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Abstract Various metal triflates were employed for direct polycondensation of
lactic acid to afford poly(lactic acid). Screening of the metal triflates was conducted
with the polycondensation of lactic acid at 160-180 °C for 16 h under reduced
pressure (1.4 kPa) after a pre-dehydration process under an air atmosphere.
Examined metal triflates are scandium, yttrium, ytterbium, lanthanum, hafnium,
copper, and silver triflates. Polycondensation using scandium triflate afforded
poly(lactic acid) with high molecular weights (M, = 4.3 x 10%) in a good yields
(62%) under the following conditions; catalyst amount = 0.05 mol%, pre-dehy-
dration at 180 °C for 2 h, and polycondensation at 180 °C for 16 h. Active metal
triflates coordinated with lactic acid strongly, confirmed by 'H NMR and FT-IR
spectroscopy.

Keywords Polycondensation - Lactic acid - Poly(lactic acid) - Lewis acid -
Catalyst

Introduction

Poly(lactic acid) (PLA) is one of the most important biodegradable and biocom-
patible polymers synthesized from naturally occurring substances [1-5]. The raw
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material, lactic acid, is an important product in glycolysis in bacteria and animal
cells. Lactic acid is industrially produced by fermentation of plants with high
contents of starch, such as corn, potato, rice, and cane. Direct polycondensation of
lactic acid typically affords oligomers due to the formation of cyclic oligomers and
the equilibrium between the ester, the free acid, and water. As a result, PLA is
typically prepared by ring-opening polymerization of lactide [6—11], synthesized by
de-polymerization of oligo(lactic acid) prepared by direct condensation of lactic
acid. However, this multi-stage synthetic procedure is responsible for the high
production cost of PLA. More facile methods, that is, direct polycondensation of
lactic acid affording satisfactorily high molecular weight PLA, are demanded to
produce PLA economically. In this point of view, many researchers have developed
direct polycondensation of lactic acid [12-24]. Stannous complexes are the most
popular catalysts to obtain high-molecular weight PLA (e.g., My, = 3 x 10°) in
spite of their toxicity [12-22]. For application to medical and biocompatible
materials, low toxicity catalysts and avoidance of organic solvents are advanta-
geous. Rare earth metal complexes are typically less toxic [25-27], in spite of their
utility in various catalyses [24, 28—34]. For example, typical 50% lethal dose (LDs()
values for rats and mice are tens to thousands mg/kg, originating from the fast
evacuation of rare earth metal ions due to the slow penetration into cell membranes,
and in some cases, growths are enhanced [27]. Recently, Takasu et al. reported that
scandium trifluoromethanesulfonate [Sc(OTf);] and scandium trifluoromethanesul-
fonimide effectively catalyze the direct polycondensation of lactic acid [24]. The Sc
catalysts catalyze polycondensation of various diols and dicarboxylic acids as well
[31-34]. They prepared high molecular weight PLA (M, = 5.1 x 10*-7.3 x 10%
in good yields by tuning the polymerization conditions. The catalysts can be
recycled owing to the stability in water and lactic acid. We also have investigated
the direct polycondensation of lactic acid using various metal trifluoromethane-
sulfonates (triflates) including rare earth metal triflates, and explored effective metal
triflates. Herein, we wish to report the effect of metal triflates on direct
polycondensation of lactic acid. The methods to understand the differing catalyst
activities by investigation of the interaction between lactic acid and metal triflates
are also discussed.

Experimental
Measurements

'H (400 MHz) nuclear magnetic resonance (NMR) spectra were measured on a
JEOL ECX-400 instrument using tetramethylsilane as an internal standard at
ambient temperature. Size exclusion chromatography (SEC) measurements were
performed on a system consisting of a Tosoh DP-8020 pump, a Viscotek TDA
model 300 detector (RI), and polystyrene-gel tandem columns (Tosoh TSK gels
GMHy; , G4000x; , G3000x; , and G2500x; ) using THF (1.0 mL/min) as an eluent
at 40 °C. Polystyrene standards were used for calibration. Fourier transfer infrared
(FT-IR) spectra were recorded with a Horiba FT-IR 210 instrument equipped with a
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SensIR Technologies DuraScope attenuated total reflectance accessory. The
mixtures of equimolar amounts of lactic acid and Lewis acids for IR spectrometry
were prepared by drying the tetrahydrofuran solutions of the mixtures under reduced
pressure at ambient temperature overnight. Melting temperatures (7;,,) of polymers
were measured by differential scanning calorimetry using a Seiko Instruments DSC-
6200 instrument under a nitrogen atmosphere (flow rate: 40 °C/min, scanning rate:
10 °C/min, second heating scan).

