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(57) ABSTRACT

A process of forming a flame retardant monomer includes
forming a hydroxyl-functionalized caprolactone molecule,
and reacting the hydroxyl-functionalized with a phosphorus-
containing flame retardant molecule to form a flame retar-
dant-functionalized caprolactone monomer. A flame retar-
dant monomer includes at least one moiety derived from a
hydroxyl-functionalized caprolactone molecule and at least
one phosphorus-containing flame retardant moiety. A flame
retardant polymer includes at least two flame retardant
monomer repeat units, each flame retardant monomer repeat
unit including at least one moiety derived from a hydroxyl-
functionalized caprolactone molecule and at least one phos-
phorus-containing flame retardant moiety.
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/— 1700

Utilize a caprolactone molecule to form a hydroxyl-functionalized
caprolactone molecule

1702
/

l

Chemically react the hydroxyl-functionalized caprolactone molecule with
a phosphorus-containing flame retardant molecule to form a flame
retardant-functionalized caprolactone monomer

l

Polymerize a mixture that includes at least the flame retardant-
functionalized caprolactone monomer to form a flame retardant
polycaprolactone

FIG. 17
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’/— 1800

1802
Utilize a caprolactone molecule to form a hydroxyl-functionalized /
caprolactone molecule

Chemically react the hydroxyl-functionalized caprolactone molecule with | 1804
a phosphorus-containing flame retardant molecule that includes an allyl

group to form a flame retardant-functionalized caprolactone molecule
that includes the allyl group

'

Chemically react the allyl group of the flame retardant caprolactone 1806
molecule with a thiol (that includes a cross-linking moiety) to form a flame /
retardant-functionalized caprolactone monomer that includes the cross-
linking moiety

Polymerize a mixture that includes at least the flame retardant- / 1808

functionalized caprolactone monomer to form a flame retardant
polycaprolactone

FIG. 18



US 2020/0010609 A1l

PHOSPHORUS-CONTAINING
CAPROLACTONE MONOMERS FOR
SYNTHESIS OF FLAME RETARDANT

POLYCAPROLACTONES

BACKGROUND

[0001] Plastics are typically derived from a finite and
dwindling supply of petrochemicals, resulting in price fluc-
tuations and supply chain instability. Replacing non-renew-
able petroleum-based polymers with polymers derived from
renewable resources may be desirable. However, there may
be limited alternatives to petroleum-based polymers in cer-
tain contexts. To illustrate, particular plastics performance
standards may be specified by a standards body or by a
regulatory agency. In some cases, alternatives to petroleum-
based polymers may be limited as a result of challenges
associated with satisfying particular plastics performance
standards.

SUMMARY

[0002] Various embodiments are directed to a process of
forming a flame retardant monomer. The process includes
forming a hydroxyl-functionalized caprolactone molecule,
and reacting the hydroxyl-functionalized with a phosphorus-
containing flame retardant molecule to form a flame retar-
dant-functionalized caprolactone monomer. The process can
also include reacting the monomer with an unfunctionalized
caprolactone monomer to form a flame retardant polycapro-
lactone copolymer. In some embodiments, the phosphorus-
containing flame retardant molecule includes a cross-linking
moiety, such as an allyl group, an epoxide group, or a furan
group. These cross-linking moieties can be attached by
forming the phosphorus-containing flame retardant mol-
ecule from allylic alcohol, glycidol or furfuryl alcohol,
respectively. In other embodiments, the furan group can be
attached by forming the phosphorus-containing flame retar-
dant molecule from 2-(chloromethyl)furan.

[0003] Additional embodiments are directed to flame
retardant monomer, which includes at least one moiety
derived from a hydroxyl-functionalized caprolactone mol-
ecule and at least one phosphorus-containing flame retardant
moiety. The phosphorus-containing flame retardant moiety
can include an allyl group, an epoxide group, at least one
phenyl group, or a thioether linking group.

[0004] Further embodiments are directed to a flame retar-
dant polymer. The flame retardant polymer includes at least
two flame retardant monomer repeat units, and each flame
retardant monomer repeat unit includes at least one moiety
derived from a hydroxyl-functionalized caprolactone mol-
ecule and at least one phosphorus-containing flame retardant
moiety. The polymer can be a copolymer or a homopolymer.
The polymer can also include at least one unfunctionalized
caprolactone repeat unit. The polymer can be formed in a
polymerization reaction catalyzed by tin(Il) octanoate. Addi-
tionally, the polymer can include cross-linking bonds.

[0005] The foregoing and other objects, features and
advantages of the invention will be apparent from the
following more particular descriptions of exemplary
embodiments of the invention as illustrated in the accom-
panying drawings wherein like reference numbers generally
represent like parts of exemplary embodiments of the inven-
tion.

Jan. 9, 2020

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] FIG. 1 is a chemical reaction diagram showing a
process of forming a first flame retardant (FR)-functional-
ized caprolactone molecule using a phosphorus-based FR
molecule and polymerizing the first FR-functionalized
caprolactone molecule to form a first FR polycaprolactone,
according to one embodiment.

[0007] FIG. 2 is a chemical reaction diagram showing a
process of forming a second FR-functionalized caprolactone
molecule using a phosphorus-based FR molecule and
polymerizing the second FR-functionalized caprolactone
molecule to form a second FR polycaprolactone, according
to one embodiment.

[0008] FIG. 3 is a chemical reaction diagram showing a
process of forming a first FR polycaprolactone copolymer
from a mixture of monomers that includes a non-function-
alized caprolactone monomer and the first FR-functional-
ized caprolactone of FIG. 1, according to one embodiment.
[0009] FIG. 4 is a chemical reaction diagram showing a
process of forming a second FR polycaprolactone copoly-
mer from a mixture of a non-functionalized caprolactone
monomer and the second FR-functionalized caprolactone of
FIG. 2, according to one embodiment.

[0010] FIG. 5 is a chemical reaction diagram showing a
process of forming a third FR-functionalized caprolactone
using a phosphorus-based FR molecule and polymerizing
the third FR-functionalized caprolactone to form a third FR
polycaprolactone, according to one embodiment.

[0011] FIG. 6 is a chemical reaction diagram showing a
process of forming a fourth FR-functionalized caprolactone
using a phosphorus-based FR molecule and polymerizing
the fourth FR-functionalized caprolactone to form a fourth
FR polycaprolactone, according to one embodiment.
[0012] FIG. 7 is a chemical reaction diagram showing a
process of forming a third FR polycaprolactone copolymer
from a mixture of a non-functionalized caprolactone mono-
mer and the third FR-functionalized caprolactone of FIG. 5,
according to one embodiment.

[0013] FIG. 8 is a chemical reaction diagram showing a
process of forming a fourth FR polycaprolactone copolymer
from a mixture of a non-functionalized caprolactone mono-
mer and the fourth FR-functionalized caprolactone of FIG.
6, according to one embodiment.

[0014] FIGS. 9A and 9B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
first phosphorus-based FR molecule for forming a FR-
functionalized caprolactone molecule.

[0015] FIG. 10 is a chemical reaction diagram showing a
process of forming a FR-functionalized caprolactone mol-
ecule with one or more cross-linkers from a caprolactone
molecule that is functionalized with a phosphate-based FR
molecule that includes an allyl group, according to one
embodiment.

[0016] FIGS. 11A and 11B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
second phosphorus-based FR molecule for forming a FR-
functionalized caprolactone molecule.

[0017] FIG. 12 is a chemical reaction diagram showing a
process of forming a FR-functionalized caprolactone mol-
ecule with one or more cross-linkers from a caprolactone
molecule that is functionalized with a phosphonate-based
FR molecule that includes an allyl group, according to one
embodiment.
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[0018] FIG. 13 is a chemical reaction diagram showing a
process of forming a third phosphorus-based FR molecule
for forming a FR-functionalized caprolactone molecule,
according to one embodiment.

[0019] FIGS. 14A and 14B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
fourth phosphorus-based FR molecule for forming a FR-
functionalized caprolactone molecule.

[0020] FIGS.15A and 15B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
fifth phosphorus-based FR molecule for forming a FR-
functionalized caprolactone molecule.

[0021] FIGS.16A and 16B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
sixth phosphorus-based FR molecule for forming a FR-
functionalized caprolactone molecule.

[0022] FIG. 17 is a flow diagram showing a particular
embodiment of a process of forming a flame retardant
polycaprolactone.

[0023] FIG. 18 is a flow diagram showing a particular
embodiment of a process of forming a flame retardant
polycaprolactone.

DETAILED DESCRIPTION

[0024] The present disclosure describes phosphorus-con-
taining caprolactone monomers and flame retardant (FR)
polycaprolactones formed from the phosphorus-containing
caprolactone monomers. The flame retardant functionalized
(FR-functionalized) caprolactone monomers of the present
disclosure may be formed from one or more phosphorus-
based FR molecules that include at least one phosphorus
moiety to impart flame retardancy characteristics and at least
one cross-linking moiety (e.g., for subsequent cross-linking
of the FR polycaprolactones into a variety of different
polymeric materials). Examples of cross-linking moieties
include allyl groups, epoxide groups, and furan groups. In
some cases, thiol-ene “Click” chemistry may be used to
convert the allyl group(s) to hydroxyl, amine, carboxylic
acid, or ester cross-linker(s). In the case of furans, the furan
moieties represent diene groups that may be used for (re-
versibly) cross-linking the FR polycaprolactones of the
present disclosure to a renewable/non-renewable polymeric
material.

[0025] Referring to FIG. 1, a chemical reaction diagram
100 illustrates a process of forming a first FR-functionalized
caprolactone molecule using a phosphorus-based FR mol-
ecule and polymerizing the first FR-functionalized capro-
lactone molecule to form a first FR polycaprolactone,
according to one embodiment. As further described herein,
the phosphorus-based FR molecule may correspond to one
of the phosphorus-based FR molecules synthesized accord-
ing to one of the processes described herein with respect to
FIGS. 9A/9B, 11A/B, 13, 14A/14B, 15A/B, and 16A/B. As
further described herein, the phosphorus-based FR mol-
ecules that may be utilized to impart flame retardancy
characteristics to a caprolactone molecule may also include
one or more cross-linking groups.

