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Abstract: The current trend for future flame retardants (FRs) goes to novel efficient halogen-free
materials, due to the ban of several halogenated FRs. Among the most promising alternatives
are phosphorus-based FRs, and of those, polymeric materials with complex shape have been
recently reported. Herein, we present novel halogen-free aromatic and aliphatic hyperbranched
polyphosphoesters (hbPPEs), which were synthesized by olefin metathesis polymerization and
investigated them as a FR in epoxy resins. We compare their efficiency (aliphatic vs. aromatic) and
further assess the differences between the monomeric compounds and the hbPPEs. The decomposition
and vaporizing behavior of a compound is an important factor in its flame-retardant behavior, but also
the interaction with the pyrolyzing matrix has a significant influence on the performance. Therefore,
the challenge in designing a FR is to optimize the chemical structure and its decomposition pathway
to the matrix, with regards to time and temperature. This behavior becomes obvious in this study,
and explains the superior gas phase activity of the aliphatic FRs.
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1. Introduction

The overlap of the decomposition temperatures of a flame retardant (FR) and its polymer matrix
is essential for its effectiveness in the case of fire [1–4]. Aromatic polymers typically have higher
thermal stability than aliphatic polymers. In the case of a FR, this higher thermal stability influences at
which temperatures the active species are available in the gas phase. An important example of this
behavior was reported for brominated aromatic and aliphatic FRs in polypropylene. The thermal
decomposition of aliphatic FRs starts below the thermal decomposition of polypropylene, which leads
to a good performance in this matrix. Aromatic FRs decompose after polypropylene and therefore, at
the decomposition temperature of polypropylene, no optimal debromination is achieved, resulting in
mediocre performance [5].

Here, we compared an aromatic with an aliphatic hyperbranched polyphosphoester (hbPPE)
prepared via acyclic triene metathesis (ATMET) polymerization as additive FRs in epoxy resins
(Scheme 1). We discuss the structure-property relationship and utilize thermal analysis to understand
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the flame-retardant mechanism and investigate the influence of the higher thermal stability of the
aromatic compounds and the resulting availability of phosphorus in the gas phase [5].

Scheme 1. Chemical structures of the investigated polymers: a) the aromatic poly-1 and b) the
aliphatic poly-2.

In spite of their high flammability, the excellent mechanical and insulating properties of epoxy
resins have led to their widespread application as lightweight material products for construction
or electrical equipment. In 2016, the market for epoxy resins had a volume of US$ 21.5 billion [6].
Typically, epoxy resins are treated with FRs in many applications.

For several decades, halogenated FRs were used as effective FRs. However, in recent years, due
to their potential harm to health and environment, their use has been legislatively restricted around
the world, promoting a growing demand for halogen-free alternatives, of which phosphorus is an
attractive alternative [7]. Phosphorus in the gas phase is reported to be similar or even superior to
hydrogen halides like HBr [8], has attractive plasticizing properties [9], adjustable hydrophilicity [10]
and potential degradability [11] and biocompatibility [12].

The versatility of polymer chemistry was used to address problems of low molar mass FRs,
such as poor matrix compatibility, leaching or migration out of the polymer matrix. In the literature,
polyphosphoesters are gaining increased attention as a promising class of polymeric FRs because of
the aforementioned reasons and their versatile chemistry that allows tuning their chemical structure to
control degradation behavior and matrix compatibility. Branched polymers with their high number of
reactive or end-groups, lower intrinsic viscosities and higher matrix compatibility compared to linear
polymers are interesting candidates for flame retardant additives [13–16]. Also, PPEs can be prepared
as branched polymers, typically relying on the pentavalency of phosphorus [17]. However, the majority
of hbPPEs reported in literature are aliphatic materials, only a few publications have reported on
aromatic hbPPEs [18–22]. The field is dominated mostly by classical linear aromatic phosphates, such
as resorcinol bis(diphenyl phosphate) or bisphenol A bis(diphenyl phosphate) due to their good flame
retardant performance, but typically with relatively low molar mass and definition [23–25]. To further
understand the flame retardant mechanism and improve performance, additional research in the field
of hbPPEs is necessary and this work contributes to this development.

2. Results

Acyclic diene metathesis polymerization (ADMET) is a versatile technique to prepare a broad
range of linear functional polymers [26–30]. Olefin metathesis is also able to polymerize an A3

monomer without any complementary B2 monomer needed to give a hyperbranched structure [15].
For the synthesis of aromatic hbPPEs via acyclic triene metathesis (ATMET) polymerization,
an aromatic phosphoester with vinyl groups is mandatory. In this study, the synthesis of
tris(p-vinylphenyl)phosphate (1) was performed in a single reaction step from POCl3 and 4-vinylphenol
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without further purification such as distillation or chromatography, thus obtaining the A3-monomer in
high purity and yield (Figure 1a). The resulting monomer is a liquid at room temperature and has a
phosphorus content of 7.66 wt.-%. 1 is soluble in aromatic solvents (e.g., toluene) and halogenated
solvents (e.g., dichloromethane and chloroform), and insoluble in water. 1 proved thermally stable until
a temperature of 127 ◦C (measured by TGA), at which the vinyl groups undergo radical cross-linking,
due mainly to the electron-withdrawing resonance effect of the adjacent phosphate at the ring. The
cross-linking-reaction was proven by heating 1 to 300 ◦C in a silicon form for 2 h producing a hard,
cross-linked PPE (Figure S23).

Figure 1. (a) Synthesis scheme of tris(p-vinylphenyl)phosphate (1) and poly(tris(p-vinylphenyl)
phosphate) (hbPPE); (b) 1H NMR spectra of 1; (c) 1H NMR spectra of poly-1; (d) 31P NMR spectra of 1;
(e) 31P NMR spectra of poly-1; (f) 1H31P HMBC spectra of poly-1; (g) SEC curves of poly-1 before and
after precipitation in Toluene.

1 was used as a novel A3 monomer for the ATMET polymerization to produce poly-1. The
protocol of the ATMET polymerization of 1 is described in Figure 1 a and in detail in the Experimental
Part. The monomer was dissolved together with the respective Grubbs catalyst in a 37 wt.-% solution
of 1-chloronaphthalene at 40 ◦C and the polymerization was conducted for 5 min in vacuo. Poly-1
was used as a flame-retardant additive in epoxy resins after precipitation into cold hexane. No
polymerization in the bulk conditions at 60 ◦C was observed, probably due to the high viscosity of the
monomer. We carried out polymerizations with Grubbs 1st generation catalyst at 40 ◦C and 60 ◦C, but
almost only oligomers were observed (Mn < 1200 g mol−1 from size exclusion chromatography (SEC),
Figure S1). When Grubbs Hoveyda 2nd generation catalyst was used, a broad range of molecular
weights was obtained, depending on the reaction conditions (Table S1 and Figure 1g). SEC showed a
molar mass of ca. Mn 3000 g mol−1 with dispersity Mw/Mn ≈ 3 after 120 min of reaction. However,
when the addition of the catalyst was carried out in two phases, higher apparent molar masses of ca.
Mn 4800 g mol−1 with broad molar mass distribution (Mw/Mn ≈ 11) were obtained. Longer reaction
times led to cross-linking of the material. To prevent cross-linking, the reaction can be terminated by the
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addition of ethyl vinyl ether or methyl acrylate. The resulting polymer was partially soluble in aromatic
solvents (e.g., toluene) but proved highly soluble in halogenated solvents (e.g., dichloromethane and
chloroform). Extraction of the crude polymer with toluene resulted in the precipitation of the high
molecular weight fractions, providing a poly-1 sample with a molar mass of ca. Mn 11,500 g mol−1 and
Mw/Mn = 1.7 from SEC (Figure 1g).

The polymerization of 1 was followed by 1H NMR spectroscopy (Figure 1b,c). After
polycondensation, the resonances of the terminal double bonds at 5.16 ppm, 5.61 ppm and 6.59
ppm decreased, and a new signal at 6.92 ppm for the internal double bonds was detected. The 31P NMR
spectrum revealed a distinct signal at the same chemical environment (−17.73 ppm) of the monomer
(Figure 1d,e).

