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Thermal Effect of Phosphate Salt Additives on
Poly(L-Lactic Acid) and the Coordination Structure

AKIHIRO ITO, SHIGEO MATSUSHITA, AND KOICHI KONDO

Department of Applied Chemistry, Faculty of Science and Engineering,

Ritsumeikan University, Kusatsu, Shiga, Japan

Poly(L-lactic acid) (PLLA) was mixed with a few weight percent of magnesium or
calcium hydrogen phosphate to improve the thermal property. Calcium hydrogen
phosphate as an additive to PLLA was found to be more effective in increasing the
glass transition point (Tg) than magnesium hydrogen phosphate, which was investi-
gated by the differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA). Studies on the coordination structure for the polymer complex (ca-
(plla)) confirmed by infrared (IR) spectroscopy and extended X-ray absorption fine
structure (EXAFS) indicated that calcium ion radius would be suitable for the coordi-
nation with carbonyl groups of polymer chains.

Keywords poly(L-lactic acid), calcium hydrogen phosphate, magnesium hydrogen
phosphate, CA-(plla) polymer complex, coordination, extended X-ray absorption fine
structure (EXAFS), Tg

Introduction

Poly(L-lactic acid) (PLLA) has attracted much attention due to the biodegradability that is

expected for potential use as an environmentally benign plastic. At present, biomedical

uses such as implants (1), nuclear oncology (2–3) and orthopedic surgery field (4, 5)

are promising. However, PLLA still is not widely used as common plastics due to the

low Tg (578C) and the a lesser amount of impact strength, despite PLLA in Tg which is

superior to other biodegradable aliphatic polyesters such as poly(b-hydroxybutyrate),

poly(1-caprolactone) and polybutylene succinate (Tg; 4, 260, and 2328C. respectively)

(6). Among a variety of trials to improve the thermal property which have been

conducted so far (7–14), the addition of inorganic substances to polymers would be

one of the feasible methods to increase Tg because the polymer chains can be fixed

through crosslinkings or the coordination with metal ions on carbonyl groups of PLLA

(13–17). As for the present investigation of the PLLA-metal complex, the coordination

features have been discussed only by a few workers (18–21), and the precise coordination

structure, such as the coordination number and the coordination length has not been exten-

sively investigated. Therefore, the PLLA metal complex should be resolved in terms of the

coordination structures along with the thermal property.
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This report describes the coordination behavior and thermal effect of magnesium or

calcium hydrogen phosphate additives on PLLA. Uses of magnesium or calcium

hydrogen phosphate as additives to polymer are reasonable due to the cheap cost and

the non-toxicity as appeared in other polymer cases (15–17), as well as the enhancement

of biodegradability of PLLA by the addition of calcium salts (13, 16). The coordination

structure of PLLA-metal complex was investigated by infrared (IR) spectroscopy and

extended X-ray absorption fine structure (EXAFS), together with the thermal properties

of PLLA-metal complex studied by differential scanning calorimetry (DSC) and thermo-

gravimetric analysis (TGA).

Experimental

Materials

PLLA was prepared from the solid-state postpolymerization of L-lactide (Tokyo Kasei,

Tokyo) using stannous 2-ethylhexanoate (Sn(Oct)2, Nacalai tesque, Kyoto) as a catalyst

at 2008C for 2 min followed by 1408C for 20 h (22). Crude polymer was purified by a

reprecipitation of the chloroform solution into methanol. The polymer thus obtained

was dried under reduced pressure. The number-average molecular weight (Mn) of

PLLA was determined by gel permeation chromatography (GPC) (a Shimadzu LC-

10AD pump equipped with a Shimadzu RID-10A RI detector, a Shimadzu C-R7A chro-

matopac data processor, and eluted with tetrahydrofuran (THF, HPLC grade, Nacalai

tesque) at 258C on Toso TSKgel Super AW4000, AW3000, and AW2500) to yield

2.61 � 105 (calibrated with polyethylene oxide standard) (Mw/Mn:1.06).