[0026] FIG. 1 illustrates that the first FR-functionalized
caprolactone molecule may be synthesized from a caprolac-
tone molecule via a diol intermediate. In the first chemical
reaction depicted at the top of FIG. 1, a carbon-carbon
double bond is added to the caprolactone molecule to form
an intermediate molecule. The second chemical reaction
illustrates that a 2,3-hydroxyl-caprolactone molecule may be

Jan. 9, 2020

synthesized from the intermediate molecule via an Upjohn
dihydroxylation involving catalytic osmium tetroxide.
[0027] In the third chemical reaction (depicted at the
bottom of FIG. 1), the hydroxyl groups of the 2,3-hydroxyl-
caprolactone molecule are functionalized with one of the
phosphorus-based flame retardant molecules described
herein with catalytic dimethylaminopyridine (DMAP) to
form the first FR-functionalized caprolactone molecule. The
fourth chemical reaction illustrates that the first FR-func-
tionalized caprolactone molecule is then polymerized using
catalytic tin(I) octanoate to form a first FR polycaprolac-
tone (with cross-linkers, not shown in FIG. 1).

[0028] As a prophetic example, referring to the first
chemical reaction depicted at the top of FIG. 1, one equiva-
lent of n-Butyllithium (n-Bul.i) may be added dropwise to
anhydrous tetrahydrofuran (THF) and diisopropylamine (1.2
equiv.) in dry THF under nitrogen at =78° C. for 15 minutes.
c-Caprolactone (1 equiv.) in dry THF may be added drop-
wise, and the solution may be stirred at -78° C. for 15
minutes. One equivalent of phenylselenenyl bromide (Ph-
SeBr) in dry THF may be added rapidly between -78° C.
and -60° C., and the solution may be stirred at —=78° C. for
15 min. Water (20 mL) may be added, and the THF may be
evaporated in vacuo. The resulting residue may be extracted
with diethyl ether (4x). The combined organic solvents may
be washed with water (4x), dried (MgSO,), filtered, and
evaporated in vacuo. The residue in ether may be kept at
-20° C. overnight to give the phenylselenenyl lactone (14.1
g) as crystals. The mother liquors may be chromatographed
on silica gel, eluting with dichloromethane to give more
phenylselenenyl lactone. Hydrogen peroxide (30%, 1.3
equiv.) may be added dropwise with stirring to the phenylse-
lenenyl lactone (1 equiv.) in THF at 25° C. After the addition
is complete, the temperature may be maintained between
30° C. and 33° C. for 2.5 hours. The resulting solution may
be evaporated in vacuo, and the residue may be chromato-
graphed on silica gel, eluting with ether-light petroleum (bp:
30-40° C.) (1:1) to give the “caprolactone-diene” product
depicted on the right side of the chemical reaction arrow,
which may be further purified by distillation.

[0029] As a prophetic example, referring to the second
chemical reaction depicted at the top of FIG. 1, to a stirred
solution of the “caprolactone-diene” (1 equiv.) in a solution
of acetone/water (8:1) may be added (2 equiv.) N-Methyl-
morpholine N-oxide (NMO) and a 2.5% solution of osmium
tetroxide (OsQO,) in tert-butanol (t-BuOH) (5 mol % of
0s0,), and the mixture may be stirred overnight at room
temperature. The reaction may be quenched with a saturated
solution of Na,S,0;, and may be stirred for one hour and
transferred in a separation funnel. The aqueous layer may be
extracted with ethyl acetate, the combined organic layers
dried over Na,SO, and the solvent removed under reduced
pressure. The crude product may be purified by recrystalli-
zation or column chromatography.

[0030] As a prophetic example, referring to the third
chemical reaction depicted at the bottom of FIG. 1, to a
solution of the “dihydroxycaprolactone” (1 equiv.) and a
phosphorus-based FR molecule (>2 equiv.), such as diphe-
nyl chlorophosphate, in anhydrous dichloromethane (DCM)
or THF at 0° C., may be added a solution of trimethylamine
(NEt;) and/DMAP (>2 equiv.) in anhydrous DCM or THF,
dropwise. The reaction may be heated to reflux and stirred
for up to 24 hours. The reaction may be poured into a
saturated solution of ammonium chloride and stirred for one
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hour and transferred in a separation funnel. The aqueous
layer may be extracted with ethyl acetate, the combined
organic layers dried over Na,SO,, and the solvent removed
under reduced pressure. The crude product may be purified
by recrystallization or column chromatography.

[0031] As a prophetic example, referring to the fourth
chemical reaction depicted at the bottom of FIG. 1, the
FR-functionalized caprolactone and a catalyst such as tin(Il)
octanoate, Sn(Oct), (0.1-1 mol %), may be added to a
reaction vessel, which may contain a solvent such as DCM.
After a period of up to 24 hours, the melt or solution may be
added directly to hexanes or methanol, dropwise or all in one
portion, to precipitate the polymer, which may be collected
by filtration and dried in a vacuum oven at >60° C. until
complete removal of volatiles (determined by thermogravi-
metric analysis).

[0032] Thus, FIG. 1 illustrates an example of a process of
forming a first FR-functionalized caprolactone molecule
using a phosphorus-based FR molecule and polymerizing
the first FR-functionalized caprolactone molecule to form a
first FR polycaprolactone. As further described herein, the
phosphorus-based molecule that is used to form the first
FR-functionalized caprolactone molecule may also include
one or more cross-linking functional groups for subsequent
cross-linking of the first FR polycaprolactone.

[0033] Referring to FIG. 2, a chemical reaction diagram
200 illustrates a process of forming a second FR-function-
alized caprolactone molecule using a phosphorus-based FR
molecule and polymerizing the second FR-functionalized
caprolactone molecule to form a second FR polycaprolac-
tone, according to one embodiment. As further described
herein, the phosphorus-based FR molecule may correspond
to one of the phosphorus-based FR molecules synthesized
according to one of the processes described herein with
respect to FIGS. 9A/9B, 11A/B, 13, 14A/14B, 15A/B, and
16A/B. As further described herein, the phosphorus-based
FR molecules that may be utilized to impart flame retar-
dancy characteristics to a caprolactone molecule may also
include one or more cross-linking groups.

[0034] FIG. 2 illustrates that the second FR-functionalized
caprolactone molecule may be synthesized from a caprolac-
tone molecule via a polyol intermediate (that includes four
hydroxyl groups). In the chemical reactions depicted at the
top of FIG. 2, two carbon-carbon double bonds are added to
the caprolactone molecule. In the chemical reactions
depicted in the middle of FIG. 2, a 2,3,4,5-hydroxyl-capro-
lactone molecule may be synthesized via an Upjohn dihy-
droxylation involving catalytic osmium tetroxide.

[0035] In the chemical reactions depicted at the bottom of
FIG. 2, the four hydroxyl groups of the 2,3,4,5-hydroxyl-
caprolactone molecule are functionalized with one of the
phosphorus-based flame retardant molecules described
herein with catalytic DMAP to form the second FR-func-
tionalized caprolactone molecule. The second FR-function-
alized caprolactone molecule is then polymerized using
catalytic tin(II) octanoate to form a second FR polycapro-
lactone (with cross-linkers, not shown in FIG. 2).

[0036] The first chemical reaction depicted at the top of
FIG. 2 may be performed in a similar manner to the first
chemical reaction depicted at the top of FIG. 1. With respect
to the second chemical reaction depicted at the top of FIG.
2, as a prophetic example, to a stirred anhydrous solution of
the “caprolactone-diene” in a solution of either anhydrous
DCM or benzene, may be added bromine dropwise. The
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solution may include a free radical initiator such as azobi-
sisobutyronitrile (AIBN) or benzoyl peroxide. The solution
may be heated to reflux and/or placed under UV radiation
(hv) of approximately 254 nm. Upon completion, the reac-
tion may be filtered or quenched with a sodium thiosulfate
solution, and the layers may be separated. The organic layer
may be rinsed with water and brine and may be dried over
MgSO,. The solvent may be removed in vacuo, and the
residue may be purified by recrystallization or column
chromatography.

[0037] As a prophetic example, referring to the third
chemical reaction depicted at the top of FIG. 2, to a stirred
anhydrous solution of the “bromocaprolactone-diene” in a
solution of either anhydrous DCM or THF, may be added a
solution of NEt; in the same solvent, dropwise. The solution
may be heated to reflux. Upon completion, the reaction may
be quenched with a sodium thiosulfate solution, and the
layers may be separated. The organic layer may be rinsed
with water and brine, and may be dried over MgSO,. The
solvent may be removed in vacuo, and the residue may be
purified by recrystallization or column chromatography.
[0038] The fourth chemical reaction depicted in the
middle of FIG. 2 may be performed in a similar manner to
the second chemical reaction depicted at the top of FIG. 1,
except for doubling the number of equivalents to form a
“tetrahydroxycaprolactone” rather than a “dihydroxycapro-
lactone” as in the example of FIG. 1. The fifth chemical
reaction depicted in the middle of FIG. 2 may be performed
in a manner similar to the third chemical reaction depicted
at the bottom of FIG. 1, except for doubling the number of
equivalents of the phosphorus-based FR molecule. The sixth
chemical reaction depicted at the bottom of FIG. 2 may be
performed in a manner similar to the fourth chemical
reaction depicted at the bottom of FIG. 1.

[0039] Thus, FIG. 2 illustrates an example of a process of
forming a second FR-functionalized caprolactone molecule
using a phosphorus-based FR molecule and polymerizing
the second FR-functionalized caprolactone molecule to form
a second FR polycaprolactone. As further described herein,
the phosphorus-based molecule that is used to form the
second FR-functionalized caprolactone molecule may also
include one or more cross-linking functional groups for
subsequent cross-linking of the second FR polycaprolac-
tone.

[0040] Referring to FIG. 3, a chemical reaction diagram
300 illustrates a process of forming a first FR polycapro-
lactone copolymer from a mixture of monomers that
includes a non-functionalized caprolactone monomer and
the first FR-functionalized caprolactone of FIG. 1, according
to one embodiment.

