 52 0.28 Vo 28 6

(USPE, 191)/styrene/ BPO

Bauer'™’ published a synthesis of a DOPO-based meth-
acrylate monomer 53, prepared from 12 and methacryloyl
chloride 54 in the presence of a base ( Figure 28). After-
wards the monomer 53 was copolymerized with methacrylate
55 to obtain a polyacrylate that passed the UL 94 HB test in
contrast to the pure polymethacrylate.

With this last discussed example, the section of P-C de-
rivatives of DOPO is completed. The next presented examples
are DOPO derivatives where the P-H group was formally con-
verted into a P-O group.

1 [81]

Wagner et a reported a synthesis of a DOPO resor-

cinol derivative 56, prepared via an Atherton-Todd reac-

tion'®’ | which is a multi-purpose tool to obtain organophos-

phorus derivatives from amines and alcohols™® | of resorcinol
57 and 1, according to Figure 29. Ratotomalala et al. ™
pointed out that 56 is an effective flame retardant in novolac
based epoxy resin with a low influence on the glass transition
temperature,, see Table 7.

Table 7 Results of UL 94 tests of the flame retardants 56, 58

and 60 in DEN 438[55-84]

E o Fl: etardant UL 94 P content, Tg
poxy resin ame retardan (4.0 mm) /% e
DhN]i?:iiODn[CY/ one . . .
DEN 438/DICY/ 56 Vo e 125
Fenuron
DEN 438/DICY/ 60 Vo Lo s
Fenuron
DEN 438/DICY/ 58 v 1. 28) .
Fenuron

Note: (a) Higher phosphorus loadings could not be achieved due to lim-
ited solubility of the additive 58 in the resin; [84]
ured by Differential Scanning Calorimetry ( DSC)

In 2008, Ciesielski et al. " published a synthetic route
to a DOPO functionalized bisphenol A derivative 58. They

treated bisphenol A 59 with DOPAM-3-propyl 35 to receive a

trivalent compound 60. The followed oxidation of 60 with hy-

drogen peroxide gave the desired product 58 ( Figure 30).

Additionally, the two phosphorylated products 60 and 58

were incorporated into DEN 438/DICY and UL 94 tests of the

obtained composites were performed. The trivalent additive

T, meas-
g
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60 reached UL 94 VO with a phosphorus content of 1.0 % ,
whereas the pentavalent species 58 achieved a V2 classifica-
tion with a phosphorus loading of 1.2 % , see table 7. The

OH O Cl _EN
P) *
IS HCl,
o " A T
54

12

result, that a trivalent compound has a higher flame retardan-
cy effect than a pentavalent one, was also supported by other
examples given in the study by the authors.

I
o o

55
‘g_; Copolymer

Fig. 28  Synthesis of the DOPO compound 53, prepared from the alcohol 12 and methacryloyl chloride 54. Afterwards, the

monomer 53 was copolymerized with methyl methacrylate 55 (%)

35

ccl, o

o
Et,N O
56

“— oRceRe

H202

S peres

Fig. 30 Synthesis of a DOPO compound 58, prepared by the oxidation of the corresponding trivalent species 60 that was obtained by treatment

of bisphenol A 59 with two equivalents of 353

Above an approach of Zang et al. "' concerning THIC
based DOPO derivatives with P-C bonds has been discussed
in detail. The authors also synthesized a compound, where
the DOPO moieties are connected via a P-O bond to the THIC
core using a similar synthetic route ( Figure 22). To obtain
THIC-O-DOPO 36, the corresponding trivalent derivative 32
was oxidized with sert-butyl hydroperoxide, according to Fig-
ure 22. Furthermore, the oligomer 39 was prepared from the
polycondensate 38 and DOPO 1 via Atherton-Todd reaction
(Figure 23). The molecular compound 36 and the oligomer-
ic compound 39 were blended into a novolac epoxy resin and
UL 94 tests of the composites were performed. Both reached
the VO classification with a phosphorus content of 1. 5 % and
1.7 % , respectively, see Table 8.

The oligomer 39 was also blended with melamine
polyphosphate ( MMP ) as synergist (12 % 39 and 8 %
MMP) into glass fiber reinforced polyamide 66 ( PA66 )
(glass fiber content 30 % ) and reached the UL VO classifi-
cation'**’

Above several P-C and P-O DOPO derivatives were
presented. The next discussed examples are P-N derivatives
of DOPO 1.

The synthesis of a phosphorylated diaminodiphenylmeth-

ane derivative 61, prepared from DDM and DOPAL-3-prolyl

Table 8 Results of UL 94 tests of THIC based flame retardants
33 and 367,

P content, T,

Polymer system Flame retardant UL 94 w/% JC

DENFiiii(])]nICY/ none n. c. 0 182

DEN 438/DICY/ THIC-DOPO 36 Vo 1.5 176
Fenuron

DEN 438/DICY/ THICn-DOPO 39 VO 1.7 179
Fenuron

Note ; Tg measured by DSC

35, was published by Cieslielski et al. (Figure 31) /.
The trivalent compound 61 was incorporated into DEN

438, cured with DICY and reached the UL VO classification

w1th a phosphorus content of 0. 84 % . The T, of the modified

epoxy resin was insignificantly lower than the one of the un-
modified DEN 438 (180 °C vs. 182 C).

In 2012, Dumitrascu et al. "®! published a synthesis
of a polymeric derivative 62 via the radical polymerization
reaction of the monomer 63 with AIBN as radical initiator
( Figure 32). The precursor 63 was prepared by the Ather-
ton-Todd reaction of 1 and vinylanilin 64. The homopoly-
mer 62 has a high thermal degradation temperature of 416
°C. However, the authors have not performed any tests con-
cerning flame retardancy.
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Fig. 31

N
ccl,
—_—
Et.N
NH,
64

Synthesis of the DOPO derivative 61 ,

prepared from DOPO-3-propyl 35 and DDM [#4

n
AIBN
HN\ HN\
0=P-0 0=P-0,
63 62

Fig. 32 Synthesis of a DOPO containing homopolymer 62, prepared from the radical polymerization of 63 with AIBN as
radical initiator. 63 was obtained by Atherton-Todd reaction of DOPO 1 and 64%!

5 Conclusion

Since the development of DOPO as an effective organo-
phosphorus, halogen-free flame retardant, that releases less
corrosive and toxic gases during combustion compared to
halogen-containing flame retardants, a large number of reac-
tive and non-reactive DOPO derivatives have been invented in
DOPO-based amine-
which
do not affect or in some cases even increase the material
properties of the resulting composites such as the glass transi-
tion temperature , were synthesized and investigated. Further-
DOPO additives, which have an excellent compatibili-
ty to a number of polymers like epoxy resins, polyurethanes
and engineering plastics ( PA, PBT, PET),
pared.
thetic methods are now available to create “tailor made”
DOPO based flame retardants to substitute the halogenated

ones in the future.

academia and industry. For instance,
and anhydride-like hardeners as well as epoxy resins,

more,,

could be pre-
As a beneficial result of this tendency, various syn-
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