In addition to the aromatic poly-1, we also synthesized the aliphatic analogue from
tri(hex-5-en-1-yl)phosphate (2) by ATMET polymerization (cf. Figure 2a and Experimental Part).
Grubbs 1st generation catalyst was used for the polymerization which was terminated after ca. 15 min
by the addition of ethyl vinyl ether, before cross-linking occurred and precipitated into hexane. The
reaction was performed at 1 g and several polymer batches were combined to conduct the flame
retardancy tests (after combining the different batches, SEC of the mixture showed a molar mass of ca.
Mn 4400 g mol−1 (Figure S24)).

Figure 2. (a) Synthesis scheme of tri(hex-5-en-1-yl)phosphate (2) and poly(tri(hex-5-en-1-yl)phosphate)
(poly-2); (b) 1H NMR spectra of 2; (c) 1H NMR spectra of poly-2; (d) 31P NMR spectra of 2; (e) 31P NMR
spectra of poly-2; (f) 1H31P HMBC spectra of poly-2.

The successful polymerization of 2 was followed by 1H NMR spectroscopy. The signals of the
terminal double bonds at 5.81 ppm and 5.15 ppm decreased, whereas an additional signal for the
internal double bonds at 5.40 ppm was detected (Figure 2b,c). No shift in the phosphorus signal was
observed, as the distance between the reactive olefins and the phosphorus is separated by the long
alkyl chain (Figure 2d,e). The increase in thermal stability of poly-2 compared to 2 was marginal
(Ton, 10%; poly-2 = 206 ◦C and Ton, 10%; poly-2 215 ◦C).
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2.1. Thermal Characterization of FRs

The analysis of both polymers by differential scanning calorimetry (DSC) revealed a large difference
in the glass transition temperatures (Tg): poly-2 with its long and flexible aliphatic chains between the
phosphate groups exhibited a low Tg of −66 ◦C. In contrast, poly-1 exhibited a Tg which was 126 ◦C
higher (Tg, poly-1 = 60 ◦C) due to the rigid aromatic groups [31]. This difference in Tg also impacts the
Tg of the final FR-containing epoxy resins and therefore must be considered. If a plasticizing-effect on
the final FR epoxy resin is desired, the aliphatic FR may eliminate the need for additional plasticizer.

2.2. Pyrolysis: Thermal Decomposition via Thermogravimetric Analysis

The decomposition of the FRs under pyrolytic conditions was investigated using
thermogravimetric analysis (TGA) (Figure 3). During a fire, the burning is dominated by anaerobic
pyrolysis producing volatile fuel, which is then combusted in the flame. This model is accurate for
most polymeric materials in fire scenarios such as developing fires [32]. Therefore, it is also applicable
for fire tests of polymeric materials like flaming combustion in the cone calorimeter. Moreover, the
model applies to reaction to small flame tests such as limited oxygen index (LOI) and UL 94, where
the extinguishment of a flame is monitored. TGA under nitrogen is the most common analytical
method to investigate the pyrolysis controlling the burning of polymeric materials [32]. The mass
loss curve of 1 has two distinct decomposition steps: the first mass loss step of 1 at Tdec = 143 ◦C
is likely due to the cleavage of PO-Ar or P-OAr bonds. This behavior is indicated by the release of
aromatic compounds which were identified by TGA coupled with FTIR spectroscopy (Figure S11). The
resulting radicals of the bond cleavage initiate a radical polymerization reaction of the vinyl groups,
resulting in a cross-linked polymer. This increase in molar mass prevents any further release into
the gas phase. In contrast, poly-1 has a steady decrease in mass; it has only few free double bonds
available which allow for further cross-linking. Consequently, end-groups are continually eliminated.
The second decomposition step is the main decomposing step of the material, which is at the maximum
degradation temperature Tmax = 470 ◦C for 1 and at Tmax = 435 ◦C for poly-1. The slight reduction in
Tmax for poly-1 is explained with the fact that poly-1 has only few vinyl groups for post cross-linking
available; therefore, 1 is more efficient in its cross-linking reaction during the first mass loss step,
resulting in a high molar mass, cross-linked network. The aliphatic compounds only experience one
decomposition step, which is at much lower temperatures compared to the aromatic compounds. The
difference between 2 and poly-2 is only marginal with 19 ◦C (Tmax, 2 = 250 ◦C, Tmax, poly-2 = 269 ◦C).

Figure 3. Top: Mass loss rate over temperature of pure flame retardants and the pure epoxy resin.
Bottom: Pyrolysis investigations via thermogravimetric analysis (TGA; 10 K min−1; N2); increase of
residue yield from aliphatic to aromatic and from monomeric to polymeric.

Considering the decomposition temperature of the epoxy resin (EP, based on bisphenol A
diglycidylether (DGEBA) and 2,2′-dimethyl-4,4′-methylene-bis-(cyclohexylamine) (DMC), (Tmax, epoxy

= 366 ◦C)), another important observation was made: The aliphatic FRs decomposed at lower
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temperatures than the matrix, whereas the aromatic compounds decomposed at a higher temperatures
than the matrix, resulting in potentially less interaction between matrix and FR (Figure 3). As a
benchmark, the commercially available and industrially-used FR bisphenol-A diphenyl phosphate
(BDP) was chosen, as it was already used successfully in epoxy resins [33,34]. BDP has a decomposition
temperature which is similar to the one of the epoxy resin (Tmax, BDP = 409 ◦C).

There is also a clear difference in residue amounts between the aliphatic and the aromatic materials:
the residue increases from aliphatic to aromatic and from monomer to polymer. Residues increased
from 3 wt.-% (2) to 37 wt.-% for 1 and from 24 wt.-% (poly-2) to 60 wt.-% for poly-1. The large difference
in residues between aliphatic and aromatic compounds is explained by the interaction of phosphorus
species with aromatic components, resulting in polyaromatic residue [35].

2.3. Pyrolysis: Evolved Gas Analysis via TGA-FTIR

During TGA, the evolved gases were analyzed via FTIR (TGA-FTIR), giving insight into the
decomposition products and therefore the process as a whole (Figure S9–S12). 2 decomposed in
a single step at 259 ◦C: its main decomposition products were 5-hexen-1-ol, 1,5-hexadiene, and a
phosphate-species, as has been previously reported (Figure S9) [36]. poly-2 exhibited disparate
products during decomposition: at 216 ◦C, the spectrum shares most similarities to 1,3-hexadiene (c,t),
especially by the bands at 999 and 905 cm−1, but also those at 1806, 1605, 1460, 1316, and 1174 cm−1

(Figure S10) [37]. At 259 ◦C, 2-octene (c,t) and trans-1,4-hexadiene were identified, the former by those
bands at 1460, 1405, and 692 cm−1, and the latter by the bands at 971 and 919 cm−1. The FTIR spectra
of monounsaturated hydrocarbons share many similarities, and the spectra are likely caused by the
overlap of several species. For 1, the spectrum at 143 ◦C revealed the production of aromatic products
including p-Cresol, 4-ethylphenol, and p-tolyl acetate, the latter a product of rearrangement reactions,
and identified by the bands at 1786 (C=O) [38,39], 1372, 1011, and 908 cm−1 (Figure S11). [37] At 470 ◦C,
the spectrum revealed the presence of bisphenol A, characteristically seen in the decomposition of
epoxy resins [40–43], providing evidence for cross-linking reactions occurring at elevated temperatures.
For poly-1, two distinct decomposition products were identified at Tmax: at 447 ◦C, the main product
was phenol, while at 487 ◦C, the production of benzene was clearly visible by the band at 672 cm−1

(Figure S12).