Materials

Lactic acid (85% aqueous solution) (Tokyo Kasei Kogyo), Sc(OTf); (Tokyo Kasei
Kogyo), yttrium triflate [Y(OTT);] (Tokyo Kasei Kogyo), ytterbium triflate » hydrate
[Yb(OTf);3, n = 3.5 (determined by TGA)] (Tokyo Kasei Kogyo), lanthanum triflate
[La(OTf)3] (Tokyo Kasei Kogyo), hafnium triflate [Hf(OTf)4] (Tokyo Kasei Kogyo),
copper triflate [Cu(OTf),] (Tokyo Kasei Kogyo), and silver triflate (AgOTf) (Tokyo
Kasei Kogyo) were used as received. Other materials were also used as received.

Polycondensation of lactic acid (typical procedure)

Lactic acid (85% aqueous solution) (3.0 g, 28 mmol) and metal triflate (0.01—
0.1 mol%) were added into a test tube containing a magnetic stir bar. The mixture was
stirred at 160—180 °C for 2 h under an air atmosphere. Then, a three-way stopcock was
attached to the test tube, and the mixture was stirred at that temperature for 16 h under
reduced pressure (1.4 kPa). A trace amount of the resulting solid was used for estimation
of the molecular weight. After sublimed L,L-lactide was removed, poly(lactic acid) was
isolated by reprecipitation with methanol from chloroform solutions.

Results and discussion
Direct polycondensation of lactic acid catalyzed by metal triflates

A typical procedure for our direct polycondensation of lactic acid follows
(Scheme 1). A mixture of lactic acid and metal triflate (0.01-0.1 mol%) was
stirred for 1-4 h under an air atmosphere at 160-190 °C. In this pre-dehydration
process, condensation of lactic acid proceeded (Fig. 1a). For example, a 78%
amount of lactic acid was consumed in run 12. Then, the successive polyconden-
sation was conducted for 16 h under reduced pressure (1.4 kPa) at that temperature.
The viscosity of the mixture increased as the polycondensation proceeded, and the
mixture finally became so viscous that the magnetic stir bar stopped. In some
polymerizations, trace amounts of L,L-lactide sublimed were found inside the test
tube and in the resulting reaction mixture (Fig. 1b).

The yields and the molecular weights of resulting poly(lactic acid) are indicated in
Table 1. First, the polycondensation was conducted for 16 husing 0.05 mol% of metal
triflates with respect to lactic acid at 170 °C after the pre-hydration process for 2 h at
170 °C (runs 1-7). All the polymerizations afforded poly(lactic acid) in higher yields
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o \)Ok M(OTH), o M(OTf), ;
7" "OH  Pre-dehydration H< \)%\OH Polycondensatlon H< \)S\OH * \/&
: 160-190 °C 160-190 °C 7 70
air 1.4 kPa -
oligo(lactic acid) poly(lactic acid) L,L-lactide

M =S¢, La, Hf, Y, Yb, Cu, Ag

Scheme 1 Direct polycondensation of lactic acid

Fig. 1 'H NMR spectra of the (a)
mixtures a after pre-dehydration

and b after polycondensation in

run 12 in Table 1

N J .

(b)

S

5 4 3 2 1 0

than the case of the polymerization without metal triflate (run 8). Rare earth metal and
copper triflates afforded poly(lactic acid) with relatively high molecular weights in
high yields, whereas AgOTT afforded an oligomer owing to the low Lewis acidity of
AgOTT( discussed later. Then, the polycondensation was conducted at 160 (runs 14—
16), 180 (runs 9—13), and 190 °C (runs 17 and 18). The polycondensation at 160 °C
resulted in significantly lower molecular weights probably due to the inefficient
stirring originating from high viscosity of PLA (melting point = 150-175 °C)[13, 15,
24] whereas scandium Lewis acids are effective even at 130 °C [24]. Sublimation of
L,L-lactide is also a reason for the low yields. The best results were obtained in the
polycondensation at 180 °C except the polymerization using La(OTf); (run 12).
Sc(OTf); afforded PLA with the highest molecular weights among those examined
(run 11). The low molecular weight of PLA obtained using La(OTf); may be ascribed
to de-polymerization due to the high Lewis acidity of La(OTf); (discussed later). The
lower molecular weights in the polycondensation at 190 °C are ascribable to the
transesterification and de-polymerization. The effect of the amount of catalysts was
examined using Yb(OTf)3 (runs 19 and 20). The lower amount (0.01 mol%) resulted
in very slow condensation, and both the yield and the molecular weight are low. The
higher amount (0.10 mol%) of the catalyst increased the yield, probably by the
polymerization of L,L-lactide or oligomers. However, the molecular weight is lower,
and it suggests that transesterification concomitantly occurred.

