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CHARACTERIZATION OF POLY(LACTIC ACID) BY SIZE EXCLUSION
CHROMATOGRAPHY, DIFFERENTIAL REFRACTOMETRY, LIGHT
SCATTERING AND THERMAL ANALYSIS

T. Malmgren'"", J. Mays' and M. Pyda'?
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A number of experimental techniques are employed to characterize physical and thermal properties of poly(lactic acid), PLA. To char-
acterize PLA in terms of molecular mass and molecular mass distribution, size exclusion chromatography was used. The value of the
specific refractive index increment was measured by differential refractometry. The thermal properties of semicrystalline PLA were
measured by standard and temperature-modulated differential scanning calorimetry. The thermal stability of PLA was monitored by
measuring the changes of mass using thermogravimetric analysis. The mechanical properties of amorphous PLA were measured by

dynamic mechanical analysis and the results were discussed and compared with DSC in the glass transition region.
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Introduction

The complete characterization of polymeric materials
involves the use of several techniques. Each of these
techniques can serve as a basis for experiments to be
used in an introductory polymer chemistry course. In
this paper, various techniques used to analyze PLA
will be discussed. Typical results for each technique
will be given. Although there are many polymeric ma-
terials which could be used to demonstrate character-
ization techniques, PLA was used in this study. It is
produced from corn, is biodegradable, and has many en-
vironmentally friendly applications which would be a
good training for a future polymer chemist [1]. Even
though the emphasis here is on thermal analysis, a thor-
ough characterization of a polymeric material must in-
volve the determination of the absolute molecular mass.
Mass average molecular mass of the polymeric material
is represented by M,=X(N, M })/X(N;M;); number av-
erage molecular mass is represented by
M=2(N:M;)/EN;, and the polydispersity by
PD=M,/M,, where N; is the number of molecules of
mass M; [2]. The determination of the absolute molec-
ular mass using light scattering is based on the princi-
ple that the amount of light scatterd is directly propor-
tional to the product of the polymer molar mass (M),
concentration of the polymer in solution (c), and the
square of the specific refractive index increment

(dn/dc): IscanmdocMc(dn/dc)z, where [ is the intensity
of the scattered light and # is refractivity [3]. Calorim-
etry allows for the determination of characteristic
properties such as heat capacity at constant pressure
(C,=(0H/OT) where H represents the change in heat
content and 7 is temperature). The following other
quantities are of importance: glass transition tempera-
tures (7}), melting transition temperatures (7y,), and
heats of fusion (AHy) [4]. Crystallinity, w,, for a given
crystal at a given temperature was determined as fol-
lows: w.=(H,—H)/(H,—H.) where H, is enthalpy for
liquid, H. is enthalpy for crystal, and H is experimen-
tal enthalpy from the measurements [5]. In the last
few years characterization of poly(lactic acid) using
thermal analysis techniques was explored extensively
as indicated in the literature [6—13].

Experimental

Three different samples of poly(L-lactic acid) PLA
were obtained from Cargill Dow Polymers, LLC,
USA. The samples differed in their percentage of the
L-isomer and D-isomer of lactic acid. PLA samples
with a low amount of D-isomer of lactic acid (1.5% of
D, PLA-L), medium D-isomer (8.1% of D, PLA-M),
and high D-isomer (16.4% of D, PLA-H) were used
for our study (PLA-H is amorphous and PLA-L is
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semi-crystalline [13]). The form of PLA used for each
characterization procedure will be indicated.

The dn/dc for PLA was measured using a differ-
ential refractometer. The instrument that was used
was an OPTILAB DSP Interferometric Refractometer
manufactured by Wyatt Technology. The instrument
was controlled by DNDC for windows software in-
stalled on a Dell computer system. The analysis of the
data was also performed using the same computer
software. Five solutions of varying concentrations of
PLA-H in chloroform were prepared. The concentra-
tions were as follows: 0.005698, 0.004748, 0.003799,
0.002849 and 0.001899 g mL". The chloroform used
to prepare the solutions and used to establish the base-
line was sonicated for 10 min prior to use. The batch
method was used for this experiment with a flow rate
of about 0.2 mL min ' based on gravity. The solutions
were placed approximately 24 cm above the instru-
ment with the waste reservoir located about 65 cm be-
low the instrument. After the baseline was estab-
lished, the input tube was placed into each solution
starting with the highest concentration for about
10 min. After the last solution was used, the pure sol-
vent was used again to reestablish the baseline. This
experiment was carried out at 313 K.