2.4. Thermal Characterization of FRs in Epoxy Resins

The FR-performance of the aliphatic and aromatic FRs was studied in an epoxy resin (EP) based
on DGEBA and DMC. The epoxy plates were prepared by mixing DGEBA with DMC in the presence
of 10 wt.-% of each FR, pouring the mixture into aluminum molds of desired dimensions, followed by
curing for 3 h at 150 ◦C. The Tg of the epoxy resin was 155 ◦C. Typically, additive FRs act as plasticizers
of the epoxy resin and reduce the glass transition temperature (Tg) [44]. All flame-retarded epoxy
resins with 10 wt.-% 1, poly-1, 2 and poly-2 exhibited lower Tgs by 6–28 ◦C compared to the epoxy
resin. 1 had almost no influence on the Tg of EP due to its ridged aromatic structure (Tg of EP-1:
149 ◦C), poly-1 reduced the Tg to 127 ◦C and EP-BDP lies in between with a Tg of 133 ◦C. In all cases,
the addition of aliphatic FRs 2 and poly-2 resulted in a higher or equivalent decrease in Tg compared to
the aromatic FRs (Tg, 2 = 127 ◦C, Tg, poly-2 = 149 ◦C). This difference in influence on the Tg was already
expected due to the large difference in Tg of the pure FRs.

2.5. Pyrolysis: Evolved-Gas Analysis via TGA/TGA-FTIR

A crucial step towards understanding the FR mechanisms is analyzing the pyrolysis of the epoxy
resins with FRs by TGA. The epoxy resin had a main decomposition step at 366 ◦C and therefore no
overlap with the aliphatic or aromatic FRs (except the reference BDP). This behavior is not ideal, since
it reduces the interaction between the matrix and FR. The mass loss curves of EP-2 and EP-poly-1 have
two distinct signals. In the case of EP-2, the low molecular weight compound already boils from the
matrix before the matrix decomposes. This is indicated by the mass loss of approx. 10 wt.-%, which
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is equal to the amount of FR in the epoxy resin. For EP-poly-1, the first mass loss step is explained
with the loss of terminal groups. The temperatures of highest decomposition rate (Tmax) of EP-2
(Tmax = 367 ◦C), EP-1 (Tmax = 359 ◦C), EP-poly-1 (Tmax = 361 ◦C) and EP-BDP (Tmax = 357 ◦C) are very
close to the Tmax of the neat epoxy resin. However, poly-2 reduced Tmax of EP to 334 ◦C. The broad
range of decomposition is caused by the broad poly dispersity and the high number of low molecular
weight fractions, which leave the matrix earlier compared to the higher molecular fragments.

The residue at 700 ◦C increased for all tested FR containing EPs. EP-2 had a low increase to 5.1
wt.-% compared to 4.5 wt.-% of EP. EP-BDP had a residue of 8.2 wt.-%, which was notably higher. EP-1
had a residue of 9.1 wt.-%, while EP-poly-2 and EP-poly-1 were in a similar range with 13.3 wt.-% and
14.7 wt.-%, respectively, the latter presenting the greatest increase in residue yield.

The evolved-gas analysis of FR-containing resins during pyrolysis (Figure S13–S16) revealed the
development of decomposition products unique to the individual FRs. All materials exhibited the
spectrum of DGEBA-DMC at 371–375 ◦C except EP-poly-2, where this spectrum appeared at 349 ◦C.
The EP-spectrum contained signals from Bisphenol A (e.g., 1603, 1510, 1255, 1176 cm−1) and ammonia
(965, 930 cm−1). Only EP-2 contained a phosphate signal (1033 cm−1) [45] at 373 ◦C (Figure S13). Both
EP-2 and EP-poly-2 exhibited gas production at T < Tmax (266 and 287 ◦C, respectively): while for EP-2,
the spectrum contained signals from 5-hexen-1-ol (3082, 2936, 1043, 918 cm−1) and a phosphate species
(1033 cm−1) (Figure S13), the spectrum of EP-poly-2 displayed overlapped signals from 5-hexen-1-ol
as well as longer-chained monounsaturated alcohols, as exemplified by the spectrum of oct-2-en-4-ol
which contains the band at 967 cm−1 (Figure S14). These species resulted from the scission of the
aliphatic chain between phosphate-moieties and then rearrangement reactions. For EP-1, the spectrum
at 203 ◦C revealed the evolution of alkyl-substituted phenols such as p-n-propyl phenol, as identified by
the bands at 1255, 1176 and 830 cm−1 which are prevalent throughout substituted aromatic molecules
(Figure S15) [38,39]. Moreover, the spectrum at 437 ◦C displayed other substituted phenols that are
unlike Bisphenol A, providing further support that 1 forms thermally stable polyaromatic compounds
at elevated temperatures. EP-poly-1 also displayed similar polyaromatic molecules not stemming from
Bisphenol A such as 4-(3-hydroxyisoamyl) phenol at 482 ◦C (Figure S16), as identified by the lack of
signals at 1332, 747, and 686 cm−1 [37].

2.6. Pyrolysis: Condensed Phase Analysis via Hot-Stage FTIR

Investigations via hot-stage FTIR into the condensed phase activity of the FRs in EP revealed
many similarities and some subtle differences between the individual FRs (Figure S17–S10). At 100
◦C (Figure S17), the spectrum of EP is clearly visible in all materials, yet some additional bands are
visible: for EP−2 and EP-poly-2, the band at 1025 cm−1 was pronounced and may correspond to (P-O)
signals which are strong for the aliphatic FRs [45]. The bands at 1639 and 914 cm−1 were present in
EP-2 and EP-1, as these corresponds to νs(C=C) and δoop(C-H) of the vinyl groups, respectively [37,38].
EP-poly-2, EP-1, and EP-poly-1 contained a distinctly strong band at 961 cm−1 from δoop(C-H) of
vinylene groups. The band at 734 cm−1 in EP-poly-1 may belong to δoop(C-H) of cis-vinylene groups;
these may show higher absorbance in aromatic systems [38,39]. At 300 ◦C (Figure S18), the spectrum of
EP-poly-2 exhibited the most changes due to advanced decomposition (T5% = 249 ◦C) compared to the
other materials. Here, the band at 1083 cm−1 became pronounced; it may correspond to δas(P-O-C) or
ν(P=O) of Ar2-(P=O)-OH, especially because this band was prominent for EP-1 at 300 ◦C, but also all
FR-containing spectra at 500 ◦C, thus implying the formation of aromatic P-compounds [38,39,45]. For
EP-poly-2, the appearance of the strong band at 521 cm−1 may signify the evolution of monounsaturated
hydrocarbons, as cis- and trans-alkenes as well as alkyl-substituted vinylenes exhibit strong signals
from skeletal vibrations here. At 500 ◦C (Figure S19), the band at 1293 cm−1 appeared for all materials
other than EP, and most prominently for EP-poly-2. This band may belong to ν(P=O) of (ArO)3-P=O,
providing more evidence for the binding of aromatic rings by P-species of the FRs. Moreover, this
band was clearly visible at 600 ◦C for all materials except EP, as the aromatic species are not stabilized
by phosphorus. At 600 ◦C (Figure S20), many absorption bands were visible which were not present in
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EP, implicating a strong condensed phase mechanism of all tested FRs. Many of these bands have been
characterized previously (Markwart et al., Battig et al.) [36,46]. Furthermore, the presence of several
DGEBA-DMC typical bands (underlined in Figure S20) at 1593, 880, 823, 764, and 688 cm−1 suggest
that the aromatic structures of DGEBA and its decomposition products were held intact through the
formation of stable P-species.