Magnesium hydrogen phosphate trihydrate and calcium hydrogen phosphate

dihydrate are commercially available, and used after 1 week dryness under reduced

pressure. The hydration number determined by the Karl-Fischer method to the DMSO

solution was 0.4 for magnesium salt and 0.7 for calcium salt, respectively.

Sample Preparation

A given amount of phosphate salt was added to PLLA and mixed thoroughly in a mortar

and pestle. Powder sample was mixed with dichloromethane to the 50 wt% solution. After

evaporation of the solvent on a hot plate, the paste was melted at 1908C, and annealed at

1208C for 1 h to form the film or tip that was served for X-ray analyses. The Mg or

CaHPO4-PLLA complex was dehydrated completely during a sample processing, and

served for DSC and thermogravimetric analysis (TGA).

IR Measurements

IR spectra were taken by a Shimadzu FT-IR 8600 in the range of 400 to 4600 cm21, with

1.0 cm21 resolution and 40 scan times. The film for measurements was made by casting

the dichloromethane phosphate-PLLA solution (0.5 wt%) on a NaCl plate, subsequently

evaporating of the solvent, melting at 1908C for 1 h, and annealing at 1208C for 1 h. IR

spectra for phosphate salts were measured by the KBr method.

EXAFS Study

The X-ray absorption spectra were measured at the K-edge of calcium (4038 eV) in

transmission mode at the Synchrotron radiation (SR) center BL-4 (Ritsumeikan
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University, Japan), using a Ge[220] double crystal monochromator in an ion chamber

as a detector filled with N2 (85%)–Ar (15%) mixing gas. The CaHPO4-PLLA film

sandwiched with two polyethyleneterephthalate films (thickness; 0.1 mm) was served

for EXAFS.

DSC Analyses

Thermal properties of PLLA-metal complexes (3 mg in an aluminum pan) were deter-

mined by DSC (a Shimadzu DSC-50 on TA-50WS thermal analyzer) at a heating rate

of 108C min21, cooling rate of 108C min21 under nitrogen atmosphere.

TGA Measurement

The decomposition point (the temperature of 10% wt loss for PLLA) was determined by

TGA (a Shimadzu TGA-50 on TA-50WS thermal analyzer), heating at 108C min21 to

4008C under a nitrogen atmosphere.

Results and Discussion

IR Measurements

The coordination behavior of magnesium or calcium hydrogen phosphate salt was

confirmed by IR spectra which were varied with the phosphate salt concentration. A

wide range scanning of spectra (4600 to 400 cm21) was difficult to assign each band

clearly, but the enlargement of 1850 to 1600 cm21 region made a significant difference

in carbonyl stretching vibration band (around 1757 cm21) (Figures 1–2). Obviously,

spectra of CaHPO4-PLLA complexes (1.43 mmol g21) were different from those

of MgHPO4-PLLA complexes (1.54 mmol g21), which almost overlapped with the

spectrum of PLLA itself (Figure 3).

EXAFS Study (23)

When the C55O stretching vibration band of the CaHPO4-PLLA complex (1.43 mmol g21)

was fitted with the non-linear least-square method using the summation function of

Gaussian-Lorenzian (Figure 4), the fitting results included the Gaussian component

of 0.4444 (standard deviation; 0.0258), error square sum of 0.0521, and R-factor of

0.0198. In Figure 4, the peaks were at least separated into four bands of 1778, 1757,

1748, and 1718 cm21 (dotted-dash line) that could be assigned to four types of coordi-

nations related to free carbonyl (in a coordinated polymer chain), free carbonyl (in a

bare polymer chain), interacted carbonyl (in a monodentate polymer chain), and interacted

carbonyl (in a bidentate polymer chain), respectively.