@ Springer



Polym. Bull. (2010) 64:435-443 439

Table 1 Direct polycondensation of lactic acid catalyzed by metal triflates

Run Catalyst Catalyst Temp. M, (M /M,)?* Yield of Yield of
amount (mol%) [§®) PLA (%)b lactide (%)°

1 Sc(OTf)3 0.05 170 13500 (1.54) 65 20

2 La(OTf); 0.05 170 11100 (1.34) 75 8

3 Hf(OTf), 0.05 170 7100 (1.39) 70 24

4 Y(OTf);5 0.05 170 6700 (1.32) 80 1.1

5 YbOTfH;  0.05 170 9900 (1.27) 70 14

6 Cu(OTY), 0.05 170 6300 (1.20) 75 1>

7 AgOTf 0.05 170 3200 (1.26) 89 1.2

8 None 0 170 3700 (1.96) 49 18

9 Sc(OTf); 0.05 180 43400 (1.41) 61 21

10 La(OTf); 0.05 180 5500 (1.66) 62 18

11 Hf(OTf), 0.05 180 14000 (1.34) 63 1>¢

12 Y(OTf); 0.05 180 24000 (1.29) 63 14

13 Yb(OTf)3 0.05 180 24000 (1.30) 65 2¢

14 La(OTf); 0.05 160 6900 (1.69) 66 26

15 Y(OTf)3 0.05 160 2800 (2.30) 79

16 Yb(OTf)3 0.05 160 3400 (2.00) 80

17 Y(OTf)3 0.05 190 6300 (1.31) 87 1>

18 Yb(OTf); 0.05 190 6000 (1.44) 90 1

19 Yb(OTf); 0.01 180 9400 (1.34) 46 n.d.®

20 YbOTf);  0.10 180 16000 (1.31) 71 1

Conditions: pre-dehydration for 2 h under an air atmosphere, polycondensation for 16 h under reduced
pressure (1.4 kPa)

# Molecular weights of the products before isolation estimated by SEC (THF, polystyrene standard)

" Isolated yield after precipitation with methanol

¢ Isolated yield of r,L-lactide adhered inside the test tubes

d Oligo(lactic acid) (M,, = 2300-3600) was also adhered inside the test tubes, and the yields were 6-18%

¢ A mixture of oligo(lactic acid) and v,L-lactide was adhered inside the test tubes (Yield = 36%)

The racemization degree of PLA obtained in run 12 (Table 1) was evaluated by
"H NMR spectroscopy (Fig. 2). The homodecoupled 'H NMR spectrum shows a
sharp signal at 5.16 ppm and a very small signal at 5.19 ppm. These peaks were
assigned to the methine protons in the mmm and rmm (or mmr) triads by Kricheldorf
et al. [31]. The average length of meso sequence is at least 18.5 (i.e., the degree of
racemization is <5%). The racemization degrees of some PLA samples was also
evaluated by DSC measurement of 7,,,. Typical T}, values of PLLA are 162-167 °C,
depending on molecular weight and degree of crystallization [35, 36] (e.g., 164 °C
for PLA with M,, = 12400 [37]). The T,,s of PLA obtained from runs 1 (Sc), 2 (La),
4 (Y), and 5 (YDb) were 162, 169, 160, and 158 °C respectively. Although the T}, of
the polymer obtained using Yb(OTf); was lower possibly due to the low molecular
weight, others are in an agreeable range for PLA. The NMR and DSC results
indicated that the racemization degrees of the examined samples are lower than 5%.
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Interactions between lactic acid and metal triflates

The differing catalytic activity was evaluated by FT-IR and 'H NMR spectroscopic
measurements of mixtures containing lactic acid and metal triflates (1.1 equivalents
with respect to lactic acid). The FT-IR absorptions of the carbonyl group were
summarized in Table 2. The active catalysts Sc(OTf);, Y(OTf);, and Yb(OTf);
shifted the absorption more than 100 cm™', demonstrating that the strong
coordination of these Lewis acid decreased the double bond characters of the
carbonyl groups. AgOTf, which is the most inactive catalyst, did not shift the IR
absorption to the lower wavenumber region. We attributed the weak activity of
AgOTf to the neglibible coordination from this result and the fact that AgOTf can
be an effective catalyst in aqueous media [38].