2.7. Fire Behavior: Cone Calorimeter

Investigations with the cone calorimeter proved a significant effect of all FRs on epoxy resins
(Figure 4b). The epoxy plates (100 × 100 × 4 mm3) were irradiated with a heat flux of 50 kW m−2,
simulating a developing fire [47]. The results of the forced-flaming condition experiments underlined
that the epoxy resin burned with a high heat release rate (HRR) and lost 99.3 wt.-% of its mass,
presenting nearly no residue (Figure 4a and Table S4). The aliphatic FRs in resins exhibited a reduction
of peak or heat release rate (PHRR), as well as reduction of fire growth rate (FIGRA = max. (HRR/t)).
Especially 2 reduced the PHRR of EP significantly (885 vs. 1696 kW m−2) due to the formation of a
voluminous char layer that insulated the underlying polymer. This behavior was clearly visible during
the experiments as well as in the cross-sections of the residues, as the decomposition of the resin with
2 and the volatilization of its products acted as blowing agents, creating a voluminous intumescent
char that shielded the underlying material from the heat source (Figure 4c,d). Moreover, it was very
active in the gas phase, as evidenced by a reduction in the effective heat of combustion (EHC = total
heat evolved/total mass loss), which is a parameter for gas phase activity [4]. The polymeric poly-2
did not exhibit the same type of FR efficacy due to a lower reactivity with the matrix. Notably, it only
slightly lowered PHRR (1248 kW m−2) and was less active in the gas phase (EHC = 24.9 MJ kg−1).
The aromatic FRs in resins did not exhibit a clear reduction in PHRR and FIGRA like 2. On the
contrary, PHRR increased for EP-poly-1, and FIGRA was only slightly lowered. The epoxy resins
loaded with 1 had a PHRR of 1194 kW m−2 and a FIGRA of 11.2 kW m−2 s−1 (pure epoxy: 1696 kW m−2

(PHRR) 15.5 kW m−2 s−1 (FIGRA)). Both values are on par to those of EP with the commercial FR
BDP. Moreover, EP-1 exhibited a moderate 13% reduction of EHC (23.3 MJ kg−1) EP-poly-1 showed
a PHRR of 1969 kW m−2 and a FIGRA of 15.0 kW m−2 s−1. The high PHRR is caused by the high
decomposition temperature of the FR compared to the matrix, as seen in TGA measurements (Figure 3).
All flame-retarded resins exhibited an increase in residue yield and a lowering of the total heat evolved
(THE = total heat released (THR) at flame out) (Figure S22 and Table S4). The THE for the epoxy
resins containing hb polymers were all comparable to EP-BDP (87.5 MJ m−2- 94.6 MJ m−2). The THE
of EP-1 (88.4 MJ m−2) was comparable to that of EP-2 (78.1 MJ m−2). The epoxy resin loaded with 2
demonstrated the lowest PHRR (885 kW m−2, reduced by 48%) and THE (78.1 MJ m−2, reduced by 28%)
and displayed a HRR curve corresponding to a charring material with a protective layer (Figure 4 a).
For EP-poly-2 and EP-1, the HRR curves were nearly identical to EP-BDP: The shape of the HRR curves
suggest a quasi-static HRR above ca. 60 s after ignition, indicating the formation of an insulating char
layer. However, the insulating properties were soon overcome and additional fuel was transported
into the flame, coming to a head shortly thereafter at PHRR. The HRR curve of EP-poly-1 illustrates
that the sample ignited earlier than the pure EP, due to a reduced cross-linking density caused by the
presence of FRs. Thereafter, fuel was continually fed into the flame before the FR could interact with
EP, leading to a poor char layer production. For the polymers and especially for EP-poly-1, a lower
reduction of PHRR and THE was detected, most probably due to the lower reactivity. The residue
yields of epoxy resins loaded with 1 (5.3 ± 0.0 wt%) were higher than the neat epoxy (0.7 ± 0.1 wt%),
yet much lower compared to the aliphatic monomeric phosphate (9.2 ± 0.1 wt.-%), most likely due
to the high reactivity of 2. The resin with poly-1 had an increase in char residue (7.0 ± 1.5 wt.-%)
compared to EP-1 (5.3 ± 0.0 wt.-%). Although the aromatic FRs were less effective in lowering PHRR
and FIGRA in cone calorimeter measurements than the aliphatic counterparts, their efficacy in creating
high residue yields in pyrolysis measurements should not go unnoted.
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Figure 4. (a) Heat release rate (HRR) of epoxy resin and epoxy resin with flame retardants (FRs)
measured by cone calorimeter. (b) Petrella plot of the different epoxy resins with all FRs having a
positive effect (lowering total heat evolved (THE)), especially 2. (c) Residue of EP-poly-1 after cone
calorimeter measurement, presenting a high graphitic residue yield but poor protective layer. (d) The
residue of EP-poly-2 after cone calorimeter measurements, presenting a good protective layer by the
production of voluminous, multicellular char.

3. Materials and Methods

3.1. Materials

All chemicals were purchased from commercial suppliers as reagent grade and used without
further purification. The monomer 2 was prepared according to literature [36].

3.2. Instrumentation and Characterization Techniques

3.2.1. Size Exclusion Chromatography (SEC)

Size exclusion chromatography (SEC) measurements were performed in DMF at 60 ◦C with a PSS
SecCurity system (Agilent Technologies 1260 Infinity, Santa Clara, CA, USA). Sample injection was
performed by a 1260-ALS autosampler (Agilent) at 60 ◦C. GRAM columns (PSS) with dimensions of
300 × 80 mm, 10 µm particle size, and pore sizes of 100, 1000, and 10,000 Å were employed. The DRI
Shodex RI-101 detector (ERC, Kawaguchi, Japan) and UV−vis 1260-VWD detector (Agilent) were used
for detection. Calibration was achieved using PS standards provided by Polymer Standards Service.

3.2.2. Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) was performed in a Bruker Avance III 300 MHz and 500 MHz
spectrometer (Billerica, MA, USA). All spectra were measured in either d6-DMSO or CDCl3 at 298 K.
The spectra were calibrated against the solvent signal (CDCl3 (7.26 ppm) or d6-DMSO (2.50 ppm)) and
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analyzed using MestReNova 11 from Mestrelab Research S.L. (Santiago de Compostela, Spain)and
Bruker Topspin 3.0 software (Billerica, MA, USA).

3.2.3. Electrospray Ionization Mass Spectrometry (ESI-MS)

Electron spray ionization mass (ESI-MS) was performed by A Q-Tof Ultima 3 from Waters
Micromass Milford Massachusetts spectrometer (Milford, MA, USA). 1 mg of the sample was dissolved
in 1 mL of solvent (THF or DCM) and injected into ionization chamber at 120 ◦C which operated with
a stream of 100 L h−1 and a reference voltage of 35 V.

3.2.4. Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were performed using a Mettler Toledo
instrument (Columbus, OH, USA) 1/700 or DSC823 under nitrogen atmosphere at a heating rate of 10
◦C min−1 starting from −140 ◦C.

3.2.5. TGA-FTIR

Both decomposition and evolved gases were investigated under pyrolytic and thermo-oxidative
conditions via Fourier transform infrared (FTIR) spectroscopy coupled with thermogravimetric analysis.
For epoxy resins with and without FRs, 10 mg of powder attained from cryomilling were used for
measurements, while 5 mg samples were measured for pure FRs. Using a TG 209 F1 Iris (Netzsch
Instruments, Selb, Germany), samples were heated at a rate of 10 K min−1 from 30 to 900 ◦C under a
nitrogen or synthetic air (80:20) gas flow of 30 mL min−1. The evolved gases were analyzed using a
Tensor27 infrared spectrometer (Bruker Optics, Ettlingen, Germany), which was coupled to the TGA
via a transfer line heated to 270 ◦C.

3.2.6. Hot Stage FTIR

The condensed phase activity was monitored using hot-stage FT-infrared spectroscopy using a
Vertex70 FTIR spectrometer (Bruker Optics, Ettlingen, Germany), equipped with an FTIR600 Linkam
hot-stage cell (Linkam Scientific Instruments Ltd., Chilworth, UK). The samples were pressed into a
KBr plate, loaded into the Linkam cell, and heated at a rate of 10 K min−1 from 30 to 600 ◦C under a
nitrogen gas flow of 300 mL min−1.

3.2.7. Cone Calorimeter

All epoxy resin samples were subjected to bench-scale forced flaming combustion using a cone
calorimeter (Fire Testing Technology Ltd., East Grinstead, UK) at a distance of 35 mm between specimen
and cone heater and a heat flux of 50 kW m−2 and in accordance with ISO 5660. Specimens sized
100 × 100 × 4 mm3 were conditioned at 23 ◦C and 50% relative humidity for at least 48 h and then
subjected to irradiation.