The absolute molecular mass and the relative mo-
lecular mass for PLA were measured using size exclu-
sion or gel permeation chromatography (SEC or GPC).
The instrument used was a Polymer Labs GPC-120
size exclusion chromatograph. The instrument was
controlled by Precision Detectors software installed on
a Dell computer system. The analysis of the data was
performed using the Precision Detectors software and
Polymer Labs Cirrus software. The GPC-120 con-
tained two Polymer Labs PLgel 10 pm MIXED-B col-
umns running chloroform as the solvent at a flow rate
of 1 mL min" at 313 K. The GPC contains four detec-
tors: Precision Detectors PD2040 (static light scatter-
ing); Precision Detectors PD2000DLS (dynamic light
scattering); Viscotek 220 Differential Viscometer; and a
refractometer. Two injections each of PLA-H
(conc.=1.869 mg mL "), PLA-M (conc.=1.942 mg mL ")
and PLA-L (conc.=1.901 mgmL™") were analyzed.
The samples were injected using a 5 mL syringe with
an 0.2 um filter. Approximately 2 mL of each solu-
tion was injected into a 100 uL injection loop. Poly-
styrene standards were used for determining relative
molecular mass using a polystyrene calibration [14].
The polystyrene standards were Polymer Labs
EasyCal PS1-A and PS1-B each containing five poly-
styrenes of varying molecular masses.

Additional experiments to determine the relative
molecular mass of PLA were done using a GPC run-
ning N,N-dimethylacetamide (DMAC) containing
0.11% LiCl and 0.03% toluene-4-sulfonic acid at a
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temperature of 343 K. This SEC system consisted of a
Knauer HPLC Pump (K-501) running at a flow rate of
1 mL min"'; four Polymer Labs PLgel 10 uM columns
(pore sizes of 500, 1000, 10,000 and 100,000 A); a
Knauer RI Detector (K-2301), and an Alltech 330 Col-
umn Heater. The SEC system was controlled by PSS
WinGPC software installed on a Dell computer sys-
tem. The analysis of the data was also performed using
the same computer software. Two injections each of
PLA-H (conc.=2.014 mg mL") and PLA-M
(conc.=2.073 mg mL ") were analyzed. PLA-L was not
used since it was not soluble in the DMAC. The sam-
ples were injected using a 5 mL syringe with an
0.45 pm filter. Approximately 2 mL of each solution
was injected into a 100 uL injection loop. Polystyrene
standards were used for determining the relative mo-
lecular mass using a polystyrene calibration. The poly-
styrene standards were Polymer Labs EasyCal PS1-A
and PS1-B each containing five polystyrenes of vary-
ing molecular masses.

Thermal analysis of PLA was carried out using
three characterization techniques: TG, DSC and
DMA. First, the thermal decomposition properties
were studied using a TA Instruments TGA Q50 ther-
mal gravimetric analyzer [4]. Nitrogen was used as
the purge gas for both the sample and the balance. Ap-
proximately 35-40 mg of PLA was used for each
analysis. The samples were heated up to 1073 K using
varying heating rates (5, 20, 30 and 40 K min"). The
instrument was controlled by Thermal Advantage
software installed on an IBM computer system. The
data was analyzed using Universal Analysis software
on the same computer system.

