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A novel depolymerization route to phosphorus-containing oligocarbonates
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Abstract

The interaction of poly[2,2-bis(4-hydroxyphenyl)propanecarbonate] (PC) with phosphonic acid dialkyl esters?(®8) where
Ry CHs or CH;CH,] or with phosphoric acid triethyl ester (GAH,0);P(O) was studied. Treatment of PC pellets with phosphonic acid
dialkyl esters at 16T or with triethyl phosphate at 180 yielded phosphorus-containing oligocarbonates. The structure of the phosphorus-
containing oligocarbonates was studied®HyNMR, *H NMR and**C NMR spectroscopy® 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction 3 mm length withM,, = 41,290 andM,, = 62 490) were
supplied by Bayer AG, Germany. Dimethyl phosphonate
The development of a new synthetic route for synthe- and diethyl phosphonate were purchased from Fluka
sizing phosphorus-containing oligomers is an important (Catalog no. 41,439 and 32,449). Triethyl phosphate was
direction in phosphorus chemistry, as these materials arepurchased from Aldrich (Catalog no. 24,089-3). All
widely used for the modification of polymers [1-4]. Oku compounds were used without further purification.
et al. have developed a highly efficient alkali-catalyzed
methanolysis of PC to bisphenol A and dimethyl carbonate o
[5]. It was shown that the ester interchange reaction between?-2- General procedure for depolymerizing PC
PC and low molecular mass carbonates results in the
formation of telechelic oligocarbonates [6].
Recently we reported [7—11] a highly efficient method for

2.2.1. Depolymerization by dimethyl phosphonate
Into a three-necked flask equipped with a stirrer, thermo-

o ) : meter and reflux condenser 5 g (0.02 mol on the basis of
polyurethane depolymerization using reactive low molecu-

lar mass organophosphorus compounds. We anticipate thagepeating monomer unit in the polymer) PC pellets and
. . . ) . 2 [) dimethyl phosphonat I . Th
this uniqgue method can be applied to polycarbonate. This 59 (0.23mol) dimethyl phosphonate were placed ©

. ) depol izati ded at 260 After 5 h th ti
paper describes a novel route to the synthesis of phosphorus epolymetization proceecec & er e reacton

taini i bonates b tina PG with bhosphoni mixture was cooled to 8C and vacuum (1.1G mm Hg)
containing ofigocarbonates by reacting with phosphonic., ¢ applied to remove the unreacted dimethyl phosphonate.
acid dialkyl esters or triethyl phosphate. We anticipate that

S . The resulting solid product was dissolved in £Hy and
phosphorus-containing oligocarbonates could be used asprecipitate from MeOH. The precipitate was filtered and
precursors for the modification of polymers such as polyur-

th I | turated resi d alass fib dried at 40C for 1 h in vacuo (1.10° mm Hg). Additional
cthanes, polypropylene, unsaturaled resins, and giass fi erSdepolymerization experiments were performed for 1Qk) (
improving flame retardancy, thermal stability, and adhesion.

and 15 h {c). The resulting product&a, 1b, and1c were
characterized by'P, H and *C NMR spectroscopy>'P
NMR (CDCly): 10.62 (dg,2J(P,H) = 125 Hz, *J(P,H) =
7040 Hz). 'H NMR (CDCl): 1.52 (s, Gi5—C), 3.75 (d,
3J(P,H) =122 Hz, P-OHs), 3.80 (s, C(O)OEls),
6.61—6.96 (m, bisphenol A aromatic H), 6.77 td(P, H) =
PC based on bisphenol A pellets (2 mm thickness and 7040 Hz. P—H). “C{H} NMR (CDCl3): 31.6 CHs—C),
432 (CH-C-), 52.5 (P—@H,), 53.5 (C(O)CCHa),
* Corresponding author. Tel+359-2-978-2203; fax:359-2-707-523. 115.4, 121.0, 128.6, 148.5, 149.0 (bisphenol A aromatic
E-mail addressktroev@polymer.bas.bg (K. Troev). C), 152.9 (§ O), 154.4 C(O)OCH).
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2. Experimental

2.1. Materials
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Table 1 2.3.2. NMR

GPC analyses of PQand phosphorus-containing oligocarbonates (RC 1H and ¥C NMR spectra were recorded on a Brucker
pure polycarbonatekl, = 41, 300 PD=1.51) 300 MHz spectrometer using tetramethylsilane as internal
Reaction time (h) ~ Phosphorus-containing oligocarbonates standard in CDGlsolvent.*'P NMR spectra were recorded

on a Brucker 300 MHz spectrometer with chemical shifts

! 2 s reported in ppm relative to external 85%R0; in CDCl,.
M, PD M, PD M, PD
2.3.3. Thermogravimetric analysis (TGA)
io iggg ﬁé ;ggg ﬁi 1;228 i:gé A Perkin—Elmer TG_S-2 thermogravimetric analy_zer was
15 3700 1.12 2800 1.04 5460 136 Used for the degradation measurement. It was carried out at
a heating rate of T&/min under nitrogen. Sample size was
5 mg.