3.3. Synthetic Procedures

3.3.1. Synthesis of the 4-Vinylphenol

Preparation of 4-vinylphenol was realized according to the method of Ricks-Laskoski et al [48].
To a dried three-necked, 2 L round bottom flask fitted with a dropping funnel and an mechanical
stirrer 4-acetoxystyrene (53.36 g, 0.33 mol, 1 eq.) and tetrahydrofuran (200 mL) were added under an
argon atmosphere and ice-cooling. Ice-cooling was continued throughout the process. 5 M solution of
aqueous sodium hydroxide (100 mL, 0.8 mol, 2.4 eq.) was added dropwise to this solution. The yellow
solution was stirred for 2 h under ice-cooling until the reaction was completed as indicated by TLC
(SiO2: Rf = 0.75, 30 vol.% ethyl acetate/hexane). Then 1.5 M hydrochloric acid (340 mL) was added
slowly to the crude reaction mixture until a pH of 7–5 was reached. The product was extracted with
cold ethyl acetate (5 × 50 mL), washed with distilled water (3 × 50 mL), dried over magnesium sulfate
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and filtered. The product was distilled at reduced pressure while cooling with an ice bath to yield a
crystalline solid (30.9 g, 78%). The product was stored at −20 ◦C under argon atmosphere and light
exclusion to suppress self-initiated polymerization.

1H NMR (300 MHz, 298 K, DMSO-d6): δ/ppm = 9.53 (s, 1H), 7.28 (d, 2H, J = 9 Hz), 6.74 (d, 2H, J = 9 Hz),
6.61 (dd, 1H, J = 12 Hz/18 Hz), 5.68 (d, 1H, J = 18 Hz), 5.04 (d, 1H, J = 12 Hz).

13C{H} NMR (75.48 MHz, 298 K, DMSO-d6): δ/ppm = 157.3, 136.4, 128.2, 127.4, 115.3, 110.6.

3.3.2. Synthesis of the Tris(p-vinylphenyl)phosphate (1)

To a dried three-necked, 1 L round bottom flask fitted with a dropping funnel and an mechanical
stirrer, 4-vinylphenol (15 g, 0.125 mol, 4 eq.) dissolved in THF (300 mL) and triethylamine (12.63 g,
0.125 mol, 4 eq.) in THF (10 mL) at 0 ◦C and under an argon atmosphere. Then phosphoryl chloride
(4.79 g, 0.031 mol, 1 eq.) in THF (30 mL) was added to the solution dropwise at 0 ◦C. Then the
reaction was allowed to warm up to room temperature and stirred overnight at room temperature.
The mixture was filtered and concentrated at reduced pressure while cooling in an ice-bath. The
product was dissolved in DCM (100 mL) and extracted with water and a 1 M potassium hydroxide
solution. The organic layer was dried over MgSO4, filtered and concentrated at reduced pressure yield
a colorless viscous liquid (8.4 g, 67%). The product was stored at −20 ◦C under argon atmosphere and
light exclusion to suppress self-initiated polymerization.

1H NMR (500 MHz, 298 K, CDCl3): δ/ppm = 7.29 (d, 2 H, J = 10 Hz), 7.11 (d, 2 H, J = 10 Hz), 6.58 (dd,
1 H, J = 10 Hz/15 Hz), 5.60 (d, 1 H, J = 15 Hz), 5.16 (d, 1 H, J = 10 Hz).

13C{H} NMR (75.48 MHz, 298 K, CDCl3): δ/ppm = 149.9 (d, J = 30 Hz), 135.6 (s), 135.2 (s), 127.6 (d,
J = 6 Hz), 120.2 (d, J = 21 Hz), 114.3 (s).

31P{H} NMR (121.5 MHz, 298 K, CDCl3): δ/ppm = −17.72 (s). ESI MS: 405.14.

3.3.3. ATMET Polymerization to Poly(1)

In a Schlenk tube fitted with a magnetic stirring bar, tris(p-vinylphenyl)phosphate (1) (1 g,
2.47 mmol) dissolved in 1-chloronaphthalene (1.67 g) was placed under an argon atmosphere at
40 ◦C. Then, the Grubbs-Hoveyda catalyst 2nd gen. (4.65 mg, 0.007 mmol, 0.3 mol%) was added. The
polymerization was carried out at a controlled vacuum of 5 × 10−2 mbar to remove the evolving
ethylene. When the viscosity increased (typically after ca 5 min), the flask was filled with argon and
the reaction was terminated by adding ethyl vinyl ether or methyl acrylate (5 mL). The brown solution
was stirred for 1 h at 40 ◦C and then the mixture was concentrated at reduced pressure. The product
was precipitated twice into hexane and dried at reduced pressure to give an off-white powder (yields
50–90%).

1H NMR (500 MHz, 298 K, CDCl3): δ/ppm = 7.57 (d, J = 16 Hz), 7.39 (m), 7.30 (d, J = 5 Hz), 7.16 (m),
6.92 (s), 6.59 (dd, J = 10 Hz/17 Hz), 5.61 (d, J = 17 Hz), 5.16 (d, J = 10 Hz).

13C{H} NMR (75.48 MHz, 298 K, CDCl3): δ/ppm = 149.8, 135.6, 134.8, 129.7, 127.9, 120.4, 118.3, 114.4.

31P{H} NMR (202.46 MHz, 298 K, CDCl3): δ/ppm = −17.73.

3.3.4. Tri(hex-5-en-1-yl)phosphate (2)

Tri(hex-5-en-1-yl)phosphate was synthesized as described elsewhere [36].

3.3.5. Poly(tri(hex-5-en-1-yl)phosphate) (poly-2) by ATMET Polymerization

In a Schlenk tube fitted with a magnetic stirring bar, tri(hex-5-en-1-yl)phosphate (2) (2 g, 5.81 mmol)
was placed under an argon atmosphere at 60 ◦C. Then, Grubbs catalyst 1st gen. (33.45 mg, 40.65 µmol,
0.7 mol%) was added. The polymerization was carried out at a controlled vacuum of 5 × 10−2 mbar to
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remove the evolving ethylene. When the viscosity increased, the flask was filled with argon and the
reaction was terminated by adding ethyl vinyl ether (0.4 mL). The product was precipitated twice into
hexane and dried at reduced pressure to give a viscous off-white polymer (yields 85–96%.).

1H NMR (300 MHz, 298 K, CDCl3): δ/ppm = 5.81 (ddt, J = 16.9, 10.2, 6.6 Hz), 5.40 (m, J = 5.5, 5.1 Hz),
4.99 (t, J = 13.9 Hz), 4.03 (m, 6H), 2.08 (qd, J = 14.8, 12.0, 8.3 Hz, 6H), 1.68 (h, J = 6.9 Hz, 6H), 1.47 (dp,
J = 15.1, 7.5 Hz, 6H).

31P{H} NMR (121.5 MHz, 298 K, CDCl3): δ/ppm = −0.66.

3.3.6. Epoxy Resins

All epoxy resins were prepared using bisphenol A diglycidylether (DGEBA) (Araldite
MY740, Bodo Möller Chemie GmbH, Offenbach am Main, Germany) as the epoxide agent and
2,2′-dimethyl-4,4′-methylene-bis-(cyclohexylamine) (DMC) (Sigma Aldrich Co. LLC/Merck KgaA,
Darmstadt, Germany) as the amine hardener. The materials were mixed, poured into aluminum molds
of desired dimensions, then hardened at 150 ◦C for 3h. The flame retarded epoxy resins were produced
in the same manner, except 10 wt.-% of the mixture was replaced with the respective flame retardant.

4. Conclusions

The herein presented aromatic and aliphatic, hyperbranched, halogen-free polyphosphoesters
(hbPPEs) were synthesized by olefin metathesis polymerization and investigated as a flame retardant
(FR) in epoxy resins. The impact on the Tg of the matrix was different for all tested materials. However,
in all cases, the addition of aliphatic FRs 2 and poly-2 resulted in a higher or equivalent decrease of Tg

compared to the aromatic FRs.
Regarding their flame retardant properties, the aromatic FRs proved a significant increase in

residue yield and thermal stability in pyrolysis investigations compared to their aliphatic counterparts:
the aromatic moieties acted as char precursors, thereby retaining significant residue yields. Moreover,
condensed phase analysis concluded the formation of P-species for all tested resins with FRs.