The "H NMR spectrometry measurements were conducted in CD;0D at 30 °C
(Table 3). The commercial lactic acid contains some oligomers due to the self-
condensation, as confirmed by the presence of signals at the low magnetic field
regions (Fig. 3a). The addition of Y(OTf);, which is one of the most active
catalysts, shifted the signals of the methine protons toward the low magnetic field,
and increased the relative intensity of the signals of the oligomers (Fig. 3b). The low
magnetic field shift originates from the strong electron-donation of the carbonyl
group to the Lewis acid, and the signal at 4.6 ppm indicates that the activation
resulted in the formation of the oligomers or dz-methyl lactate even at room
temperature. A similar decrease of lactic acid was observed in the case of La(OTf);.
Contrary to this, the addition of AgOTf, which is the least active catalyst, resulted in
negligible change (Fig. 3c).

The shifts in the signals of the methine proton in lactic acid are summarized in
Table 3. Lanthanide triflates shifted the signals of the methine protons more than

Fig. 2 a Non-decoupled and b (a)
homodecoupled 'H NMR

spectrum of PLA obtained in run

12 in Table 1

5.3 5.2 5.1 5.0
ppm
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Table 2 IR absorptions of carbonyl groups in lactic acid in the presence of Lewis acids ([M(OTf),1/
[lactic acid] = 1.1)

Catalyst Wavenumber (cm™ ') Difference (cm™ 1)
None 1716 -

Sc(OTf)3 1597 —119

La(OTf); 1689 =27

Hf(OTf), 1643 -73

Y(OTf)3 1604 —112

Yb(OTf);3 1612 —104

Cu(OTf), 1666 -50

AgOTf 1720 +4

Table 3  Shifts in 'H NMR signals of methine proton in lactic acid in the presence of Lewis acids
(CD;0D, 30 °C, [M(OTf)I/[lactic acid] = 1.1)

Catalyst Shift of methine proton in lactic acid®
Sc(OTf)s 0.101
La(OTf); 0.251
Hf(OTf), 0.046
Y(OTf); 0.191
Yb(OTf); nd®
Cu(OTf), n.d®
AgOTf 0.008

# Positive values indicate shifts toward lower magnetic field regions

® Not determined, because of the very broad signals

C))

4.6 4.4 4.2 4.0
ppm

Fig. 3 'H NMR spectra of lactic acid a without additives, b in the presence of Y(OTf)s, and ¢ AgOTf
(CD;0D, 30 °C, [M(OTf)J/[lactic acid] = 1.1)
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less active AgOTT. This result indicates that the high affinity between lactic acid and
Lewis acid rules the polycondensation behavior. La(OTf); shifted the signal most,
although La(OTf); did not lead to the best result. A plausible reason is the too high
activity resulting in de-polymerization. This assumption is supported by the facts
that; the polycondensation at 180 °C afforded PLA with a lower molecular weight
than at 170 °C, and lactide presumably produced by depolymerization. Although
both the FT-IR and 'H NMR spectrometry analyses involved exceptions, these
methods were informative to evaluate the activity. The analysis based on FT-IR
spectrometry was better, considering the fact that the active three catalysts shifted
the absorption significantly larger than the others.

Conclusions

Various metal triflates were employed for bulk direct polycondensation of lactic
acid. Sc(OTf); [24], Y(OTf); and Yb(OTf); are effective catalysts that afford
poly(lactic acid) with high molecular weights in good yields (>60%). Moderate
interactions between lactic acid and metal triflates resulted in good catalytic
activity, as confirmed by FT-IR and 'H NMR spectroscopic measurements of
mixtures of lactic acid and metal triflates. The FT-IR spectrometry evaluation on the
interactions especially will help the optimization of polycondensation conditions for
polymerization of lactide.
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