2.2.2. Depolymerization by diethyl phosphonate
The depolymerization was conducted as in the case of
dimethyl phosphonate, with diethyl phosphonate. 3. Results and discussion
PC pellets 5g (0.02 mol), diethyl phosphonate 25g
(0.18 mol). The final products 5Hh2&), 10 h @b), and 3.1. Depolymerization of PC by dimethyl phosphonate
15 h @c) were characterized B¥P, *H and**C NMR spec-

troscopy. P NMR (CDCE): 8.88 (dt,3J(P,H) = 7.8 Hz, It has been found_ that the interaction of Pf: with dimethyl
1J(P,H)= 6989 Hz. 'H NMR (CDCL): 1.34 (t, phosphonate or diethyl phosphonate at “TQ0or with
3J(H,H) = 7.0 Hz CH,CH,0C(0)), 1.35 (t,3J(H,H) = triethyl phosphate at 18Q results in decrease of the PC

70Hz POCHCH,), 1.63 (s, Gl,—C), 4.07—4.12 (m, Molecular weight. The*P NMR spectrum of the final
C(O)OH; and PO®I,CH,), 6.60—7.01 (m, bisphenol A  Product shows that the signal at 10.62 ppm presents a doub-
aromatic H), 6.80 (dXJ(P, H) = 7005 Hz, P—H). ®C{H} let of quartets with®J(P,H) =125 Hz and "J(P,H) =
NMR (CDCL): 16.5 CHsCH,OC(O)), 16.8 (POCKCH,) 7040 Hz This signal can be assigned to the phosphorus
31.5 CH4—C), 43.2 (CH-C-), 62.8 (P—@H,CH,), 65.5  atom in product.

(C(O)OCH,CHgy), 115.0,121.8, 128.4, 148.0, 149.0 (bisphe- 0 0
nol A aromatic C), 152.8 (£0), 155.0 C(O)OCH,CHy). g IFL/H
CH3 No 0] .

2.2.3. Depolymerization by triethyl phosphate

The depolymerization was conducted as in the case of 1
dimethyl phosphonate, using triethyl phosphate. la -x=18

PC pellets 5g (0.02mol), triethyl phosphate 25g 1b -x=16
(0.03 mol). The depolymerization proceeded at °C30 1c - x=14

The unreacted triethyl phosphate was removed by vacuum
(1.10"2mm Hg) at 96C. The resulting products 5 I3§),

i 13
10 h @b), and 15 h 8c) were characterized b{}P, *H and The structure of product was conflrmetﬁéb)}H and~C
13 NMR spectroscopy’P NMR (CDCL): 2.25 (quintet, NMR spectroscopy (see Section 2). In tfi¢ NMR spec-
3J(P,H) = 7.9 H2). 'H NMR (CDCL): 1.34 (t,3J(H, H) = trum of the reaction product there are signals@t77 ppm,

704Hz CH,CH,OC(0), 1.35 (t, 2J(H,H) = 7.0 Hz, doublet withJ(P, H) = 7040 Hz which can be assigned to
POCHCH), 1.68 (s, G5 C), 4.06—4.17 (m, C(0)O&; the P—H proton and at 3.75 ppm, doublet withP, H) =

and POG,CH,), 6.59—7.02 (m, bisphenol A aromatic H) 122 Hz which is characteristic for theHG protons of the
3C{H} NMR iCIIDCI3):. 16.5, (CHsCH,OC(0)), 16.7 " methoxy group, bonded to the phosphorus atom. These
(POCHCH,), 31.6 CHs—C), 43.2 (CH-C—), 64.4 (P— results clearly reveal that the phosphorus atom is bonded
OCH,CHs). 64.5 (C(O)@H,CH,), 1155, 121.0, 128.6, '© @ proton and one methoxy group (the signal in e

148.9, 149.6 (bisphenol A aromatic C), 152@y(O and NMR spectrum presents adoqblet of quartets). On the other
C(0)OCH,CH). hand, the singlet at 3.80 ppm in thd NMR spectrum and

the signal at 53.50 ppm in th&C{H} NMR spectrum
confirm the existence of theHGO-C(O)—O group.
2.3. Characterization