[0041] In FIG. 3, the integer m is used to designate a first
portion of the first FR polycaprolactone copolymer that
corresponds to the FR-functionalized caprolactone mono-
mer. The integer n is used to designate a second portion of
the first FR polycaprolactone copolymer that corresponds to
the unfunctionalized caprolactone monomer. In the example
of FIG. 3, the FR-functionalized caprolactone monomer
includes two phosphorus-based flame retardant groups per
molecule. Accordingly, the first portion of the FR polycapro-
lactone copolymer of FIG. 3 includes two phosphorus-based
flame retardant groups per repeat unit. Adjusting the relative
amounts of the monomers in the mixture enables control
over the flame retardant and physical/thermal properties of
the resulting copolymer.
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[0042] As a prophetic example, an unfunctionalized
caprolactone, the FR-functionalized caprolactone containing
two FR groups, and a catalyst such as tin (II) octanoate,
Sn(Oct), (0.1-1 mol %), may be added to a reaction vessel,
which may contain a solvent such as DCM. After a period
of'up to 24 hours, the melt or solution may be added directly
to hexanes or methanol, dropwise or all in one portion, to
precipitate the polymer, which may be collected by filtration
and dried in a vacuum oven at >60° C. until complete
removal of volatiles (determined by thermogravimetric
analysis).

[0043] Thus, FIG. 3 illustrates an example of a process of
forming a FR polycaprolactone copolymer from a mixture of
monomers that includes a non-functionalized caprolactone
monomer and a FR-functionalized caprolactone monomer.
As further described herein, the phosphorus-based molecule
that is used to form the FR-functionalized caprolactone
monomer may also include one or more cross-linking func-
tional groups for cross-linking of the FR polycaprolactone
copolymer.

[0044] Referring to FIG. 4, a chemical reaction diagram
400 illustrates a process of forming a second FR polycapro-
lactone copolymer from a mixture of monomers that
includes an unfunctionalized caprolactone monomer and the
second FR-functionalized caprolactone of FIG. 2, according
to one embodiment.

[0045] In FIG. 4, the integer m is used to designate a first
portion of the second FR polycaprolactone copolymer that
corresponds to the FR-functionalized caprolactone mono-
mer. The integer n is used to designate a second portion of
the second FR polycaprolactone copolymer that corresponds
to the unfunctionalized caprolactone monomer. In the
example of FIG. 4, the FR-functionalized caprolactone
monomer includes four phosphorus-based flame retardant
groups per molecule. Accordingly, the first portion of the FR
polycaprolactone copolymer of FIG. 4 includes four phos-
phorus-based flame retardant groups per repeat unit. Adjust-
ing the relative amounts of the monomers in the mixture
enables control over the flame retardant and physical/ther-
mal properties of the resulting copolymer.

[0046] As a prophetic example, an unfunctionalized
caprolactone, the FR-functionalized caprolactone containing
four FR groups, and a catalyst such as tin (II) octanoate,
Sn(Oct), (0.1-1 mol %), may be added to a reaction vessel,
which may contain a solvent such as DCM. After a period
of'up to 24 hours, the melt or solution may be added directly
to hexanes or methanol, dropwise or all in one portion, to
precipitate the polymer, which may be collected by filtration
and dried in a vacuum oven at >60° C. until complete
removal of volatiles (determined by thermogravimetric
analysis).

[0047] Thus, FIG. 4 illustrates an example of a process of
forming a FR polycaprolactone copolymer from a mixture of
monomers that includes an unfunctionalized caprolactone
monomer and a FR-functionalized caprolactone monomer.
As further described herein, the phosphorus-based molecule
that is used to form the FR-functionalized caprolactone
monomer may also include one or more cross-linking func-
tional groups for cross-linking of the FR polycaprolactone
copolymer.

[0048] Referring to FIG. 5, a chemical reaction diagram
500 illustrates a process of forming a third FR-functional-
ized caprolactone molecule using a phosphorus-based FR
molecule and polymerizing the third FR-functionalized
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caprolactone molecule to form a third FR polycaprolactone,
according to one embodiment. As further described herein,
the phosphorus-based FR molecule may correspond to one
of the phosphorus-based FR molecules synthesized accord-
ing to one of the processes described herein with respect to
FIGS. 9A/9B, 11A/B, 13, 14A/14B, 15A/B, and 16A/B. As
further described herein, the phosphorus-based FR mol-
ecules that may be utilized to impart flame retardancy
characteristics to a caprolactone molecule may also include
one or more cross-linking groups.

[0049] FIG. 5 illustrates that the third FR-functionalized
caprolactone molecule may be synthesized from a caprolac-
tone molecule via an epoxide (oxirane) intermediate. In the
first chemical reaction depicted at the top of FIG. 5, a
carbon-carbon double bond is added to the caprolactone
molecule to form an intermediate molecule. The second
chemical reaction illustrates that a 2-oxiranyl-caprolactone
molecule may be synthesized from the intermediate mol-
ecule using hydrogen peroxide. The fourth chemical reac-
tion illustrates that the epoxide rings are then opened via a
reductive ring-opening using sodium borohydride and phe-
nyl diselenide to form 3-hydroxyl-caprolactone.

[0050] In the fifth chemical reaction (depicted at the
bottom of FIG. 5), the hydroxyl group of the 3-hydroxyl-
caprolactone molecule are functionalized with one of the
phosphorus-based flame retardant molecules described
herein with catalytic DMAP to form the third FR-function-
alized caprolactone molecule. The sixth chemical reaction
illustrates that the third FR-functionalized caprolactone mol-
ecule is then polymerized using catalytic tin(II) octanoate to
form a third FR polycaprolactone (with cross-linkers, not
shown in FIG. 5).

[0051] The first chemical reaction depicted at the top of
FIG. 5 may be performed in a similar manner to the first
chemical reaction depicted at the top of FIG. 1. With respect
to the second chemical reaction depicted at the top of FIG.
5, as a prophetic example, to a solution of the “caprolactone-
diene” (1 equiv.) in MeOH-THF (3:1) may be added aque-
ous 35% H,O, (>0.5 equiv.) and 6M aqueous NaOH (1.25
equiv.) at 0° C. After being stirred at the same temperature
for 2 h, H,O, ether, and 2M aqueous HCI may be added to
the reaction mixture. The organic phase may be separated,
and the aqueous phase may be extracted with ether (2x). The
combined organic extracts may be washed with brine, dried
over anhydrous Na,SO,, and concentrated in vacuo. The
residue may be purified by silica gel column chromatogra-
phy.

[0052] As a prophetic example, referring to the third
chemical reaction depicted at the top of FIG. 5, to a stirred
solution of (1.5 equiv.) diphenyl diselenide, Ph,Se,, in
isopropanol may be added NaBH, (3.0 equiv.) portion-wise
at room temperature, and after a few minutes AcOH (70%
v/v of isopropanol) may be added at the same temperature.
After 5 minutes, the mixture may be cooled to 0° C., and a
solution of the “epoxy caprolactone” (1.0 equiv.) in isopro-
panol may be added dropwise to the mixture. Stirring may
continue for 30 min at the same temperature. The mixture
may be diluted with EtOAc, and the organic layer may be
washed with brine and dried with MgSO,. After evaporation
of the solvent under reduced pressure, the residue may be
purified by column chromatography.

[0053] The fourth chemical reaction depicted at the bot-
tom of FIG. 5 may be performed in a similar manner to the
third chemical reaction depicted at the bottom of FIG. 1,
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except for halving the number of equivalents of the phos-
phorus-based FR molecule. The fifth chemical reaction
depicted at the bottom of FIG. 5 may be performed in a
manner similar to the fourth chemical reaction depicted at
the bottom of FIG. 1.

[0054] Thus, FIG. 5 illustrates an example of a process of
forming a third FR-functionalized caprolactone molecule
using a phosphorus-based FR molecule and polymerizing
the third FR-functionalized caprolactone molecule to form a
third FR polycaprolactone. As further described herein, the
phosphorus-based molecule that is used to form the third
FR-functionalized caprolactone molecule may also include
one or more cross-linking functional groups for subsequent
cross-linking of the third FR polycaprolactone.

[0055] Referring to FIG. 6, a chemical reaction diagram
600 illustrates a process of forming a fourth FR-function-
alized caprolactone molecule using a phosphorus-based FR
molecule and polymerizing the fourth FR-functionalized
caprolactone molecule to form a fourth FR polycaprolac-
tone, according to one embodiment. As further described
herein, the phosphorus-based FR molecule may correspond
to one of the phosphorus-based FR molecules synthesized
according to one of the processes described herein with
respect to FIGS. 9A/9B, 11A/B, 13, 14A/14B, 15A/B, and
16A/B. As further described herein, the phosphorus-based
FR molecules that may be utilized to impart flame retar-
dancy characteristics to a caprolactone molecule may also
include one or more cross-linking groups. The chemical
reactions depicted in FIG. 6 may be performed in a similar
manner to the chemical reactions previously described
herein with respect to FIG. 5, except for doubling the
number of equivalents of the appropriate reagents.

[0056] FIG. 6 illustrates that the fourth FR-functionalized
caprolactone molecule may be synthesized from a caprolac-
tone molecule via an epoxide (oxirane) intermediate. For
ease of illustration purposes, the first molecule depicted at
the top left of FIG. 6 corresponds to the molecule of FIG. 2
having two carbon-carbon double bonds that are added to
the caprolactone molecule. In the first chemical reaction
depicted at the top of FIG. 6, a 2,3,4,5-dioxiranyl-caprolac-
tone molecule may be synthesized using hydrogen peroxide.
FIG. 6 further illustrates that the epoxide rings are then
opened via a reductive ring-opening using sodium borohy-
dride and phenyl diselenide. The reaction conditions may
result in a mixture of stereochemistry to form a mixture of
3,4-hydroxyl-caprolactone and 3,5-hydroxyl-caprolactone.

[0057] In the chemical reactions depicted at the bottom of
FIG. 6, the hydroxyl groups of the 3,4-hydroxyl-caprolac-
tone and 3,5-hydroxyl-caprolactone molecules are function-
alized with one of the phosphorus-based flame retardant
molecules described herein with catalytic DMAP to form the
fourth FR-functionalized caprolactone molecule. FIG. 6
further illustrates that the fourth FR-functionalized capro-
lactone molecule is then polymerized using catalytic tin(Il)
octanoate to form a fourth FR polycaprolactone (with cross-
linkers, not shown in FIG. 6).