Secondly, the heat capacity, glass and melting tran-
sition temperatures, and heat of fusion were measured
for PLA by using both standard and temperature-modu-
lated differential scanning calorimetry [4, 13]. DSC
measurements were performed using a TA Instruments
DSC Q1000 differential scanning calorimeter. Nitrogen
was used as the purge gas at a flow rate of 10 mL min .
Approximately 5-10 mg of PLA was used for each
analysis. For standard DSC, the samples were heated
from 183 up to 523 K at the rate of 20 K min™' using
aluminum pans. For temperature modulated DSC in the
quasi-isothermal mode, the samples were heated around
the given temperature with a modulation amplitude of
0.5 K and a period of 100 s. For temperature modulated
DSC in the standard mode, the samples were heated
with an underlying heating rate of 1 K min "', modula-
tion amplitude of 0.5 K and a period of 60 s. The instru-
ment was controlled by Thermal Advantage software in-
stalled on an IBM computer system. The data was ana-
lyzed using Universal Analysis software on the same
computer system.
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Thirdly, the mechanical properties of PLA were
studied using dynamic mechanical analysis. DMA ex-
periments were performed using a TA Instruments
DMA Q800 dynamic mechanical analyzer. Nitrogen
was used as the air bearing gas and the furnace was
cooled using liquid nitrogen. A sample of PLA-H with
the dimensions of 17.27x12.46x1.77 mm was pre-
pared using a Carver Laboratory Press heating the sam-
ple to 338 K under a pressure of 6.9:10” Pa. The sam-
ple was then cooled to room temperature without a
controlled cooling rate. The sample was analyzed at a
constant strain of 20 pm using a frequency of 1 Hz.
The sample was heated from 298 up to 338 K at a heat-
ing rate of 1 K min"'. The instrument was controlled
by Thermal Advantage software installed on an IBM
computer system. The data were analyzed using Uni-
versal Analysis software on the same computer system.

Results and discussion
OPTILAB refractometer

Complete characterization of a polymer begins with
determining the specific refractive index increment
(dn/dc) for the polymer in an appropriate solvent. For
these experiments, chloroform was the solvent of choice
because PLA is soluble in chloroform. All three forms
of PLA (L, M and H) dissolved in chloroform after
2-3 h. Amorphous PLA was used for determining the
dn/dc value. Figure 1 shows the resulting dn vs. concen-
tration curve with the resulting slope, dr/dc, given as
0.0237+0.0034 mL g

The analysis was somewhat difficult because of
the nature of the solvent. Even though the chloroform
was degassed by sonication before use, there still ap-
peared to be many air bubbles forming in the cell as
indicated by the gases flowing out of the cell. The ex-
periment was repeated a 2" time giving similar re-
sults: 0.0240+0.0049 mL g™'. The dn/dc value for
PLA in chloroform is fairly small compared to other
polymers such as polystyrene which has a dn/dc of
0.169 mL g ' in chloroform. A small value of dn/dc
makes analysis using light scattering somewhat diffi-
cult as will be discussed in the next section.
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Fig. 1 dn/dc curve for PLA in chloroform
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Fig. 2 Chromatogram for PLA-L in chloroform
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Fig. 3 Light scattering chromatogram for PLA-L
SEC or GPC

Size exclusion chromatography was used in three ways
to determine the molecular mass of PLA. First, the rela-
tive molecular mass was determined for each of the
three PLA samples by comparing the retention times to
that of polystyrene standards using chloroform as the
solvent. Figure 2 shows an example of a chromatogram
obtained from the analysis of PLA-L using only the RI
signal. For this sample, the following results were ob-
tained: M, app (apparent)=193,000 and M., /M,=1.84.

In Table 1, the M, ., and M,,/M, are shown for
each of the samples of PLA that were analyzed.

You should notice three significant things about
the results in Table 1. First, for a given sample of PLA
(L, M or H), there is good reproducibility of the
M app- Secondly, notice that the M,, ,,, varies slightly
depending upon the type of PLA. Thirdly, the
polydispersity of PLA is fairly broad which makes it
more difficult to analyze PLA using light scattering.