Investigations with the cone calorimetry proved a significant effect of all FRs on epoxy resins
during a developing fire. The aliphatic FRs were more effective on the tested matrix due to their greater
overlap in decomposition temperature and thus better matrix interaction. The greater interaction
resulted in a stronger reduction of peak of heat release rate (PHRR) and fire growth rate (FIGRA = max.
(HRR/t)) than those resins with aromatic FRs. Especially 2 reduced the PHRR of EP significantly due to
the formation of a voluminous char layer that insulated the underlying polymer. Moreover, 2 was very
active in the gas phase, as evidenced by a reduction in the effective heat of combustion (EHC). While
pyrolytic investigations proved high residue yields and interaction with the matrix for poly-2, it did not
exhibit the same type of FR efficacy as 2 in cone calorimeter tests due to a less pronounced reactivity
with the matrix in form of phosphorylation. The aromatic FRs were less effective in lowering PHRR
and FIGRA in cone calorimeter measurements than the aliphatic counterparts, however, their efficacy
in creating high residue yields in pyrolysis measurements should not go unnoted. The aromatic FRs
might be more suited for materials with higher decomposition temperatures to increase the matrix-FR
interaction. Moreover, the addition of a synergist may promote chemical interaction.

Supplementary Materials: The following are available online: Table S1: Polymerization conditions of 1 with
Grubbs Hoveyda 2nd in 1-chlornaphthaline generation catalyst at 40 ◦C in solution., Figure S1: SEC curves
(VWD-Signal 270 nm) of poly-1 in DMF polymerized with Grubbs 1st generation catalyst and Grubbs Hoveyda
2nd generation catalyst at 40 ◦C., Figure S2: 1H NMR (300 MHz in CDCl3 at 298 K) spectra of 4-vinylphenol.,
Figure S3: 1H-NMR (500 MHz in CDCl3 at 298 K) spectra of 1., Figure S4: 31P {H}-NMR (121 MHz in CDCl3 at
298 K) spectra of 1., Figure S5: 1H-MR (300 MHz in CDCl3 at 298 K) spectra of poly-1., Figure S6: 31P {H}-NMR
(121 MHz in CDCl3 at 298 K) spectra poly-1., Figure S7: 1H-MR (300 MHz in CDCl3 at 298 K) spectra of poly-2.,
Figure S8: 31P {H}-NMR (121 MHz in CDCl3 at 298 K) spectra of poly-2., Figure S9: TGA-FTIR spectrum of 2
(top, black), identifying the main decomposition products (1,5-hexadiene; 5-hexen-1-ol and phosphate species,
comparison shown in gray below) at specific decomposition temperature (259 ◦C) using references from NIST
library., Figure S10: TGA-FTIR spectrum of poly-2 (top, blue), identifying the main decomposition products
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(1,3-hexadiene (c,t) and 2-octene (c,t) and trans-1,4-hexadiene, comparison shown in gray below) at specific
decomposition temperature (216 ◦C, 259 ◦C) using references from NIST library, Figure S11: TGA-FTIR spectrum
of 1 (top, red), identifying the main decomposition products (p-tolyl acetate; p-cresol; 4-ethylphenol and bisphenol
A, comparison shown in gray below) at specific decomposition temperature (143 ◦C, 470 ◦C) using references from
NIST library., Figure S12: TGA-FTIR spectrum of poly-1 (top, green), identifying the main decomposition products
(phenol and benzene, comparison shown in gray below) at specific decomposition temperature (447 ◦C and 487
◦C) using references from NIST library., Figure S13: TGA-FTIR spectrum of EP-2 (top, black), identifying the main
decomposition products (5-hexen-1-ol; phosphate species and decomposition products of the matrix, a comparison
is shown in gray below) at specific decomposition temperature (266 ◦C, 373 ◦C) using references from NIST
library., Figure S14: TGA-FTIR spectrum of EP-poly-2 (top, blue), identifying the main decomposition products
(5-hexen-1-ol; oct-2-en-4ol and decomposition products of the matrix, a comparison is shown in gray below) at
specific decomposition temperature (287 ◦C, 349 ◦C) using references from NIST library., Figure S15: TGA-FTIR
spectrum of EP-1 (top, red), identifying the main decomposition products (p-n-propylphenol and decomposition
products of the matrix, a comparison is shown in gray below) at specific decomposition temperature (203 ◦C,
371 ◦C, 437 ◦C) using references from NIST library., Figure S16: TGA-FTIR spectrum of EP-poly-1 (top, green),
identifying the main decomposition products (4-(3-hydroxyisoamyl)phenol and decomposition products of the
matrix, a comparison is shown in gray below) at specific decomposition temperature (375 ◦C, 482 ◦C) using
references from NIST library., Figure S17: Results from hot-stage FTIR measurements, comparing the condensed
phase spectra of EP-FRs at 100 ◦C., Figure S18: Results from hot-stage FTIR measurements, comparing the
condensed phase spectra of EP-FRs at 300 ◦C., Figure S19: Results from hot-stage FTIR measurements, comparing
the condensed phase spectra of EP-FRs at 500 ◦C., Figure S20: Results from hot-stage FTIR measurements,
comparing the condensed phase spectra of EP-FRs at 600 ◦C, underlined bands are typical to DGEBA-DMC.,
Table S2: Glass transition temperatures (Tg) of the flame retardant containing epoxy resins (measured by DSC),
Figure S21: Mass loss (bottom) and mass loss rate (top) over T of neat epoxy resin and flame retardant containing
epoxy resins from TGA measurements (10 K min−1; N2)., Table S3: TGA data of the flame retardant containing
epoxy resins. T5%: Temperature at which 5% mass-loss happened; Tmax: Temperature of maximum degradation;
Residue: Residue at 700 ◦C., Figure S22: Total heat released (THR) of epoxy resin and epoxy resin with flame
retardant measured by cone calorimeter., Table S4: Results from cone calorimeter measurements of the flame
retardant containing epoxy resins., Figure S23: Cross-linking of 1 at 300 ◦C in a silicon form for 2 h, producing a
hard, cross-linked PPE resin., Figure S24: Chemical structure of Diglycidyl ether of Bisphenol A (DGEBA) and
2,2′-Dimethyl-4,4′-methylene-bis(cyclohexylamine) (DMC).

Author Contributions: Conceptualization, J.C.M., A.B., M.M.V., B.S. and F.R.W.; methodology, J.C.M., A.B. and
M.M.V.; validation, J.C.M, A.B., M.M.V., B.S. and F.R.W.; formal analysis, J.C.M and A.B..; investigation, J.C.M.,
A.B., M.M.V. and D.P.; resources, B.S. and F.R.W.; data curation, J.C.M, A.B., M.M.V. and D.P.; writing—original
draft preparation, J.C.M. and A.B..; writing—review and editing, J.C.M., A.B., B.S. and F.R.W.; visualization, J.C.M.
and A.B.; supervision, B.S. and F.R.W.; project administration, J.C.M., A.B., M.M.V., B.S. and F.R.W.; funding
acquisition, B.S. and F.R.W.

Funding: Please add: This research was funded by the Deutsche Forschungsgemeinschaft, grant number DFG
WU 750/8-1 and SCHA 730/15-1, and the Excellence Initiative in the context of the graduate school of excellence
“MAINZ” (Materials Science in Mainz), grant number DFG/GSC 266.