[0058] Thus, FIG. 6 illustrates an example of a process of
forming a fourth FR-functionalized caprolactone molecule
using a phosphorus-based FR molecule and polymerizing
the fourth FR-functionalized caprolactone molecule to form
a fourth FR polycaprolactone. As further described herein,
the phosphorus-based molecule that is used to form the
fourth FR-functionalized caprolactone molecule may also
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include one or more cross-linking functional groups for
subsequent cross-linking of the fourth FR polycaprolactone.

[0059] Referring to FIG. 7, a chemical reaction diagram
700 illustrates a process of forming a third FR polycapro-
lactone copolymer from a mixture of monomers that
includes an unfunctionalized caprolactone monomer and the
third FR-functionalized caprolactone monomer of FIG. 5,
according to one embodiment. The chemical reaction
depicted in FIG. 7 may be performed in a similar manner to
the co-polymerization reaction previously described herein
with respect to FIGS. 3 and 4.

[0060] In FIG. 7, the integer m is used to designate a first
portion of the third FR polycaprolactone copolymer that
corresponds to the FR-functionalized caprolactone mono-
mer. The integer n is used to designate a second portion of
the first FR polycaprolactone copolymer that corresponds to
the unfunctionalized caprolactone monomer. In the example
of FIG. 7, the FR-functionalized caprolactone monomer
includes one phosphorus-based flame retardant group per
molecule. Accordingly, the first portion of the FR polycapro-
lactone copolymer of FIG. 7 includes one phosphorus-based
flame retardant group per repeat unit. Adjusting the relative
amounts of the monomers in the mixture enables control
over the flame retardant and physical/thermal properties of
the resulting copolymer.

[0061] Thus, FIG. 7 illustrates an example of a process of
forming a FR polycaprolactone copolymer from a mixture of
monomers that includes an unfunctionalized caprolactone
monomer and a FR-functionalized caprolactone monomer.
As further described herein, the phosphorus-based molecule
that is used to form the FR-functionalized caprolactone
monomer may also include one or more cross-linking func-
tional groups for cross-linking of the FR polycaprolactone
copolymer.

[0062] Referring to FIG. 8, a chemical reaction diagram
800 illustrates a process of forming a fourth FR polycapro-
lactone copolymer from a mixture of monomers that
includes an unfunctionalized caprolactone monomer and the
fourth FR-functionalized caprolactone of FIG. 6, according
to one embodiment. The chemical reaction depicted in FIG.
8 may be performed in a similar manner to the co-polym-
erization reaction previously described herein with respect
to FIGS. 3 and 4.

[0063] In FIG. 8, the integer m is used to designate a first
portion of the first FR polycaprolactone copolymer that
corresponds to the FR-functionalized caprolactone mono-
mer. The integer n is used to designate a second portion of
the first FR polycaprolactone copolymer that corresponds to
the unfunctionalized caprolactone monomer. In the example
of FIG. 8, the FR-functionalized caprolactone monomer
includes two phosphorus-based flame retardant groups per
molecule. Accordingly, the first portion of the FR polycapro-
lactone copolymer of FIG. 8 includes two phosphorus-based
flame retardant groups per repeat unit. Adjusting the relative
amounts of the monomers in the mixture enables control
over the flame retardant and physical/thermal properties of
the resulting copolymer.

[0064] Thus, FIG. 8 illustrates an example of a process of
forming a FR polycaprolactone copolymer from a mixture of
monomers that includes an unfunctionalized caprolactone
monomer and a FR-functionalized caprolactone monomer.
As further described herein, the phosphorus-based molecule
that is used to form the FR-functionalized caprolactone
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monomer may also include one or more cross-linking func-
tional groups for cross-linking of the FR polycaprolactone
copolymer.

[0065] FIGS. 9A and 9B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
first phosphorus-based FR molecule for formation of a
FR-functionalized caprolactone molecule. The first phos-
phorus-based FR molecule depicted in FIGS. 9A and 9B
represents an example of a phosphate-based FR molecule
that is functionalized with one moiety for cross-linking and
one chloride for further bonding with a caprolactone mol-
ecule that is functionalized with one or more hydroxyl
groups, as previously described herein with respect to FIGS.
1, 2, 5, and 6.

[0066] Referring to FIG. 9A, a first chemical reaction
diagram 900 illustrates a first embodiment of a process of
forming the first phosphorus-based FR molecule. In FIG.
9A, the first phosphorus-based FR molecule is formed via a
one-step process via reaction of an alcohol (ROH) with
phenyl dichlorophosphate via careful addition and stoichio-
metric control. FIG. 9A illustrates that the alcohol may be
either allylic alcohol or glycidol. In the case of allylic
alcohol, the R group of the first phosphorus-based FR
molecule includes an allyl functional group that may be
utilized as a polymeric cross-linker. In the case of glycidol,
the R group of the first phosphorus-based FR molecule
includes a terminal epoxide functional group that may be
utilized as a cross-linker.

[0067] As a prophetic example, to a stirred solution that
may include allylic alcohol or glycidol (1.0 eq.) and trieth-
ylamine (2.0 eq.) in anhydrous THEF, phenyl dichlorophos-
phate (1.3 eq.) may be added dropwise at 0° C., and the
reaction mixture may be stirred at ambient temperature for
2 hours or the reaction mixture may be heated up to reflux
(60-65° C.) for an extended reaction time (4 hours). The
reaction mixture may be cooled to ambient temperature and
filtered to remove the triethylamine hydrochloride salt. The
solvents of the filtrate may be removed in vacuo, and the
product may be purified by fractional distillation.

[0068] Referring to FIG. 9B, a second chemical reaction
diagram 910 illustrates an alternative embodiment of a
process of forming the first phosphorus-based FR molecule.
The first chemical reaction depicted in FIG. 9B illustrates
that the alcohol (ROH) may be reacted with titanium (IV)
isopropoxide and phosphonic acid diphenyl ester via a
pseudo-esterification to form an intermediate molecule. The
second chemical reaction depicted in FIG. 9B illustrates that
the intermediate molecule may be reacted with thionyl
chloride to form the first phosphorus-based FR molecule.
When the alcohol is allylic alcohol, the R group of the first
phosphorus-based FR molecule includes an allyl functional
group that may be utilized as a polymeric cross-linker. When
the alcohol is glycidol, the R group of the first phosphorus-
based FR molecule includes a terminal epoxide functional
group that may be utilized as a cross-linker.

[0069] As a prophetic example, diaryl phosphite (5.5
mmol) may be added to a solution of titanium (IV) iso-
propoxide, Ti(OPr), (11 mmol), in allylic alcohol or glycidol
(excess). This solution may be diluted with benzene. The
reaction mixture may be heated to 40° C. until completion.
The mixture may be poured into water, extracted with
CH,Cl, (3x), dried over MgSO,, and solvent and volatile
components may be removed in vacuo. The products may be
purified by fractional distillation or recrystallization. The
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product from the first step (1.0 eq.), in dry acetonitrile
(MeCN), toluene, or dichloromethane (DCM), may be
added to a solution of trichloroisocyanuric acid (0.33 eq.),
N-chlorosuccinimide (1.0 eq.), or tert-butyl hypochlorite
(1.0 eq.) in the same solvent at room temperature, under an
N, atmosphere. Upon formation of a precipitate, the reaction
may be stirred at room temperature for an additional 2 hours.
Upon completion of the reaction, as determined by >'P
NMR, the reaction mixture may be passed through a 0.45 pm
Whatman syringe filter and concentrated under vacuum.
Next, thionyl chloride (SOCl,) may be dissolved in a
suitable solvent, such as carbon tetrachloride (CCl,), and the
chemical reaction may be performed from 0° C. to room
temperature.

[0070] Thus, FIGS. 9A and 9B illustrate alternative pro-
cesses of forming a phosphate-based FR molecule that is
functionalized with one moiety for cross-linking and one
chloride for further bonding with a caprolactone molecule
that is functionalized with one or more hydroxyl groups.
While FIGS. 9A and 9B illustrate an example in which the
phosphate-based FR molecule includes a phenyl group, it
will be appreciated that the phenyl group may be substituted
by ethyl, methyl, propyl, or isopropyl groups, among other
alternatives.

[0071] Referring to FIG. 10, a chemical reaction diagram
1000 illustrates an example of a process of forming a
FR-functionalized caprolactone molecule with one or more
cross-linkers from a caprolactone molecule that is function-
alized with a phosphate-based FR molecule that includes an
allyl group, according to one embodiment.

[0072] In FIG. 10, the letter Y is used to represent a
hydroxyl group, an amine group, a carboxylic acid group, or
an ester group. FIG. 10 illustrates that the allyl-functional-
ized caprolactone molecule (formed according to one of the
processes described herein with respect to FIGS. 9A and 9B)
may be chemically reacted with a molecule that includes a
thiol group and the Y group via thiol-ene “Click” chemistry
to form a FR-functionalized caprolactone molecule that
includes a hydroxyl cross-linker, an amine cross-linker, a
carboxylic acid cross-linker, or an ester cross-linker.
[0073] As a prophetic example, the thiol compound may
be mixed with the vinyl-functionalized FR-functionalized
caprolactone. The mixture may include a radical initiator,
such as a Micheler’s ketone, an alpha-amino-ketone, an
alpha-hydroxy-ketone, a benzyldimethyl ketal, or benzophe-
none (among other alternatives). The reactants may be
dissolved in a solvent such as DCM, benzene, or carbon
tetrachloride and reacted under UV light at a time and
temperature suitable to the included radical initiators as
appropriate for desired applications.

[0074] FIGS. 11A and 11B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
second phosphorus-based FR molecule for formation of a
FR-functionalized caprolactone molecule. The second phos-
phorus-based FR molecule depicted in FIGS. 11A and 11B
represents an example of a phosphonate-based FR molecule
that is functionalized with one moiety for cross-linking and
one chloride for further bonding with a caprolactone mol-
ecule that is functionalized with one or more hydroxyl
groups, as previously described herein with respect to FIGS.
1,2, 5, and 6.