A MgHPO4-PLLA complex fine powder was not dissolved by X-ray absorption

spectra because the K-edge of magnesium was too low (1303 eV) in the energy to

separate the photoelectron of absorption atoms from that of other light atoms and auger

electrons. As the reference sample for the CaHPO4-PLLA complex, CaHPO4
. 2H2O

was selected since the crystal structure is known (24, 25). The k3x (k) curves (EXAFS

curves) of the CaHPO4-PLLA complex and CaHPO4
. 2H2O are shown in Figure 5. The

radial structure functions (RSFs) are shown in Figure 6 and were obtained by the
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Figure 1. IR spectra around C55O streching vibration band for MgHPO4-PLLA, [Mg2þ] ¼ a) 0,

b) 0.394, c) 0.784, d) 1.20, e) 1.54 mmol g21, f) MgHPO4.

Figure 2. IR spectra around C55O streching vibration band for CaHPO4-PLLA, [Ca2þ] ¼ a) 0,

b) 0.463, c) 0.951, d) 1.43, e) 1.83 mmol g21, f) CaHPO4.
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Figure 3. C55O stretching vibration band for PLLA (solid line), MgHPO4-PLLA (dotted line), and

CaHPO4-PLLA (dotted-dash line).

Figure 4. Peak separation of C55O vibration band for CaHPO4-PLLA (1.43 mmol g21),

experimental (dotted line), calculated (dotted-dash line), fitting curve (solid line).
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following Equation (1).

FðrÞ ¼

ffiffiffiffiffiffi
1

2p

r ðkmax

kmin

k3x obsðkÞwðkÞ � expð�2ikrÞd � � � ð1Þ

where k is the photoelectron’s wave vector, w(k) is the window function, and r is the

optical-path. The RSF was not corrected for a phase shift. Fourier filtered k3x(k) curves

are shown in Figure 7 (dotted line) that was obtained by back Fourier transformed from

the RSF’s first peak (around 2 Å). Back Fourier transformation is as follows (Equation 2):

k3xfiltðkÞ ¼

ffiffiffiffiffiffi
1

2p

r ðRmax

Rmin

wðRÞFðRÞ � expð2ikRÞdR � � � ð2Þ

The theoretical function of EXAFS function (xcalc(k)) is:

xcalcðkÞ ¼
X ni

kr2
i

� �
exp �2 s2

i k2 þ
ri

l

� �n o
fiðp; kÞ sinf2kri þ aiðkÞg � � � ð3Þ

where ri is the length from the absorption atom to ith shell, ni is the coordination

number in ith shell, si is the Debye-Waller factor, ai(k) is the phase factor of absorbing

and scattering atoms, l is the mean-free-path of photoelectrons, and fi(p,k) is the back

Figure 5. Observed k3x (k) curves for CaHPO4-PLLA, [Ca2þ] ¼ a) 0.463, b) 0.951, c) 1.43,

d) 1.83 mmol g21, e) CaHPO4
. 2H2O.

A. Ito, S. Matsushita, and K. Kondo1720

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 6. Radial structure functions for CaHPO4-PLLA, [Ca2þ] ¼ a) 0.463, b) 0.951, c) 1.43,

d) 1.83 mmol g21, e) CaHPO4
. 2H2O.

Figure 7. Fourier filtering (dotted line) and calculated (solid line) k3x (k) curves for CaHPO4-PLLA,

[Ca2þ] ¼ a) 0.463, b) 0.951, c) 1.43, d) 1.83 mmol g21, e) CaHPO4
. 2H2O.
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scattered amplitude. In this case, fi(p,k) is obtained from the value reported by McKale

et al. (26). The k3xfilt(k) function was fitted with a k3xcalc(k) function using a non-linear

least square method (Figure 7, solid line). The fitting results are summarized in Table 1.

The first peak of RSF for CaHPO4-PLLA complex shifted to a longer position

compared with that of CaHPO4
. 2H2O (Figure 6). Since the coordination length of

CaHPO4 anhydrate or CaHPO4
. H2O is shorter than that of CaHPO4

. 2H2O, (24) the

peak shift was considered to correspond to CaHPO4-plla (plla as ligand instead of