Acknowledgments: The authors thank Angelika Manhart (MPIP, Germany) for synthetic assistance. Frederik R.
Wurm and Jens C. Markwart thank Katharina Landfester (MPI-P, Germany).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alexander, B.; Jens, C.M.; Frederik, R.W.; Bernhard, S. Matrix matters: Hyperbranched flame retardants in
aliphatic and aromatic epoxy resins. Polym. Degrad. Stab. 2019, 108986. [CrossRef]

2. Perret, B.; Pawlowski, K.; Schartel, B. Fire retardancy mechanisms of arylphosphates in polycarbonate (PC)
and PC/acrylonitrile-butadiene-styrene. J. Therm. Anal. Calorim. 2009, 97, 949–958. [CrossRef]

3. Despinasse, M.-C.; Schartel, B. Influence of the structure of aryl phosphates on the flame retardancy of
polycarbonate/acrylonitrile–butadiene–styrene. Polym. Degrad. Stab. 2012, 97, 2571–2580. [CrossRef]

4. Schartel, B.; Perret, B.; Dittrich, B.; Ciesielski, M.; Krämer, J.; Müller, P.; Altstädt, V.; Zang, L.; Döring, M.
Flame retardancy of polymers: The role of specific reactions in the condensed phase. Macromol. Mater. Eng.
2016, 301, 9–35. [CrossRef]

5. Morgan, A.B.; Wilkie, C.A. Flame Retardant Polymer Nanocomposites; Wiley: Hoboken, NJ, USA, 2007.
6. Müller, P.; Schartel, B. Melamine poly(metal phosphates) as flame retardant in epoxy resin: Performance,

modes of action, and synergy. J. Appl. Polym. Sci. 2016, 133. [CrossRef]

http://dx.doi.org/10.1016/j.polymdegradstab.2019.108986
http://dx.doi.org/10.1007/s10973-009-0379-7
http://dx.doi.org/10.1016/j.polymdegradstab.2012.07.005
http://dx.doi.org/10.1002/mame.201500250
http://dx.doi.org/10.1002/app.43549


Molecules 2019, 24, 3901 14 of 15

7. Velencoso, M.M.; Battig, A.; Markwart, J.C.; Schartel, B.; Wurm, F.R. Molecular firefighting-how modern
phosphorus chemistry can help solve the challenge of flame retardancy. Angew. Chem. Int. Ed. Engl. 2018, 57,
10450–10467. [CrossRef]

8. Schartel, B. Phosphorus-Based flame retardancy mechanisms—Old hat or a starting point for future
development? Mater. 2010, 3, 4710–4745. [CrossRef]

9. Lu, S.-Y.; Hamerton, I. Recent developments in the chemistry of halogen-free flame retardant polymers.
Prog. Polym. Sci. 2002, 27, 1661–1712. [CrossRef]

10. Bauer, K.N.; Liu, L.; Andrienko, D.; Wagner, M.; Macdonald, E.K.; Shaver, M.P.; Wurm, F.R. Polymerizing
phostones: A fast way to in-chain poly(phosphonate)s with adjustable hydrophilicity. Macromol. 2018, 51,
1272–1279. [CrossRef]

11. Steinbach, T.; Wurm, F.R. Poly(phosphoester)s: A new platform for degradable polymers. Angew. Chem.
Int. Ed. 2015, 54, 6098–6108. [CrossRef]

12. Monge, S.; Canniccioni, B.; Graillot, A.; Robin, J.-J. Phosphorus-containing polymers: A great opportunity
for the biomedical field. Biomacromolecules 2011, 12, 1973–1982. [CrossRef] [PubMed]

13. Ye, J.; Liang, G.; Gu, A.; Zhang, Z.; Han, J.; Yuan, L. Novel phosphorus-containing hyperbranched polysiloxane
and its high performance flame retardant cyanate ester resins. Polym. Degrad. Stab. 2013, 98, 597–608.
[CrossRef]

14. Kim, Y.H. Hyperbranched polymers 10 years after. J. Polym. Sci. Part. A Polym. Chem. 1998, 36, 1685–1698.
[CrossRef]

15. Täuber, K.; Marsico, F.; Wurm, F.R.; Schartel, B. Hyperbranched poly(phosphoester)s as flame retardants for
technical and high performance polymers. Polym. Chem. 2014, 5, 7042–7053. [CrossRef]

16. Gao, C.; Yan, D. Hyperbranched polymers: From synthesis to applications. Prog. Polym. Sci. 2004, 29,
183–275. [CrossRef]

17. Henke, H.; Brüggemann, O.; Teasdale, I. Branched macromolecular architectures for degradable,
multifunctional phosphorus-based polymers. Macromol. Rapid Commun. 2017, 38, 1600644. [CrossRef]
[PubMed]

18. Wang, Q.F.; Shi, W.F. Synthesis and thermal decomposition of a novel hyperbranched polyphosphate ester
used for flame retardant systems. Polym. Degrad. Stab. 2006, 91, 1289–1294. [CrossRef]

19. Deng, J.; Zhu, S.W.; Shi, W.F. Effect of molecular chain structure of the cured epoxy resin containing
hyperbranched (3-hydroxyphenyl) phosphate on expansion and flame retardance. J. Appl. Polym. Sci. 2004,
94, 2065–2070. [CrossRef]

20. Deng, J.; Shi, W.F. Synthesis and effect of hyperbranched (3-hydroxyphenyl) phosphate as a curing agent
on the thermal and combustion behaviours of novolac epoxy resin. Eur. Polym. J. 2004, 40, 1137–1143.
[CrossRef]

21. Chen, X.; Jiao, C.; Li, S.; Sun, J. Flame retardant epoxy resins from bisphenol-A epoxy cured with
hyperbranched polyphosphate ester. J. Polym. Res. 2011, 18, 2229–2237. [CrossRef]

22. Chen, X.; Zhuo, J.; Jiao, C. Thermal degradation characteristics of flame retardant polylactide using TG-IR.
Polym. Degrad. Stab. 2012, 97, 2143–2147. [CrossRef]

23. Pawlowski, K.H.; Schartel, B. Flame retardancy mechanisms of triphenyl phosphate, resorcinol bis(diphenyl
phosphate) and bisphenol A bis(diphenyl phosphate) in polycarbonate/acrylonitrile–butadiene–styrene
blends. Polym. Int. 2007, 56, 1404–1414. [CrossRef]

24. Weil, E.D. Fire-Protective and flame-retardant coatings-A State-of-the-Art Review. J. Fire Sci. 2011, 29,
259–296. [CrossRef]

25. Weil, E.D.; Levchik, S.V. Flame Retardants for Plastics and Textiles: Practical Applications; Carl Hanser Verlag
GmbH Co KG: München, Germany, 2015. [CrossRef]

26. Marsico, F.; Wagner, M.; Landfester, K.; Wurm, F.R. Unsaturated polyphosphoesters via acyclic diene
metathesis polymerization. Macromol. 2012, 45, 8511–8518. [CrossRef]

27. Steinbach, T.; Alexandrino, E.M.; Wahlen, C.; Landfester, K.; Wurm, F.R. Poly(phosphonate)s via olefin
metathesis: Adjusting hydrophobicity and morphology. Macromol. 2014, 47, 4884–4893. [CrossRef]

28. Steinbach, T.; Alexandrino, E.M.; Wurm, F.R. Unsaturated poly(phosphoester)s via ring-opening metathesis
polymerization. Polym. Chem. 2013, 4, 3800–3806. [CrossRef]

http://dx.doi.org/10.1002/anie.201711735
http://dx.doi.org/10.3390/ma3104710
http://dx.doi.org/10.1016/S0079-6700(02)00018-7
http://dx.doi.org/10.1021/acs.macromol.7b02473
http://dx.doi.org/10.1002/anie.201500147
http://dx.doi.org/10.1021/bm2004803
http://www.ncbi.nlm.nih.gov/pubmed/21553908
http://dx.doi.org/10.1016/j.polymdegradstab.2012.11.015
http://dx.doi.org/10.1002/(SICI)1099-0518(199808)36:11&lt;1685::AID-POLA1&gt;3.0.CO;2-R
http://dx.doi.org/10.1039/C4PY00830H
http://dx.doi.org/10.1016/j.progpolymsci.2003.12.002
http://dx.doi.org/10.1002/marc.201600644
http://www.ncbi.nlm.nih.gov/pubmed/28044384
http://dx.doi.org/10.1016/j.polymdegradstab.2005.09.001
http://dx.doi.org/10.1002/app.21152
http://dx.doi.org/10.1016/j.eurpolymj.2003.12.015
http://dx.doi.org/10.1007/s10965-011-9636-0
http://dx.doi.org/10.1016/j.polymdegradstab.2012.08.016
http://dx.doi.org/10.1002/pi.2290
http://dx.doi.org/10.1177/0734904110395469
http://dx.doi.org/10.3139/9781569905791.fm
http://dx.doi.org/10.1021/ma301508s
http://dx.doi.org/10.1021/ma5013286
http://dx.doi.org/10.1039/c3py00437f