[0075] Referring to FIG. 11A, a first chemical reaction
diagram 1100 illustrates a first embodiment of a process of
forming the second phosphorus-based FR molecule. In the
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first chemical reaction depicted in FIG. 11A, a chloride
molecule (RC1) is chemically reacted with triphenylphos-
phite to form a phosphonyl ester intermediate material. In
the second chemical reaction depicted in FIG. 11A, the
phosphonyl ester intermediate material is chemically reacted
with phosphorus pentachloride to form the second phospho-
rus-based FR molecule. FIG. 11 A illustrates that the chloride
may be either allyl chloride or epichlorohydrin. In the case
of allyl chloride, the R group of the second phosphorus-
based FR molecule includes an allyl functional group that
may be utilized as a polymeric cross-linker. In the case of
epichlorohydrin, the R group of the second phosphorus-
based FR molecule includes a terminal epoxide functional
group that may be utilized as a cross-linker.

[0076] As a prophetic example, allyl chloride or epichlo-
rohydrin (1 eq.) and trialkyl phosphite, P(OR);, may be
added to a reaction vessel. The reaction vessel may include
an organic solvent such as toluene, THF, ethanol, or DMF,
and may also contain a compound such an alumina. The
reaction may be heated to reflux or up to 180° C. if done
using neat conditions. The reaction mixture may also be
irradiated by microwaves for a short period to increase the
reaction rate. The reaction may be cooled to room tempera-
ture, and the excess trialkyl phosphite may be removed in
vacuo or it may be washed with DCM, and dried using
CaCl, prior to filtration and having the solvents removed in
vacuo. The phosphonate may be purified by fractional
distillation. To a solution of the phosphonate product may be
added PCl; (excess) at 0° C. under an inert atmosphere. The
reaction may be performed in a solvent such as CCl,. The
mixture may be allowed to warm up to room temperature
and may be stirred for an additional day. The solvent may
then be removed in vacuo, and the residue may be distilled
to give the product.

[0077] Referring to FIG. 11B, a second chemical reaction
diagram 1110 illustrates an alternative embodiment of a
process of forming the second phosphorus-based FR mol-
ecule. In the first chemical reaction depicted in FIG. 11B, a
chloride molecule (RCI) is chemically reacted with triph-
enylphosphite and quenched under aqueous basic conditions
to form a phosphonyl ester intermediate material. In the
second chemical reaction depicted in FIG. 11B, the phos-
phonyl ester intermediate material is chemically reacted
with thionyl chloride to form the second phosphorus-based
FR molecule. FIG. 11B illustrates that the chloride may be
either allyl chloride or epichlorohydrin. In the case of allyl
chloride, the R group of the second phosphorus-based FR
molecule includes a terminal allyl functional group that may
be utilized as a polymeric cross-linker. In the case of
epichlorohydrin, the R group of the second phosphorus-
based FR molecule includes a terminal epoxide functional
group that may be utilized as a cross-linker.

[0078] As a prophetic example, an allyl phosphonate or
oxirane phosphonate (1.0 eq.) may be generated and quickly
added to a solution of bromodimethyl borane (1.0 eq.) in an
organic solvent such as toluene. The reaction mixture may
be warmed to room temperature and stirred overnight. The
solvent and volatile byproducts may be removed in vacuo.
To a solution of the diaryl phosphorous-containing product,
SOCl, (excess) may be added at 0° C. The mixture may be
allowed to warm up to room temperature or heated to 40° C.
and may be stirred for an additional day. The solvent may
then be removed in vacuo, and the residue may be distilled
to give the product.
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[0079] Thus, FIGS. 11A and 11B illustrate alternative
processes of forming a phosphonate-based FR molecule that
is functionalized with one moiety for cross-linking and one
chloride for further bonding with a caprolactone molecule
that is functionalized with one or more hydroxyl groups.
While FIGS. 11 A and 11B illustrate an example in which the
phosphonate-based FR molecule includes a phenyl group, it
will be appreciated that the phenyl group may be substituted
by ethyl, methyl, propyl, or isopropyl groups, among other
alternatives.

[0080] FIG. 12 is a chemical reaction diagram 1200 show-
ing a process of forming a FR-functionalized caprolactone
molecule with one or more cross-linkers from a caprolactone
molecule that is functionalized with a phosphonate-based
FR molecule that includes an allyl group, according to one
embodiment.

[0081] In FIG. 12, the letter Y is used to represent a
hydroxyl group, an amine group, a carboxylic acid group, or
an ester group. FIG. 12 illustrates that the allyl-functional-
ized caprolactone molecule (formed according to one of the
processes described herein with respect to FIGS. 11A and
11B) may be chemically reacted with a molecule that
includes a thiol group and the Y group via thiol-ene “Click”
chemistry to form a FR-functionalized caprolactone mol-
ecule that includes a hydroxyl cross-linker, an amine cross-
linker, a carboxylic acid cross-linker, or an ester cross-linker.
[0082] As a prophetic example, the thiol compound may
be mixed with the vinyl-functionalized FR-functionalized
caprolactone. The mixture may include a radical initiator,
such as a Micheler’s ketone, an alpha-amino-ketone, an
alpha-hydroxy-ketone, a benzyldimethyl ketal, or benzophe-
none (among other alternatives). The reactants may be
dissolved in a solvent such as DCM, benzene, or carbon
tetrachloride and reacted under UV light at a time and
temperature suitable to the included radical initiators as
appropriate for desired applications.

[0083] Referring to FIG. 13, a chemical reaction diagram
1300 illustrates an example of a process of forming a third
phosphorus-based FR molecule for formation of a FR-
functionalized caprolactone molecule, according to one
embodiment. FIG. 13 illustrates that the third phosphorus-
based FR molecule may be synthesized from the renewable
furan moiety, furfuryl alcohol.

[0084] FIG. 13 illustrates an example of a process of
forming a difuran-functionalized phosphate molecule from
furfuryl alcohol. In the first chemical reaction depicted in
FIG. 13, furfuryl alcohol is chemically reacted with phos-
phorus trichloride (PCl,) to form a phosphine oxide inter-
mediate material. As an example, the first chemical reaction
may include dissolving phosphorus oxychloride in a suitable
solvent, such as dichloromethane (DCM), with the reaction
proceeding from 0° C. to room temperature. As a prophetic
example, phosphorus trichloride and DCM may be placed in
a flask immersed in an ice bath and equipped with a
magnetic stirrer and a condenser (the head of which is
connected to a water vacuum pump). Furfuryl alcohol,
diluted with DCM may be added dropwise to the mixture.
The mixture may be stirred for another 10 minutes, and
DCM may be subsequently evaporated.

[0085] As a prophetic example, PCl; (1.0 eq.) and freshly
dried toluene may be added to a two-necked round-bottom
flask flushed with inert gas. The reaction mixture may be
stirred at 0° C. Furfuryl alcohol (2.0 eq.), dimethylphe-
nylamine (2.16 eq.), and toluene may be added to a separate
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two-necked round-bottom flask flushed with inert gas. The
furfuryl alcohol mixture may be added dropwise to the PCl,
solution over 1 hour. The resulting mixture may be stirred at
ambient temperature for 1 additional hour. Upon comple-
tion, water may be added carefully and the mixture may be
stirred for 30 min at ambient temperature. The crude product
may be extracted with Et,O (2x) and washed with water
(2x). The organic phase may be dried (MgSO,) and the
solvent may be removed in vacuo, and may be dried or
purified further.

[0086] In the second chemical reaction depicted in FIG.
13, the phosphine oxide intermediate material is chemically
reacted with either isocyanuric chloride or tert-butyl
hypochlorite (tBuOCl) to form bis(furylmethylene)phos-
phoryl chloride. In the case of isocyanuric chloride, the
second chemical reaction may include a suitable solvent
such as acetonitrile (MeCN). In the case of tert-butyl
hypochlorite, the second chemical reaction may include a
suitable solvent such as DCM. FIG. 13 illustrates that the
resulting molecule has a functional phosphorus group with
two furan groups available for subsequent reversible cross-
linking.

[0087] As a prophetic example (using isocyanuric chlo-
ride), bis(furan-2-ylmethyl) phosphite (1.0 eq.) in either dry
acetonitrile (MeCN), toluene, or dichloromethane (DCM)
may be added to a solution of trichloroisocyanuric acid (0.33
eq.), N-chlorosuccinimide (1.0 eq.), or tert-butyl hypochlo-
rite (1.0 eq.) in the same solvent at room temperature, under
an N, atmosphere. Upon the formation of a precipitate, the
reaction may be stirred at room temperature for an additional
2 hours. Upon completion of the reaction, as determined by
1P NMR, the reaction mixture was passed through a 0.45
pm Whatman syringe filter and concentrated under vacuum.
A similar procedure may be utilized in the case of tert-butyl
hypochlorite.

[0088] Thus, FIG. 13 illustrates an example of a process of
forming a phosphorus-based flame retardant molecule from
renewable furfuryl alcohol. In the example of FIG. 13,
furfuryl alcohol is used to form a furan-containing FR
molecule having two furan moieties bonded to a phosphorus
moiety via two phosphoryl linkages. As described further
herein, the phosphorus moiety includes a chloride group for
bonding (e.g., via chemical reaction with a hydroxyl group),
and the two furan moieties provide two potential locations
for Diels-Alder reactions with dieonophile group(s) of
another material.

[0089] FIGS. 14A and 14B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
fourth phosphorus-based FR molecule. Referring to FIG.
14 A, a first chemical reaction diagram 1400 illustrates a first
embodiment of a process of forming the fourth phosphorus-
based FR molecule. Referring to FIG. 14B, a second chemi-
cal reaction diagram 1410 illustrates an alternative embodi-
ment of a process of forming the fourth phosphorus-based
FR molecule.

[0090] FIG. 14A illustrates a first example of a process of
forming a bisfuran-functionalized phosphine oxide mol-
ecule. In the first chemical reaction depicted in FIG. 14A,
furfuryl alcohol is chemically reacted with thionyl chloride
to form 2-(chloromethyl)furan, and the chemical reaction
may be performed from 0° C. to room temperature. Alter-
natively, bromomethylfuran can be synthesized from com-
mercially available reagents and can be used similarly to
chloromethylfuran. In the second chemical reaction depicted
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in FIG. 14A, a Grignard reagent is prepared and reacted with
the appropriate phosphonic acid diester to form a phosphinic
acid intermediate material. In the third chemical reaction of
FIG. 14A, the phosphinic acid intermediate material is
reacted with thionyl chloride, resulting in the fourth phos-
phorus-based FR molecule.