PLLA) complex formation in which the coordination number was estimated to be 6.4

(Figure 7, Table 1). During measurements using a film sample (solid state), hexa- and

hepta-coordinated complexes would coexist for the CaHPO4-PLLA complex without

the equilibrium between the complexes. The coordination length for Ca-O was

estimated to be 242 pm and 298 pm (Table 1). Generally, as the coordination length

would be become longer for the bulky ligand, such as a polymer chain coordinated to

metals, the longer coordination shell should be assigned to a Ca-Oplla, and a smaller

one assigned to Ca-Ophosphate. Based on these findings, the structural models for

CaHPO4-plla complexes are shown in Figure 8. Thus, the structure of CaHPO4-plla

complexes would include five types of coordination models: The carbonyl oxygen of

PLLA accounts for mono- or di-coordination to calcium ion, as depicted in the mono-

plla coordination models with five phosphate oxygens and PLLA oxygen (Figure 8-A),

two carbonyl oxygens from the same polymer chain (Figure 8-E), four phosphate

oxygens and two PLLA oxygens from one polymer chain (Figure 8-C), and the di-plla

coordination models with two PLLA oxygens from the other polymer chain and four

(Figure 8-B) or five phosphate oxygens (Figure 8-D). As shown in Figure 6, the plla

may be interacted to Ca2þ in two differential ways (mono- and bi-dentate). However,

the Ca-Oplla length was given with one parameters obtained by EXAFS studies

(Table 1) that were averaged on various coordination structures parameters. Therefore,

those models would be feasible structures for CaHPO4-plla complexes based on

EXAFS and IR results.

Table 1

Structural parameters around the calcium ion in the CaHPO4-

PLLA complex

[Ca2þ]/mmol g21 N R/pm s/pm

0.463 4.6 (0.1) 242 (1) 4.0 (0.1)

1.8 (0.1) 298 (1) 4.0 (0.1)

0.951 4.6 (0.2) 241 (1) 5.5 (0.5)

1.8 (0.1) 297 (1) 5.5 (0.5)

1.43 4.5 (0.2) 241 (1) 4.8 (0.5)

1.9 (0.1) 298 (1) 4.8 (0.5)

1.83 4.5 (0.2) 242 (1) 7.4 (0.3)

1.9 (0.1) 294 (1) 7.4 (0.3)

CaHPO4 3a 253 (1) 5.2 (0.3)

4a 237 (1) 5.2 (0.3)

1a 278 (1) 7.3 (0.5)

aThe value was fixed during the least square calculation. Standard
deviation of curve fittings is given in parentheses.
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Thermal Properties

The thermal effects of the coordination structure were investigated by DSC and TGA

analyses, along with the coordination behavior of phosphate-PLLA complexes

confirmed by IR and EXAFS methods. The first and second heating process of DSC

curves for each polymer mixed with phosphate salts are shown in Figures 9–12. TGA

curves are given in Figures 13–14. In Figures 9–10 and 13–14, the dehydration point

appeared around 1558C for MgHPO4-PLLA complex, and 1458C, 1908C for CaHPO4-

PLLA complex. From Figure 11–12, thermal properties such as Tg, crystallization point

(Tc), crystallization enthalpy (DHc), melting point (Tm), and melting enthalpy (DHm)

were determined and summarized in Tables 2 and 3. Tg was estimated at the inflection

point from their 2nd heating DSC curves around 55 to 658C. The decomposition point

(10% wt loss point) for PLLA was obtained from Figures 13–14 (Tables 2–3).

Tg was found to increase linearly with increasing [M2þ] (M2þ: Mg2þ, Ca2þ) as shown

in Figure 15 plotting of Tg against [M2þ], whereas Tc tended to decrease when phosphate

salt was present. Calcium ion was more efficient than magnesium ion for the increasing of

Tg. These results suggest that the strong coordination would be effective for the improve-

ment of thermal properties as observed by IR and EXAFS studies. In addition, the

decomposition point for PLLA increased by the addition of phosphate salt to PLLA. Par-

ticularly, Td of CaHPO4-PLLA complex remarkably was increasing (�808C) compared

with Td of MgHPO4-PLLA complex (�208C). Such an increasing decomposition point

for phosphate-PLLA complex was similar to Tg behavior, suggesting that the coordination

of metal to PLLA would be also useful for the thermal improvement of PLLA.

