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Abstract Poly(lactic acid) (PLA) blends and composites

were prepared from thermoplastic starch, poly(butylene-

adipate-co-terephtalate), polycarbonate, wood flour and

CaSO4 in a wide range of compositions. The thermal

transitions of PLA were studied by differential scanning

calorimetry. The detailed analysis of the transitions of

PLA/thermoplastic starch blends indicated that they all are

determined by the molecular mobility of PLA chains.

Blending changes molecular mobility, and thus it often

decreases glass transition temperature and modifies the

extent of enthalpy relaxation. All other transitions and

characteristics, i.e. cold crystallization, melting and the

corresponding enthalpies, change accordingly. Increased

molecular mobility accelerates also the physical ageing of

the polymer. The interaction between PLA and the various

components used for modification changed in a wide range,

but no direct correlation was found between the strength of

interaction and molecular mobility.

Keywords PLA � Blends � Composites � Thermal

transitions � DSC � Molecular mobility � Physical ageing

Introduction

PLA has created much interest recently, because of the

combination of its biodegradability with numerous advan-

tageous properties. PLA is produced from renewable

resource [1], and the increase in production capacity low-

ered its price to reasonable levels. The polymer is used in

increasing quantities for various applications in several

fields including packaging [2, 3], consumer goods [2] and

the electronic and automotive industries [2, 4]. However,

besides its advantages, PLA also has several drawbacks. Its

slow crystallization [5, 6] and fast physical ageing [7, 8]

result in unstable structure and rapidly changing properties,

which might result in brittleness, fast deterioration of

properties and finally catastrophic failure. As a conse-

quence, PLA is often modified by various means including

copolymerization [9–11], plasticization [12–14], blending

[15, 16], incorporation of various fillers [17–20] and rein-

forcements [21–23]. These components modify all prop-

erties of the polymer, often in an unpredictable manner;

contradictory results are reported on the effect of such

modifications in the literature.

Similar to other polyesters, PLA crystallizes relatively

slowly [5, 6]. Most products prepared by traditional melt-

processing technologies are amorphous as a result [24],

although the properties of crystalline PLA might be more

advantageous in several respects [25]. Occasionally, par-

tially crystalline parts can be also produced depending on

processing conditions and composition. Because of the

importance of crystallinity and crystalline structure in the

determination of properties, a very large number of studies

have been dedicated to their investigation, and many

attempts have been made to modify them [6, 26–30].

However, the determination of unambiguous correlations

between crystallization conditions, composition and
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structure is difficult because of the complicated structure

and many transitions appearing on the DSC trace of PLA.

During the heating of amorphous PLA, the polymer goes

through glass transition first (Tg), and then cold crystal-

lization (Tcc, DHcc) occurs. The crystals formed in the latter

process melt at higher temperature (Tm, DHm). PLA can

crystallize in a, a0, b and c forms [6], and crystal perfec-

tion, recrystallization and change of modification may

result in multiple peaks during heating and sometimes also

during crystallization [6]. Even the amorphous phase of

semicrystalline PLA has a complicated structure; it is

claimed to contain three types of amorphous molecules: the

rigid amorphous fraction, the interspherulitic mobile

amorphous phase and the intraspherulitic mobile amor-

phous phase [31].

Attempts have been made to modify the crystalline

structure by nucleation. Talc was claimed to nucleate PLA

efficiently [5, 32–35], and the combination of the filler with

organic compounds was said to improve crystallization

characteristics, i.e. nucleus density and crystalline growth

rate [32, 36]. However, the results are often ambiguous and

contradictory. Difficulties of interpretation are further

increased by the fact that the nucleation efficiency of a

certain substance is sometimes evaluated by its effect on

the temperature of cold crystallization [19, 27–29, 37–40],

while in other cases by cooling from a quiescent melt

[34, 35, 41]. Crystallization can be accelerated also by the

use of plasticizers [5, 12–14, 42–44] which increase the

mobility of PLA chains. Often this approach and effect are

also called nucleation [44].