The second way that the absolute molecular
mass was determined for each of the PLA samples
was by analysis of the light scattering data. Figure 3
shows the light scattering chromatogram for PLA-L.
The analysis of the light scattering data gives an abso-

Table 1 M, ,,, and M,,/M, for PLA from PS calibration

Sample My app M /M,
PLA-L 193,000 1.88
PLA-L 193,000 1.84
PLA-M 224,000 1.63
PLA-M 229,000 1.78
PLA-H 208,000 1.79
PLA-H 206,000 1.76
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Fig. 4 Chromatogram for PLA-M in DMAC

lute molecular mass of 199,000 which is close to the
value obtained from the polystyrene calibration. No-
tice that there is a lot of noise in the light scattering
signal since the signal is weak (about 4 mV) due to a
small dn/dc value. Compare this signal strength to
that of a polystyrene standard of about the same con-
centration and molecular mass which has a signal of
about 100 mV. Table 2 gives the absolute molecular
mass for each of the PLA samples based upon light
scattering analysis. The molecular mass for the L
form agrees fairly reasonably with the data obtained
from the polystyrene calibration. The M and H forms
give results much higher than would be expected.

Thirdly, the relative molecular mass of PLA was
measured using a GPC system with the solvent N,N-di-
methylacetamide (DMAC) containing 0.11% LiCl and
0.03% toluene-4-sulfonic acid at a temperature of
343 K. Since only the M and H forms of PLA were solu-
ble in the DMAC solvent, samples of the L form could
not be used. Figure 4 shows the chromatogram obtained
from one of the injections of the M form.

In comparing the retention time for the peak with
that of the polystyrene standards, the following results
were obtained for this sample: M, 4,,=213,000 and

Table 2 M, ,,, for PLA from light scattering

Sample My app

PLA-L 199,000
PLA-L 235,000
PLA-M 377,000
PLA-M 347,000
PLA-H 443,000
PLA-H 269,000

Table 3 M, ,,, and M,/M, for PLA in DMAC

Sample My app M, /M,
PLA-M 213,000 1.58
PLA-M 159,000 1.64
PLA-H 115,000 1.54
PLA-H 209,000 1.70
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M/M,=1.58. If these results are compared with those
in Table 1, you will notice fairly close agreement. In
Table 3, the M, ., and M,,/M, are shown for each of
the samples of PLA that were analyzed in the DMAC.

Looking at the results in Tables 1, 2 and 3, it was
concluded that the molecular mass of PLA is around
200 K with an M, /M, of around 1.7. It is difficult to
make a more accurate assessment of the results.

Thermogravimetry (TG)

The thermal decomposition properties of PLA were
studied by heating samples of PLA in a TG instru-
ment from room temperature up to 1073 K in nitro-
gen. Figure 5 shows an overlay of the decomposition
of the L, M and H forms of PLA with the masses be-
ing 39.045, 38.713 and 35.802 mg, respectively.
PLA is very stable up to around 583 K. At
~584 K it begins to decompose and completes decom-
position at ~673 K. The fact that there is very little
change in mass from room temperature up to 584 K
indicates that the PLA is pure with no contaminates,
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Fig. 5 Decomposition of PLA-L, M and H in N,

is very dry with no solvent, and is very stable. The
sharp drop in mass around 584 K shows relatively
complete decomposition and that the samples were
pure with no contaminates.

Standard differential scanning calorimetry (DSC)

Figure 6 illustrates a set of DSC data showing the
heat-flow rate as a function of temperature for PLA-L
and PLA-H. The heat flow rate, HF, is proportional to
AT as shown by the equation HF=KAT. The samples
were isothermally crystallized at 7=418.15 K for
15 h. The data suggests that PLA-L is semicrystalline
and PLA-H is amorphous under the given conditions
since PLA-H shows no melting.

J. Therm. Anal. Cal., 83, 2006
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Fig. 6 Experimental DSC curves of heat flow rate as function
of temperature for semi-crystalline PLA-L and amor-
phous PLA-H (the curves were shifted arbitrary)
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Fig. 7 Experimental and calculated heat capacities of
semi-crystalline PLA-L [13]