3.2. Depolymerization by diethyl phosphonate
2.3.1. GPC poly Y yi phosp

Molecular weight of the oligomers was determined rela-  The data from thé'P, *H and **C{H} NMR (see Section
tive to polystyrene standard by GPC in THF as the eluent on 2) show that the interaction of PC with diethyl phosphonate
a Waters 244 instrument, equipped with Ultrastyragel yielded phosphorus-containing oligocarbonateThe 31p
columns of 100, 100, 500, 500.A NMR spectrum of the final product shows that the signal
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at 8.88 ppm presents a doublet of triplets withP, H) = weight decreases with increasing reaction time. The initial
7.8 Hz and'J(P,H) = 6989 Hz and can be assigned to the breakdown is rapid. The molecular weight strongly
phosphorus atom in produ2t decreases for the first 5h reaching a molecular weight

near to the final value. Longer reaction time reduced poly-

II H dispersity (PD).
Lofe

CH3CH2 NocH 2CH3

3.5. Reaction mechanism

2
The phosphorus-containing oligocarbonafes? and 3

2a -x=19 . : . .

result from an interchange reaction which depolymerizes
2b -x=11 PC in the presence of low molecular mass phosphorus
2c -x=11 compounds (Eq. (1)).

6} 0

I IV

N N
of Yo of, “or

R=CH3;Y=H — »1
R=CH3CH2; Y=H ——» 2
R=CH3CH2;Y = CH3CH20—» 3

Data fromH and *C{H} NMR spectroscopy confirm the  3.6. Thermogravimetric analysis

structure of produc®. ) o )
Thermal degradation of the phosphorus-containing oligo-

3.3. Depolymerization by triethyl phosphate carbonate was analyzed with TGA. Fig. 1 shows the thermal
gravimetric (TG) curves of PC and the aforementioned

Like dimethyl and diethyl phosphonate, the interaction of oligomers under a nitrogen atmosphere. The TG curves

triethyl phosphate with PC leads to the expected phos-show that phosphorus-containing oligocarbonates degrade

phorus-containing oligocarbonatgé The structure of3 at a lower temperature than pure PC. Phosphorus-containing
was determined by'P, 'H and ®*C NMR spectroscopy  oligocarbonatela degrades at lower temperature th2em
(see Section 2). 3a, 3b and3c. The phosphate end group &, 3b and3c

provides a better thermal stability than the phosphonate end

fI OCH9CH3 group. Table 2 shows the weight losses at°&B)0t can be

/

@ @ seen that PC loses 55%a—45%, 2a—35%, 3a—10%,
CH3CH2 NOCHaCH3 3b—22%, and3c—20%. These data indicate that the
presence of phosphorus in the oligocarbonates improves

3
3a =45 their thermal stability at higher temperature. TGA analysis
3b 03 shows that the char yield at 8%Dincreases in the order:
- X =
3c -x=21 PQ12.8%) < 2a(23.6%) < 3b (23.8%) < 3c(25%)
The assignments of the chemical shifts of phosphorus, < 3a(26%) < 1a(282%)

carbon atom and protons of degraded products are based
on the data published by M. Crutchfield et al. [12] and Obviously, phosphorus is an effective char former. The char

Kalinowski et al. [13]. yield value is important for the flame resistance of the mate-
rials. It can be converted into the limited oxygen index
3.4. GPC analyses (LOI), using the van Krevelen equation [14]:

The GPC analyses show (Table 1) that the molecular LOI =175+ 0.4x CR
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Fig. 1. TGA thermograms of PC and phosphorus-

Table 2
Weight losses of PC and phosphorus-containing oligocarbonates ‘@ 500

Materials Weight loss (%)
PC 55
la 45
2a 35
3a 10
3b 22
3c 20

where CR is the char yield (wt%) at 88Dunder a nitrogen
atmosphere from the TGA measurement. These data indi-
cate that phosphorus-containing oligocarbondtesnd 2

and organophosphate8 have better nonflammability
property compared with pure PC.

4. Conclusions

Phosphorus-containing oligocarbonates were synthesized

by depolymerizing PC with low molecular organopho-

sphorus compounds. The presence of phosphorus in the[13]

oligocarbonates improves their thermal stability at higher
temperature. The results obtained allow consideration of

containing oligocarbonates in nitrogen atmosphere.

the exchange reaction as an alternative to simple depoly-
merization of polycarbonate waste products. The method
presented aims at contributing towards the solution of global
problems like environment preservation and conservation of
natural resources.
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