The addition of another polymer, i.e. blending, or the

use of fillers or reinforcements further complicates this

complex picture. For example, the incorporation of orga-

nophilic clay increased Tg in one case [38], decreased it in

another [29], while glass transition temperature remained

constant in a third [39]. The same can be said about all

crystallization characteristics including the temperature

and enthalpy of cold crystallization, melting or crystal-

lization and about the effect of all kinds of additional

components including plasticizers, elastomers, polymers,

fillers [5, 12, 27, 39, 45–49].

Blending PLA with other biodegradable polymers like

TPS might result in cost reduction while maintaining or

enhancing its biodegradability. In spite of the large number

of publications dealing with PLA/TPS blends, only a few

studies are available on the crystallization and melting

behaviour of the these blends. Most of the authors claim

progressive melting, glass transition and cold crystalliza-

tion temperature decrease with increasing TPS content

[13, 50], while others report that glass transition tempera-

ture remains constant [51]. In these blends, the plasticizer

content of TPS can migrate into the PLA, increasing chain

mobility, which leads to increased crystalline growth rate

[52, 53]. Because of the simultaneous effect of nucleation

and molecular mobility, the clear effect of the additive is

difficult to define. Since physical ageing also affects

molecular mobility and thus crystallization, this process

influences practically all characteristics determined by

thermoanalytical methods. Moreover, time and thermal

history also play a role, a factor which is neglected in most

experiments.

In a series of experiments, we prepared poly(lactic acid)/

thermoplastic starch blends in the entire composition range

to determine the effect of composition on properties. DSC

measurements yielded interesting results which were dif-

ficult to explain. In order to be able to interpret the results

better and to draw general conclusions, if possible, the

results obtained on PLA/TPS blends were compared to

other heterogeneous PLA blends (PBAT, PC) and com-

posites (CaSO4, wood). This paper reports the most

important results and conclusions of these studies, during

the interpretation of which also the effect of physical

ageing was considered.

Experimental

Materials

The PLA used as matrix was obtained from NatureWorks

(USA). The selected grade (Ingeo 4032D, Mn =

88,500 g mol-1 and Mw/Mn = 1.8) is recommended for

extrusion. The polymer (\2 % D isomer) has a density of

1.24 g cm-3, while its melt flow index (MFI) is 3.9 g

10 min-1 at 190 �C and 2.16 kg load. The corn starch used

for the preparation of TPS was supplied by Hungrana Ltd.,

Hungary, and its water content was 12 mass%. Glycerol

with 0.5 mass% water content was obtained from Molar

Chemicals Ltd., Hungary, and it was used for the plasti-

cization of starch without further purification or drying.

Thermoplastic starch samples containing 36 and 47 mass%

glycerol (TPS36 and TPS47, respectively) were prepared

and used in the experiments. The composition of the PLA/

TPS blends changed from 0 to 1 volume fraction in 0.1

volume fraction steps. Glycerol was added to PLA also in

itself as a ‘‘plasticizer’’ in 1, 3, 5, 7 and 10 vol%.

Polycarbonate (Macrolon 2658, Bayer Material Science

AG, MFI = 13 g 10 min-1 at 300 �C, 1.2 kg, den-

sity = 1.2 g cm-3) and poly(butylene-adipate-co-tereph-

talate) (Ecoflex F BX 7011, BASF, MFI = 3.5 g 10 min-1

at 190 �C, 2.16 kg, density = 1.26 g cm-3) were used as

blend components. Compositions covered the entire com-

position ranging from 0 to 1 volume fraction in 0.1 volume

fraction steps.