After converting the heat-flow rate, HF, to the
heat capacity using the equation C,=KHF/g (where K
is a calibration constant and ¢ is the heating rate), the
DSC data for PLA was analyzed. Figure 7 shows the
experimental heat capacity at low temperature region
from 5 to 300 K obtained from adiabatic calorimetry
and found in the literature [13, 14]. The heat capacity
above 300 K was measured from standard DSC. These
heat capacities are shown by two equilibrium heat ca-
pacity lines: vibrational and liquid heat capacity [13].
The calculated vibrational heat capacity, C, (vibration)
and the calculated liquid heat capacity C, (liquid) of
PLA serve as base lines for thermal analysis of the
semicrystalline PLA-L, as shown in Fig. 9. The heat
capacity of the fully amorphous PLA-L, PLA-H and
PLA-M, presented in [13] show a glass transition tem-
perature, T, between 330 and 333 K, dependent on
thermal history. For the semicrystalline PLA-L, the
heat capacity shows the glass transition temperature,
T,, at 333 K with a AC, of 14.8 J K" mol ' which ap-
plies to 34% of the amorphous PLA-L. Using these
two baselines, C, (vibration) and C, (liquid), one can
calculate the changes of heat capacity at 7, for the fully
amorphous sample to be 43.8 J K" mol ™.

Quantitative thermal analysis allows determination of
the crystallinity changes with changes in temperature.
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Fig. 8 Changes in crystallinity with changes in temperature
for semicrystalline PLA-L

Knowing C, (vibration), C, (liquid), equilibrium melting
temperature as 480 K, and the heat of fusion for 100%
crystal as 6.554 kJ mol ™, the crystallinity as a function of
temperature was estimated [13]. The result of this
crystallinity calculation is presented in Fig. 10 for the
semicrystalline PLA-L of Fig. 7. The semicrystalline
PLA-L reaches 66% crystallinity around 400 K, decreases
with increasing temperature, and finally drops to zero at
the melting temperature. This function of crystallinity was
used to construct the heat capacity line for semicrystalline
PLA (Fig. 7, semi-crystalline C,) which separates a heat
capacity from a latent heat in the melting region of appar-
ent heat capacity. Semicrystalline C, is calculated as fol-
lows: w(T)Cy(vibration)+(1-w(7))Cy(liquid) where we(7)
is the fractional degree of crystallinity as a function of tem-
perature (Fig. 8). Using this semicrystalline C,, a corrected
heat of fusion, 4.39 kJ mol™!, was calculated for semi-
crystalline PLA-L. This line for semicrystalline C, was
also used for additional quantitative thermal analysis of
PLA-L [13,15].

Temperature modulated differential scanning
calorimetry (TMDSC)

Figure 9 shows a comparison of the total heat capac-
ity from standard DSC and the apparent reversing
heat capacity of semicrystalline PLA-L. The results

T,_ 300 Quasi-isothermal TMDSC T
g {Ag=0.5 K. p=100'5) :
T 2 W=66%
M 200 A { '
= Cy(reversing) 2 ¢ _(ligui
3 p(lexexslllé_)__ 5 ('P(llqm‘i)_A
= -
5]
< P
= - \ (iheats
S 100+ L (,p(\'lblatlon)
— - e
s e Tp-448 K
T e T=333K
0

0 100 200 300 400 500 600
Temperature/K

Fig. 9 Comparison of total and reversing heat capacities of
PLA-L[15]
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Fig. 10 Storage and loss modulus as function of temperature
for PLA-H

show that the reversing heat capacity agrees with total
heat capacity in all regions except the melting region.
In the melting region, only a small contribution of C,
(reversing) is observed, which means that the melting
process for PLA-L is mostly irreversible.

Dynamic mechanical analysis (DMA)

The mechanical properties such as the storage
modulus (£’) and the loss modulus (£°”) were mea-
sured for the solid state of amorphous PLA-H as func-
tion of temperature and frequency using a dynamic
mechanical analyzer (DMA). Figure 10 shows an ex-
ample of the results for a frequency of 1 Hz. The de-
crease in the storage modules occurs at the glass tran-
sition region around 332 K. These results agree well
with the results obtained from standard DSC which
gave a value of 332.5 K.

Overall, quantitative thermal analysis is a useful
approach for characterizing polymeric materials such as
PLA [13, 16] as was shown by TG, DSC, TMDSC and
DMA.
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