Molecules 2019, 24, 3901 15 of 15

29. Steinmann, M.; Markwart, J.; Wurm, F.R. Poly(alkylidene chlorophosphate)s via acyclic diene metathesis
polymerization: A general platform for the postpolymerization modification of poly(phosphoester)s.
Macromolecules 2014, 47, 8506–8513. [CrossRef]

30. Mutlu, H.; de Espinosa, L.M.; Meier, M.A.R. Acyclic diene metathesis: A versatile tool for the construction of
defined polymer architectures. Chem. Soc. Rev. 2011, 40, 1404–1445. [CrossRef]

31. Cowie, J.M.G.; Arrighi, V. Polymers: Chemistry and Physics of Modern Materials, 3rd ed.; CRC Press: Boca
Raton, FL, USA, 2007.

32. Schartel, B.; Wilkie, C.A.; Camino, G. Recommendations on the scientific approach to polymer flame
retardancy: Part 1—Scientific terms and methods. J. Fire Sci. 2016, 34, 447–467. [CrossRef]

33. Rakotomalala, M.; Wagner, S.; Doring, M. Recent developments in halogen free flame retardants for epoxy
resins for electrical and electronic applications. Materials 2010, 3, 4300–4327. [CrossRef]

34. Ciesielski, M.; Schäfer, A.; Döring, M. Novel efficient DOPO-based flame-retardants for PWB relevant epoxy
resins with high glass transition temperatures. Polym. Adv. Technol. 2008, 19, 507–515. [CrossRef]

35. Braun, U.; Balabanovich, A.I.; Schartel, B.; Knoll, U.; Artner, J.; Ciesielski, M.; Döring, M.; Perez, R.;
Sandler, J.K.W.; Altstädt, V.; et al. Influence of the oxidation state of phosphorus on the decomposition and
fire behaviour of flame-retarded epoxy resin composites. Polymer 2006, 47, 8495–8508. [CrossRef]

36. Markwart, J.C.; Battig, A.; Zimmermann, L.; Wagner, M.; Fischer, J.; Schartel, B.; Wurm, F.R. Systematically
controlled decomposition mechanism in phosphorus flame retardants by precise molecular architecture:
P–O vs. P–N. ACS Appl. Polym. Mater. 2019, 1, 1118–1128. [CrossRef]

37. Linstrom, P.J.; Mallard, W.G. NIST Chemistry WebBook, NIST Standard Reference Database Number 69.
Available online: https://doi.org/10.18434/T4D303 (accessed on 27 August 2019).

38. Socrates, G. Infrared and Raman Characteristic Group Frequencies: Tables and Charts; Wiley: Hoboken, NJ,
USA, 2004.

39. Hesse, M.; Meier, H.; Zeeh, B. Spektroskopische Methoden in der organischen Chemie; Thieme Verlag: Stuttgart,
Germany, 2005.

40. Levchik, S.V.; Weil, E.D. Thermal decomposition, combustion and flame-retardancy of epoxy resins—a
review of the recent literature. Polym. Int. 2004, 53, 1901–1929. [CrossRef]

41. Levchik, S.V.; Camino, G.; Luda, M.P.; Costa, L.; Muller, G.; Costes, B. Epoxy resins cured with
aminophenylmethylphosphine oxide—II. Mechanism of thermal decomposition. Polym. Degrad. Stab. 1998,
60, 169–183. [CrossRef]

42. Bishop, D.P.; Smith, D.A. Combined pyrolysis and radiochemical gas chromatography for studying the
thermal degradation of epoxy resins and polyimides. I. The degradation of epoxy resins in nitrogen between
400 ◦C and 700 ◦C. J. Appl. Polym. Sci. 1970, 14, 205–223. [CrossRef]

43. Lee, L.-H. Mechanisms of thermal degradation of phenolic condensation polymers. II. Thermal stability and
degradation schemes of epoxy resins. J. Polym. Sci. Part. A Gen. Pap. 1965, 3, 859–882. [CrossRef]

44. Ciesielski, M.; Burk, B.; Heinzmann, C.; Döring, M. 2-Fire-retardant High-performance Epoxy-based Materials. In
Novel Fire Retardant Polymers and Composite Materials; Wang, D.-Y., Ed.; Woodhead Publishing: Cambridge,
UK, 2017; pp. 3–51. [CrossRef]

45. Thomas, L.C. Interpretation of the Infrared Spectra of Organophosphorus Compounds; Heydon: London, UK, 1974.
46. Battig, A.; Markwart, J.C.; Wurm, F.R.; Schartel, B. Hyperbranched phosphorus flame retardants:

Multifunctional additives for epoxy resins. Polym. Chem. 2019, 10, 4346–4358. [CrossRef]
47. Schartel, B.; Hull, T.R. Development of fire-retarded materials—Interpretation of cone calorimeter data.

Fire Mater. 2007, 31, 327–354. [CrossRef]
48. Ricks-Laskoski, H.L.; Chaloux, B.L.; Deese, S.M.; Laskoski, M.; Miller, J.B.; Buckley, M.A.; Baldwin, J.W.;

Hickner, M.A.; Saunders, K.M.; Christensen, C.M. Tetrazolation of side chains and anhydrous conductivity
in a hydrophobic polymer. Macromol. 2014, 47, 4243–4250. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/ma501959h
http://dx.doi.org/10.1039/B924852H
http://dx.doi.org/10.1177/0734904116675881
http://dx.doi.org/10.3390/ma3084300
http://dx.doi.org/10.1002/pat.1090
http://dx.doi.org/10.1016/j.polymer.2006.10.022
http://dx.doi.org/10.1021/acsapm.9b00129
https://doi.org/10.18434/T4D303
http://dx.doi.org/10.1002/pi.1473
http://dx.doi.org/10.1016/S0141-3910(97)00064-5
http://dx.doi.org/10.1002/app.1970.070140120
http://dx.doi.org/10.1002/pol.1965.100030303
http://dx.doi.org/10.1016/B978-0-08-100136-3
http://dx.doi.org/10.1039/C9PY00737G
http://dx.doi.org/10.1002/fam.949
http://dx.doi.org/10.1021/ma501068j
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Thermal Characterization of FRs 
	Pyrolysis: Thermal Decomposition via Thermogravimetric Analysis 
	Pyrolysis: Evolved Gas Analysis via TGA-FTIR 
	Thermal Characterization of FRs in Epoxy Resins 
	Pyrolysis: Evolved-Gas Analysis via TGA/TGA-FTIR 
	Pyrolysis: Condensed Phase Analysis via Hot-Stage FTIR 
	Fire Behavior: Cone Calorimeter 

	Materials and Methods 
	Materials 
	Instrumentation and Characterization Techniques 
	Size Exclusion Chromatography (SEC) 
	Nuclear Magnetic Resonance (NMR) 
	Electrospray Ionization Mass Spectrometry (ESI-MS) 
	Differential Scanning Calorimetry (DSC) 
	TGA-FTIR 
	Hot Stage FTIR 
	Cone Calorimeter 

	Synthetic Procedures 
	Synthesis of the 4-Vinylphenol 
	Synthesis of the Tris(p-vinylphenyl)phosphate (1) 
	ATMET Polymerization to Poly(1) 
	Tri(hex-5-en-1-yl)phosphate (2) 
	Poly(tri(hex-5-en-1-yl)phosphate) (poly-2) by ATMET Polymerization 
	Epoxy Resins 


	Conclusions 
	References