[0091] As a prophetic example, furfuryl alcohol may be
added, dropwise, to an excess of thionyl chloride at 0° C.
The reaction mixture may be warmed to ambient tempera-
ture or reflux and stirred until completion as indicated by
TLC. The excess thionyl chloride may be removed in vacuo
and the crude product may be used in the next step without
further purification. To a stirred suspension of activated
magnesium turnings in diethyl ether 2-chloromethylfuran
may be added dropwise at 0° C. Upon completion of the
addition, the reaction mixture may be heated to reflux for 1
hour. The reaction mixture is then cooled to room tempera-
ture and may be added via cannula to a stirred solution of
phosphonic acid diethyl ester at 0° C. The reaction mixture
may be warmed to room temperature and stirred until
completion, poured into water, and extracted with diethyl
ether. The combined organic fractions may be dried over
MgSO,, filtered, and the solvents removed in vacuo. The
product may be purified by distillation or recrystallization.
The phosphine oxide product may be added to a suspension
of PhlIO in an organic solvent that may include THF or
toluene. The reaction mixture may be stirred for 20 minutes
to 12 hours at reflux. The reaction mixture may then be
diluted with ether and extracted of 5% NaHCO, water
solution. The organic layer may be dried over MgSO,,
evaporated and separated by chromatography. The water
layer may be acidified with conc. HCl and extracted with
ether. The combined ether solutions may be dried over
MgSO,, filtered and evaporated to yield the product. The
bis(methyl)furan phosphine oxide may be added, dropwise,
to an excess of thionyl chloride (or oxalyl chloride, or
isocyanuric chloride) at 0° C. The reaction mixture may be
warmed to ambient temperature or reflux and stirred until
completion as indicated by TLC. The excess thionyl chloride
may be removed in vacuo and the crude product may be
purified by fractional distillation.

[0092] FIG. 14B illustrates a second example of a process
of forming the bisfuran-functionalized phosphine oxide
molecule. In the first chemical reaction depicted in FIG.
14B, furfuryl alcohol is chemically reacted with thionyl
chloride to form 2-(chloromethyl)furan, and the chemical
reaction may be performed from 0° C. to room temperature.
Alternatively, bromomethylfuran can be synthesized from
commercially available reagents and can be used similarly to
chloromethylfuran. In the second chemical reaction depicted
in FIG. 14B, the 2-(chloromethyl)furan product formed from
the furfuryl alcohol may be used to form a phosphinic ester
intermediate material. The third chemical reaction of FIG.
14B illustrates that the phosphinic ester intermediate mate-
rial is reacted with phosphorus pentachloride (PCly), result-
ing in the fourth phosphorus-based FR molecule.

[0093] As a prophetic example, to a stirred suspension of
activated magnesium turnings in diethyl ether 2-chlorom-
ethylfuran (synthesized as described previously) may be
added dropwise at 0° C. Upon completion of the addition,
the reaction mixture may be heated to reflux for 1 hour. The
reaction mixture is then cooled to room temperature and
may be added via cannula to a stirred solution of phosphonic
acid diethyl ester at 0° C. The reaction mixture may be
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warmed to room temperature and stirred until completion,
poured into water, and extracted with diethyl ether. The
combined organic fractions may be dried over MgSO,,
filtered, and the solvents removed in vacuo. The product
may be purified by distillation or recrystallization. The
phosphinic acid product may be stirred with a suspension of
potassium carbonate in an organic solvent such as DMF or
THF and heated to a temperature that may be between
60-100° C. Methyl iodide and 18-crown-6 may be added
dropwise to the reaction mixture, and may be stirred until
completion. The reaction mixture may be poured into water,
and extracted with diethyl ether. The combined organic
fractions may be dried over MgSO,, filtered, and the sol-
vents removed in vacuo. The product may be purified by
distillation or recrystallization. To a solution of the product
from the previous step in CCl, may be added PCl; (excess)
at 0° C. under an inert atmosphere. The mixture may be
allowed to warm up to room temperature and may be stirred
for an additional day. The solvent is removed in vacuo and
the residue may be distilled to give the product.

[0094] Thus, FIGS. 14A and 14B illustrate alternative
processes of forming a furan-containing flame retardant
molecule from renewable furfuryl alcohol. In the examples
of FIGS. 14A and 14B, furfuryl alcohol is used to form a
furan-containing FR molecule having two furan moieties
bonded to a phosphorus moiety via two phosphinyl linkages.
As described further herein, the phosphorus moiety includes
a chloride group for bonding (e.g., via chemical reaction
with a hydroxyl group), and the two furan moieties provide
two potential locations for Diels-Alder reactions with dieno-
phile group(s) of another material.

[0095] FIGS.15A and 15B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
fifth phosphorus-based FR molecule. Referring to FIG. 15A,
a first chemical reaction diagram 1500 illustrates a first
embodiment of a process of forming the fifth phosphorus-
based FR molecule. Referring to FIG. 15B, a second chemi-
cal reaction diagram 1510 illustrates an alternative embodi-
ment of a process of forming the fifth phosphorus-based FR
molecule.

[0096] FIG. 15A illustrates a first example of a process of
forming a monofuran-functionalized phosphonate molecule.
FIG. 15A illustrates a one-step process via reaction of
furfuryl alcohol with dichlorophosphate via careful addition
and stoichiometric control. The alkyl (R) groups may
include ethyl groups, methyl groups, propyl groups, isopro-
pyl groups, or phenyl groups, among other alternatives. The
one-step process may utilize triethylamine (Et;N) and a
suitable solvent, such as tetrahydrofuran (THF), and the
chemical reaction may be performed from 0° C. to room
temperature. FIG. 15A illustrates that the resulting molecule
is functionalized with one furan moiety for cross-linking and
one chloride for further bonding.

[0097] As a prophetic example, to a stirred solution that
may include furfuryl alcohol (1.0 eq.) and triethylamine (2.0
eq.) in anhydrous THF, phenyl dichlorophosphate (1.3 eq.)
may be added dropwise at 0° C., and the reaction mixture
may be stirred at ambient temperature for 2 hours or it may
be heated up to reflux (60-65° C.) for an extended reaction
time (4 hours). The reaction mixture may be cooled to
ambient temperature and filtered to remove the triethylamine
hydrochloride salt. The solvents of the filtrate may be
removed in vacuo and the product may be purified by
fractional distillation.
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[0098] FIG. 15B illustrates a second example of a process
of forming the monofuran-functionalized phosphate mol-
ecule. FIG. 15B illustrates an alternative in which furfuryl
alcohol can be reacted with titanium (IV) isopropoxide and
phosphonic acid dialkylester or diphenylester as a pseudo-
transesterification. The R groups may include ethyl groups,
methyl groups, propyl groups, isopropyl groups, or phenyl
groups, among other alternatives. The resulting molecule
may be reacted with thionyl chloride to give a furan-
containing FR molecule with one furan moiety for cross-
linking and one chloride for further bonding. In the first
chemical reaction, titanium (IV) isopropoxide may be dis-
solved in a suitable solvent, such as benzene. In the second
chemical reaction, thionyl chloride may be dissolved in a
suitable solvent, such as carbon tetrachloride (CCl,), and the
chemical reaction may be performed from 0° C. to room
temperature.

[0099] As a prophetic example, dialkyl or diaryl phosphite
1 (5.5 mmol) may be added to the solution of the titanium
(IV) isopropoxide (11 mmol) in furfuryl alcohol (excess).
This solution may be diluted with benzene. The reaction
mixture may be heated 40° C. until completion. The mixture
may be poured into water, extracted with CH,Cl, (3x), dried
over MgSQO,, and solvent and volatile components may be
removed in vacuo. The products may be purified by frac-
tional distillation or recrystallization. The product from the
first step (1.0 eq.), in dry acetonitrile (MeCN), toluene, or
dichloromethane (DCM), may be added to a solution of
trichloroisocyanuric acid (0.33 eq.), N-chlorosuccinimide
(1.0 eq.), or tert-butyl hypochlorite (1.0 eq.) in the same
solvent at room temperature, under an N, atmosphere. Upon
the formation of a precipitate, the reaction may be stirred at
room temperature for an additional 2 hours. Upon comple-
tion of the reaction, as determined by *'P NMR, the reaction
mixture may be passed through a 0.45 pm Whatman syringe
filter and concentrated under vacuum.

[0100] Thus, FIGS. 15A and 15B illustrate examples of
alternative processes of forming the fifth phosphorus-based
FR molecule. In the examples of FIGS. 15A and 15B,
furfuryl alcohol is used to form a furan-containing FR
molecule having a single furan moiety bonded to a phos-
phorus moiety via a phosphoryl linkage. As described fur-
ther herein, the phosphorus moiety includes a chloride group
for bonding (e.g., via chemical reaction with a hydroxyl
group), and the single furan moiety provides one potential
location for a Diels-Alder reaction with a dienophile group
of another material.

[0101] FIGS.16A and 16B are chemical reaction diagrams
showing alternative embodiments of processes of forming a
sixth phosphorus-based FR molecule. Referring to FIG.
16A, a first chemical reaction diagram 1600 illustrates a first
embodiment of a process of forming the sixth phosphorus-
based FR molecule. Referring to FIG. 16B, a second chemi-
cal reaction diagram 1610 illustrates an alternative embodi-
ment of a process of forming the sixth phosphorus-based FR
molecule.

[0102] FIG. 16A illustrates a first example of a process of
forming the single phosphonate-linked furan phosphoryl
chloride, methylenefuran-phosphonyl chloride. In the first
chemical reaction depicted in FIG. 16A, 2-(chloromethyl)
furan (which may be synthesized as described herein with
respect to the fourth phosphorus-based FR molecule of
FIGS. 14A and 14B) is chemically reacted with a trialkyl-
phosphite or a triphenylphosphite to form a phosphonyl
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ester. R groups may include ethyl groups, methyl groups,
propyl groups, isopropyl groups, or phenyl groups, among
other alternatives. In the second chemical reaction depicted
in FIG. 16A, the phosphonyl ester is reacted with phospho-
rus pentachloride to form the sixth phosphorus-based FR
molecule.