Five different lignocellulosic fibres were used as rein-

forcement, three wood flours (W), a microcrystalline
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cellulose (MC) and a ground corn cob (CC). Two of the

wood flours, Filtracel EFC 1000 (W68, D[4,3] = 213.1

lm, aspect ratio, AR = 6.8) and Arbocel FT400 (W126,

D[4,3] = 171.0 lm, AR = 12.6), were acquired from

Rettenmaier und Söhne GmbH, Germany, while the third,

Lasole 200/150 (W54, D[4,3] = 280.8 lm, AR = 5.4)

from La.So.Le. Est Srl, Italy. All three were soft woods;

further information was not supplied by the producer. The

microcrystalline cellulose, Vivapur MCC (MC29,

D[4,3] = 138.0 AR = 2.9), was acquired from Retten-

maier und Söhne GmbH, Germany. The fifth filler was the

heavy fraction of corn cob (CC, D[4,3] = 143.4 lm,

AR = 2.3) obtained from Boly Kft., Hungary. Particle size

D[4,3] was determined by laser light scattering, while

aspect ratio (AR) manually from SEM micrographs. The

abbreviation used indicates the origin of the fibres (wood,

W; microcrystalline cellulose, MC; or corn cob, CC) and

ten times their aspect ratio, i.e. corn cob with an aspect

ratio of 2.3 is referred to as CC23. The amount of the

reinforcement usually changed from 0 to 60 mass%, but

sometimes composites could not be processed with the

largest fibre content because of technological reasons.

The CAS-20-4 calcium sulphate (CaSO4) used as filler

was supplied by the United States Gypsum Co. (USA). The

filler, manufactured from high-purity gypsum rock using

controlled calcination and fine grinding, has a volume-average

particle size of 4.4 lm, specific gravity of 2.96 g cm-3 and

calcium sulphate content[99 %. The filler was surface coated

with 1.5 mass% stearic acid, CaSO4(StAc), resulting in

monolayer coverage [28] in order to modify interfacial

interactions. Coating was carried out at 120 �C and 100 rpm

for 10 min in a Haake Rheomix 600 mixer fitted with blades

for dry-blending. The CaSO4 content of PLA composites, both

with coated and uncoated fillers, was changed from 0 to

30 vol% in 5 vol% steps.

Sample preparation

Corn starch was dried in an oven before composite

preparation (105 �C, 24 h). Thermoplastic starch powder

containing 36 and 47 mass% glycerol was prepared by dry-

blending in a Henschel FM/A10 high-speed mixer at

2000 rpm. TPS was produced by processing the dry blend

in a Rheomex 3/400 single-screw extruder attached to a

Haake Rheocord EU 10-V driving unit at 140–150–160 �C
barrel and 170 �C die temperatures and 60-rpm screw

speed.

PLA and the second component were homogenized in

an internal mixer (Brabender W 50 EHT) at 190 �C and

50 rpm for 12 min. Before composite preparation,

poly(lactic acid) was dried in a vacuum oven (110 �C, 4 h).

The wood fibres and the polymers (PBAT, PC) were dried

in an oven (105 �C, 4 h, 80 �C, 4 h and 120 �C, 3 h,

respectively) before processing. Both temperature and

torque were recorded during homogenization. The melt

was transferred to a Fontijne SRA 100 compression

moulding machine (190 �C, 5 min) to produce 1-mm-thick

plates for further testing.

To study the effect of physical ageing on the mechanical

properties of PLA, standard specimens (ISO 527 1A) were

produced by injection moulding (Demag IntElect 50/330-

100) at 180–190–200–210 �C barrel and 20 �C mould

temperature, using 900 bar injection and 700 bar holding

pressure (decreasing to 0 bar in 40 s), after drying the

polymer according to the procedure described above. All

specimens were kept in a room with controlled temperature

and humidity (23 �C and 50 %) after injection moulding.