Conclusions

Additives such as magnesium or calcium hydrogen phosphate on PLLA were found to

increase the interaction of the metal ion with carbonyl groups. IR analyses revealed that

there were four types of carbonyl stretching vibrations around 1757 cm21 region for

CaHPO4-PLLA complex corresponding to free carbonyl, monodentate polymer, and

bidentate polymer. The coordination was confirmed by EXAFS study to give the

Figure 8. The structural models for CaHPO4-plla complex; hexa-coordinated models (A, B, C) and

hepta-coordinated models (D, E). A) five phosphate oxygens with one PLLA oxygen, B) four phos-

phate oxygens with two PLLA oxygens from two polymer chains, and C) four phosphate oxygens

with two PLLA oxygens from one polymer chain, D) five phosphate oxygens with two carbonyl oxy-

gens from each other polymer chain, (E) two carbonyl oxygens from the same polymer chain.
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Figure 10. 1st heating process of DSC curves for CaHPO4-PLLA system, [Ca2þ] ¼ a) 0, b) 0.463,

c) 0.951, d) 1.43, e) 1.83 mmol g21, f) CaHPO4.

Figure 9. 1st heating process of DSC curves for MgHPO4-PLLA system, [Mg2þ] ¼ a) 0, b) 0.394,

c) 0.784, d) 1.20, e) 1.54 mmol g21, f) MgHPO4.
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Figure 11. 2nd heating process of DSC curves for MgHPO4-PLLA system, [Mg2þ] ¼ a) 0,

b) 0.394, c) 0.784, d) 1.20, e) 1.54 mmol g21, f) MgHPO4.

Figure 12. 2nd heating process of DSC curves for CaHPO4-PLLA system, [Ca2þ] ¼ a) 0, b) 0.463,

c) 0.951, d) 1.43, e) 1.83 mmol g21, f) CaHPO4.
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Figure 13. TGA curves for MgHPO4-PLLA.

Figure 14. TGA curves for MgHPO4-PLLA.
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coordination number estimated to be 6.4, suggesting five or four phosphate oxygen coordi-

nations to one or two PLLA oxygens. However, magnesium ion was not effective for

forming such a structure due to the small ion radii. Calcium hydrogen phosphate was

found to be more effective for increasing in Tg (about 58C) than magnesium hydrogen

phosphate as observed in DSC and TGA analyses. EXAFS studies indicated that the

metal ion would be involved in a crosslinking point of the polymer chain leading to the

complex formation such as metal-plla.

Table 3

Thermal properties of CaHPO4-PLLA complex

[Ca2þ]/mmol g21 Tg/8C Tc/8C DHc/J g21 Tm/8C DHm/J g21 Td/8C

0 56 (1) 106 (0) 30 (3) 172 (0) 236 (4) 253 (1)

0.463 58 (3) 101 (3) 10 (4) 171 (2) 243 (5) 329 (1)

0.951 60 (2) 100 (2) 7 (3) 170 (1) 236 (4) 330 (3)

1.43 62 (2) 102 (4) 8 (4) 170 (2) 236 (4) 330 (1)

1.83 63 (3) 104 (5) 8 (6) 172 (3) 229 (6) 331 (2)

In parenthesis: errors at decimal.

Figure 15. Tg dependence on metal ion.

Table 2
Thermal properties of MgHPO4-PLLA complex

[Mg2þ]/mmol g21 Tg/8C Tc/8C DHc/J g21 Tm/8C DHm/J g21 Td/8C

0 56 (1) 106 (0) 30 (3) 172 (0) 236 (4) 253 (1)

0.394 57 (1) 101 (1) 10 (3) 170 (1) 240 (6) 270 (2)

0.784 57 (1) 102 (1) 10 (4) 171 (1) 240 (5) 270 (1)

1.20 57 (1) 102 (2) 9 (3) 171 (2) 237 (5) 270 (1)

1.54 58 (1) 102 (1) 10 (5) 172 (2) 238 (6) 270 (2)

In parenthesis: errors at decimal.
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