[0103] As a prophetic example, 2-(chloromethyl)furan (1
eq.) and trialkyl phosphite may be added to a reaction vessel,
which may include an organic solvent such as toluene, THF,
ethanol, or DMF, and may also contain a compound such an
alumina. The reaction may be heated to reflux or up to 180°
C. if done using neat conditions. The reaction mixture may
also be irradiated by microwaves for a short period to
increase the reaction rate. The reaction may be cooled to
room temperature and the excess trialkyl phosphite may be
removed in vacuo or it may be washed with DCM, and dried
for CaCl, prior to filtration and having the solvents removed
in vacuo. The phosphonate may be purified by fractional
distillation. To a solution of the phosphonate product PCl
(excess) may be added at 0° C. under an inert atmosphere.
The reaction may be performed in a solvent such as CCl,.
The mixture may be allowed to warm up to room tempera-
ture and may be stirred for an additional day. The solvent is
then removed in vacuo and the residue may be distilled to
give the product.

[0104] FIG. 16B illustrates a second example of a process
of forming the single phosphonate-linked furan phosphoryl
chloride, methylenefuran-phosphonyl chloride. In the first
chemical reaction depicted in FIG. 16B, 2-(chloromethyl)
furan (synthesized as described herein with respect to FR7)
is reacted with a trialkylphosphite or a triphenylphosphite
and quenched under aqueous basic conditions to form an
alternative intermediate material. R groups may include
ethyl groups, methyl groups, propyl groups, isopropyl
groups, or phenyl groups, among other alternatives. The
second chemical reaction of FIG. 16B illustrates that the
intermediate material is then reacted with thionyl chloride to
form the sixth phosphorus-based FR molecule.

[0105] As a prophetic example, a methylfuryl phospho-
nate may be generated in a manner similar to that of the
phosphonate intermediate used to synthesize the fourth
furan-containing FR molecule. Dialkyl benzylphosphonate
(1.0 eq.) may be quickly added to a solution of bromodim-
ethyl borane (1.0 eq.) in an organic solvent that may be
toluene. The reaction mixture may be warmed to room
temperature and stirred overnight. The solvent and volatile
byproducts may be removed in vacuo and give a slightly
yellow viscous oil. To a solution of the phosphonic acid
product SOCI, (excess) may be added at 0° C. The mixture
may be allowed to warm up to room temperature, or heated
to 40° C. and may be stirred for an additional day. The
solvent is then removed in vacuo and the residue may be
distilled to give the product.

[0106] Thus, FIGS. 16A and 16B illustrate alternative
processes of forming a furan-containing FR molecule from
renewable furfuryl alcohol. In the examples of FIGS. 16A
and 16B, furfuryl alcohol is used to form a furan-containing
FR molecule having a single furan moiety bonded to a
phosphorus moiety via a phosphinyl linkage. As described
further herein, the phosphorus moiety includes a chloride
group for bonding (e.g., via chemical reaction with a
hydroxyl group), and the single furan moiety provides one
potential location for a Diels-Alder reaction with a dieno-
phile group of another material.
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[0107] Referring to FIG. 17, a flow diagram 1700 illus-
trates an example of a process of forming a flame retardant
polycaprolactone. In the example of FIG. 17, a hydroxyl-
functionalized caprolactone molecule is chemically reacted
with a phosphorus-containing flame retardant molecule to
form a flame retardant-functionalized caprolactone mono-
mer. In some cases, the flame retardant polycaprolactone is
formed by polymerizing the flame retardant-functionalized
caprolactone monomer. In other cases, a mixture of the
flame retardant-functionalized caprolactone monomer and
an unfunctionalized caprolactone monomer may be polym-
erized to form a flame retardant polycaprolactone copoly-
mer. It will be appreciated that the operations shown in FIG.
17 are for illustrative purposes only and that the operations
may be performed in alternative orders, at alternative times,
by a single entity or by multiple entities, or a combination
thereof. For example, one entity may form the phosphorus-
containing flame retardant molecule, another entity may
form the hydroxyl-functionalized caprolactone molecule,
while yet another entity may form the flame retardant-
functionalized caprolactone monomer. Additionally, in some
cases, another entity may form the flame retardant poly-
caprolactone.

[0108] The process 1700 includes utilizing a caprolactone
molecule to form a hydroxyl-functionalized caprolactone
molecule, at 1702. For example, the hydroxyl-functionalized
caprolactone molecule may be formed from a caprolactone
molecule according to processes previously described herein
with respect to FIGS. 1, 2, 5, and 6. In the example depicted
in FIG. 1, the hydroxyl-functionalized caprolactone mol-
ecule includes two hydroxyl groups. In the example depicted
in FIG. 2, the hydroxyl-functionalized caprolactone mol-
ecule includes four hydroxyl groups. In the example
depicted in FIG. 5, the hydroxyl-functionalized caprolactone
molecule includes one hydroxyl group. In the example
depicted in FIG. 6, the hydroxyl-functionalized caprolactone
molecule includes two hydroxyl groups. In some cases, the
reaction conditions may result in a mixture of stereochem-
istry, in which the hydroxyl-functionalized caprolactone
molecule includes both 3,4-hydroxyl-caprolactone and 3,5-
hydroxyl-caprolactone, each of which have two hydroxyl
groups per molecule.

[0109] The process 1700 includes chemically reacting the
hydroxyl-functionalized caprolactone molecule with a phos-
phorus-containing flame retardant molecule to form a flame
retardant-functionalized caprolactone molecule, at 1704. For
example, the hydroxyl-functionalized caprolactone mol-
ecule may be chemically reacted with one of the phospho-
rus-based flame retardant molecules of the present disclo-
sure, according to processes previously described herein
with respect to FIGS. 1, 2, 5, and 6. In some cases, the
phosphorus-based flame retardant molecule that is chemi-
cally reacted with the hydroxyl-functionalized caprolactone
molecule may correspond to the first phosphorus-based
flame retardant molecule described herein with respect to
FIGS. 9A and 9B. In other cases, the phosphorus-based
flame retardant molecule may correspond to the second
phosphorus-based flame retardant molecule described herein
with respect to FIGS. 11A and 11B. In other cases, the
phosphorus-based flame retardant molecule may correspond
to the third phosphorus-based flame retardant molecule
described herein with respect to FIG. 12. In other cases, the
phosphorus-based flame retardant molecule may correspond
to the fourth phosphorus-based flame retardant molecule
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described herein with respect to FIGS. 14A and 14B. In
other cases, the phosphorus-based flame retardant molecule
may correspond to the fifth phosphorus-based flame retar-
dant molecule described herein with respect to FIGS. 15A
and 15B. In other cases, the phosphorus-based flame retar-
dant molecule may correspond to the sixth phosphorus-
based flame retardant molecule described herein with
respect to FIGS. 16A and 16B.

[0110] The process 1700 includes polymerizing a mixture
that includes at least the flame retardant-functionalized
caprolactone monomer to form a flame retardant polycapro-
lactone, at 1706. For example, referring to FIG. 1, the first
flame retardant polycaprolactone may be formed from the
first flame retardant-functionalized caprolactone monomer.
As another example, referring to FIG. 2, the second flame
retardant polycaprolactone may be formed from the second
flame retardant-functionalized caprolactone monomer. As a
further example, referring to FIG. 5, the third flame retardant
polycaprolactone may be formed from the third flame retar-
dant-functionalized caprolactone monomer. As yet another
example, referring to FIG. 6, the fourth flame retardant
polycaprolactone may be formed from the fourth flame
retardant-functionalized caprolactone monomer.

[0111] In some cases, the mixture may further include an
unfunctionalized caprolactone monomer, and the flame
retardant polycaprolactone may correspond to a flame retar-
dant polycaprolactone copolymer. For example, referring to
FIG. 3, the first flame retardant polycaprolactone copolymer
may be formed from a mixture that includes an unfunction-
alized caprolactone monomer and the first flame retardant-
functionalized caprolactone monomer of FIG. 1. As another
example, referring to FIG. 4, the second flame retardant
polycaprolactone copolymer may be formed from a mixture
that includes an unfunctionalized caprolactone monomer
and the second flame retardant-functionalized caprolactone
monomer of FIG. 2. As a further example, referring to FIG.
7, the third flame retardant polycaprolactone copolymer may
be formed from a mixture that includes an unfunctionalized
caprolactone monomer and the third flame retardant-func-
tionalized caprolactone monomer of FIG. 5. As yet another
example, referring to FIG. 8, the fourth flame retardant
polycaprolactone copolymer may be formed from a mixture
that includes an unfunctionalized caprolactone monomer
and the fourth flame retardant-functionalized caprolactone
monomer of FIG. 6.

[0112] Thus, FIG. 17 illustrates an example of a process of
forming a flame retardant polycaprolactone. In the example
of FIG. 17, a hydroxyl-functionalized caprolactone mol-
ecule is chemically reacted with a phosphorus-containing
flame retardant molecule to form a flame retardant-function-
alized caprolactone monomer. In some cases, the flame
retardant polycaprolactone is formed by polymerizing the
flame retardant-functionalized caprolactone monomer. In
other cases, a mixture of the flame retardant-functionalized
caprolactone monomer and an unfunctionalized caprolac-
tone monomer may be polymerized to form a flame retardant
polycaprolactone copolymer.

[0113] Referring to FIG. 18, a flow diagram 1800 illus-
trates an example of a process of forming a flame retardant
polycaprolactone. In the example of FIG. 18, a hydroxyl-
functionalized caprolactone molecule is chemically reacted
with a phosphorus-containing flame retardant molecule (that
includes an allyl group) to form a flame retardant-function-
alized caprolactone monomer (that includes the allyl group).
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Subsequently, the flame retardant-functionalized caprolac-
tone monomer (that includes the allyl group) is chemically
reacted with a thiol (that includes a cross-linking moiety) to
form an FR-functionalized caprolactone monomer (that
includes the cross-linking moiety). In some cases, the flame
retardant polycaprolactone is formed by polymerizing the
flame retardant-functionalized caprolactone monomer (that
includes the cross-linking moiety). In other cases, a mixture
of the flame retardant-functionalized caprolactone monomer
(that includes the cross-linking moiety) and an unfunction-
alized caprolactone monomer may be polymerized to form
a flame retardant polycaprolactone copolymer. It will be
appreciated that the operations shown in FIG. 18 are for
illustrative purposes only and that the operations may be
performed in alternative orders, at alternative times, by a
single entity or by multiple entities, or a combination
thereof.

[0114] The process 1800 includes utilizing a caprolactone
molecule to form a hydroxyl-functionalized caprolactone
molecule, at 1802. For example, the hydroxyl-functionalized
caprolactone molecule may be formed from a caprolactone
molecule according to processes previously described herein
with respect to FIGS. 1, 2, 5, and 6.

[0115] The process 1800 includes chemically reacting the
hydroxyl-functionalized caprolactone molecule with a phos-
phorus-containing flame retardant molecule that includes an
allyl group to form a flame retardant-functionalized capro-
lactone molecule that includes the allyl group, at 1804. For
example, referring to FIGS. 9A and 9B, when the alcohol
(ROH) is allyl alcohol, the first phosphorus-based flame
retardant molecule includes an allyl group. In this case,
referring to FIG. 10, the allyl group of the first phosphorus-
based flame retardant molecule of FIGS. 9A and 9B may be
chemically reacted with one of the FR-functionalized capro-
lactone molecules formed according to processes previously
described herein with respect to FIGS. 1, 2, 5, and 6. FIG.
10 illustrates that the resulting FR-functionalized caprolac-
tone molecule includes the allyl group. As another example,
referring to FIGS. 11A and 11B, when the chloride (RC]) is
allyl chloride, the second phosphorus-based flame retardant
molecule includes an allyl group. In this case, referring to
FIG. 12, the allyl group of the second phosphorus-based
flame retardant molecule of FIGS. 11A and 11B may be
chemically reacted with one of the FR-functionalized capro-
lactone molecules formed according to processes previously
described herein with respect to FIGS. 1, 2, 5, and 6. FIG.
12 illustrates that the resulting FR-functionalized caprolac-
tone molecule includes the allyl group.

[0116] The process 1800 includes chemically reacting the
allyl group of the flame retardant caprolactone molecule
with a thiol (that includes a cross-linking moiety) to form a
flame retardant-functionalized caprolactone monomer that
includes the cross-linking moiety (1806). For example,
referring to FIG. 10, the FR-functionalized caprolactone
molecule that includes the allyl group may be chemically
reacted with a thiol (that includes a hydroxyl group, an
amine group, a carboxyl group, or an ester group) via
thiol-ene “Click” chemistry to form the FR-functionalized
caprolactone molecule with cross-linker(s). As another
example, referring to FIG. 12, the FR-functionalized capro-
lactone molecule that includes the allyl group may be
chemically reacted with a thiol (that includes a hydroxyl
group, an amine group, a carboxyl group, or an ester group)
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via thiol-ene “Click” chemistry to form the FR-functional-
ized caprolactone molecule with cross-linker(s).

[0117] The process 1800 further includes polymerizing a
mixture that includes at least the flame retardant-function-
alized caprolactone monomer to form a flame retardant
polycaprolactone, at 1808. For example, referring to FIG. 1,
the first flame retardant polycaprolactone may be formed
from the first flame retardant-functionalized caprolactone
monomer (that corresponds to the FR-functionalized capro-
lactone molecule depicted in FIG. 10 or FIG. 12). As another
example, referring to FIG. 2, the second flame retardant
polycaprolactone may be formed from the second flame
retardant-functionalized caprolactone monomer (that corre-
sponds to the FR-functionalized caprolactone molecule
depicted in FIG. 10 or FIG. 12). As a further example,
referring to FIG. 5, the third flame retardant polycaprolac-
tone may be formed from the third flame retardant-function-
alized caprolactone monomer (that corresponds to the FR-
functionalized caprolactone molecule depicted in FIG. 10 or
FIG. 12). As yet another example, referring to FIG. 6, the
fourth flame retardant polycaprolactone may be formed from
the fourth flame retardant-functionalized caprolactone
monomer (that corresponds to the FR-functionalized capro-
lactone molecule depicted in FIG. 10 or FIG. 12).

[0118] In some cases, the mixture may further include an
unfunctionalized caprolactone monomer, and the flame
retardant polycaprolactone may correspond to a flame retar-
dant polycaprolactone copolymer. For example, referring to
FIG. 3, the first flame retardant polycaprolactone copolymer
may be formed from a mixture that includes an unfunction-
alized caprolactone monomer and the first flame retardant-
functionalized caprolactone monomer of FIG. 1 (that cor-
responds to the FR-functionalized caprolactone molecule
depicted in FIG. 10 or FIG. 12). As another example,
referring to FIG. 4, the second flame retardant polycapro-
lactone copolymer may be formed from a mixture that
includes an unfunctionalized caprolactone monomer and the
second flame retardant-functionalized caprolactone mono-
mer of FIG. 2 (that corresponds to the FR-functionalized
caprolactone molecule depicted in FIG. 10 or FIG. 12). As
a further example, referring to FIG. 7, the third flame
retardant polycaprolactone copolymer may be formed from
a mixture that includes an unfunctionalized caprolactone
monomer and the third flame retardant-functionalized capro-
lactone monomer of FIG. 5 (that corresponds to the FR-
functionalized caprolactone molecule depicted in FIG. 10 or
FIG. 12). As yet another example, referring to FIG. 8, the
fourth flame retardant polycaprolactone copolymer may be
formed from a mixture that includes an unfunctionalized
caprolactone monomer and the fourth flame retardant-func-
tionalized caprolactone monomer of FIG. 6 (that corre-
sponds to the FR-functionalized caprolactone molecule
depicted in FIG. 10 or FIG. 12).

[0119] Thus, FIG. 18 illustrates an example of a process of
forming a flame retardant polycaprolactone. In the example
of FIG. 18, In the example of FIG. 18, a hydroxyl-function-
alized caprolactone molecule is chemically reacted with a
phosphorus-containing flame retardant molecule (that
includes an allyl group) to form a flame retardant-function-
alized caprolactone monomer (that includes the allyl group).
Subsequently, the flame retardant-functionalized caprolac-
tone monomer (that includes the allyl group) is chemically
reacted with a thiol (that includes a cross-linking moiety) to
form an FR-functionalized caprolactone monomer (that
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includes the cross-linking moiety). In some cases, the flame
retardant polycaprolactone is formed by polymerizing the
flame retardant-functionalized caprolactone monomer. In
other cases, a mixture of the flame retardant-functionalized
caprolactone monomer and an unfunctionalized caprolac-
tone monomer may be polymerized to form a flame retardant
polycaprolactone copolymer.

[0120] It will be understood from the foregoing descrip-
tion that modifications and changes may be made in various
embodiments of the present invention without departing
from its true spirit. The descriptions in this specification are
for purposes of illustration only and are not to be construed
in a limiting sense. The scope of the present invention is
limited only by the language of the following claims.

What is claimed is:

1. A process of forming a flame retardant monomer, the
process comprising:

forming a hydroxyl-functionalized caprolactone mol-

ecule; and

reacting the hydroxyl-functionalized caprolactone mol-

ecule with a phosphorus-containing flame retardant
molecule to form a flame retardant functionalized
caprolactone monomer.

2. The process of claim 1, further comprising reacting the
flame retardant functionalized caprolactone monomer with
an unfunctionalized caprolactone monomer to form a flame-
retardant polycaprolactone copolymer.

3. The process of claim 1, wherein the phosphorus-
containing flame retardant molecule includes a cross-linking
moiety.

4. The process of claim 3, wherein the cross-linking
moiety includes an allyl group, an epoxide group, or a furan
group.

5. The process of claim 3, wherein the cross-linking
moiety includes an allyl group, and wherein the phosphorus-
containing flame retardant molecule is formed from allylic
alcohol.

6. The process of claim 3, wherein the cross-linking
moiety includes an epoxide group, and wherein the phos-
phorus-containing flame retardant molecule is formed from
glycidol.

7. The process of claim 3, wherein the cross-linking
moiety includes a furan group, and wherein the phosphorus-
containing flame retardant molecule is formed from furfuryl
alcohol.

8. The process of claim 3, wherein the cross-linking
moiety includes a furan group, and wherein the phosphorus-
containing flame retardant molecule is formed from 2-(chlo-
romethyl)furan.

9. A flame retardant monomer, comprising:

at least one moiety derived from a hydroxyl-functional-

ized caprolactone molecule; and

at least one phosphorus-containing flame retardant moi-

ety.

10. The flame retardant monomer of claim 9, wherein the
phosphorus-containing flame retardant moiety includes an
allyl group.

11. The flame retardant monomer of claim 9, wherein the
phosphorus-containing flame retardant moiety includes an
alkyl group.

12. The flame retardant monomer of claim 9, wherein the
phosphorus-containing flame retardant moiety includes at
least one phenyl group.
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13. The flame retardant monomer of claim 9, wherein the
phosphorus-containing flame retardant moiety includes an
epoxide group.

14. The flame retardant monomer of claim 9, wherein the
phosphorus-containing flame retardant moiety includes a
thioether linking group.

15. A flame retardant polymer, comprising:

at least two flame retardant monomer repeat units, each

flame retardant monomer repeat unit comprising:

at least one moiety derived from a hydroxyl-function-
alized caprolactone molecule; and

at least one phosphorus-containing flame retardant
moiety.

16. The flame retardant polymer of claim 15, further
comprising at least one unfunctionalized caprolactone repeat
unit.

17. The flame retardant polymer of claim 15, wherein the
flame retardant polymer is a homopolymer.

18. The flame retardant polymer of claim 15, wherein the
flame retardant polymer is a copolymer.

19. The flame retardant polymer of claim 15, wherein the
flame retardant polymer is formed in a polymerization
catalyzed by tin(II) octanoate.

20. The flame retardant polymer of claim 15, wherein the
flame retardant polymer includes cross-linking bonds.

#* #* #* #* #*