Characterization

Thermal transitions including glass transition, melting and

crystallization of the blends and composites prepared were

studied by differential scanning calorimetry (DSC) using a

PerkinElmer DSC 7 equipment. Three to five milligrams of

samples was heated to 200 �C at 10 �C min-1 heating rate,

kept there for 5 min to erase thermal history and then

cooled down to 50 �C with 5 �C min-1 cooling rate to

record crystallization characteristics. After 1-min holding time,

the samples were heated again to 200 �C at 10 �C min-1 rate

to determine the same thermal characteristics as in the first

run.

The effect of physical ageing of PLA on its mechanical

properties was followed by tensile testing on standard

4-mm-thick ISO 527 1A specimens using an Instron 5566

apparatus. Stiffness (E) was determined at 0.5 mm/min

cross-head speed (up to 0.3 % elongation) and 115-mm

gauge length. Tensile strength (r) and elongation at break

(e) were calculated from force versus deformation traces

measured on the same specimens at 10 mm min-1 cross-

head speed.

Results and discussion

The results are reported in several sections. The thermal

behaviour of PLA/TPS blends is presented first, and then

the possible role of glycerol is discussed in the next sec-

tion. The results obtained on starch blends are compared to

those determined on other blends and composites subse-

quently, while the possible role of physical ageing in the

determination of thermal transitions, including crystalliza-

tion, is discussed in the final section.
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PLA/TPS blends

PLA is frequently modified with thermoplastic starch in order

to decrease the brittleness of the polymer, to increase impact

resistance and to facilitate biodegradation [50, 54–57]. The

mechanical properties of the blends change accordingly,

stiffness decreases and deformability increases with

increasing TPS content [13, 50, 51, 57, 58]. DSC traces

recorded in the first heating run on PLA blends prepared

with the TPS containing 36 mass% glycerol (TPS36) are

presented in Fig. 1. The comparison of the traces obtained

at various TPS levels offers some information. The glass

transition temperature of PLA does not seem to change,

or it may increase slightly as a function of TPS content. It

is even more interesting that the intensity of the transition

varies strongly. A distinct peak corresponding to the glass

transition appears at 20 vol%, and similar peaks can be

observed also at higher concentrations of TPS except at

60 vol%. The dissimilar behaviour of this blend is diffi-

cult to explain, but it is in line with the sometimes

unpredictable behaviour of PLA blends and composites

[28]. The distinct peak detected at glass transition results

from the physical ageing of PLA. These changes in the

glass transition process of the polymer indicate that

blending might influence its physical ageing and modify

the state of the molecules compared with their equilib-

rium state.

Considerable changes can be observed in the other

transitions as well. The temperature of cold crystallization

definitely moves towards lower temperatures. Possible

changes in intensity are difficult to estimate by the quali-

tative observation of the traces; quantitative analysis is

needed. Similarly, changes can be observed in the tem-

perature range of melting as well. First a small exothermic

peak or shoulder appears in the trace, and then the crys-

talline polymer melts [35, 59]. The peak temperature of

fusion moves towards lower temperatures with increasing

TPS content, but compared to the neat polymer, its inten-

sity increases visibly indicating larger crystallinity in the

blends. Obviously, blending with thermoplastic starch

profoundly changes the thermal behaviour of PLA; all

transitions are modified from glass transition through cold

crystallization to melting. TPS seems to change the

mobility of PLA molecules thus modifying physical ageing

and crystallization.

DSC traces obtained during the cooling of the polymer

from the quiescent melt state are shown in Fig. 2. The

strong effect of TPS is seen clearly in the figure. PLA

crystallizes very slowly, and only a small undefined peak

appears on the DSC trace. The intensity of the crystalliza-

tion peak increases with increasing TPS content; the phe-

nomenon is demonstrated well by the trace obtained on the

blend containing 20 vol% TPS36. Double peaks appear on

most of the traces, which might result from the formation of
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Fig. 1 DSC traces recorded during the first heating run on PLA/

TPS36 blends. Effect of TPS content
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Fig. 2 Effect of TPS content on the crystallization of PLA in the

PLA/TPS blends of Fig. 1
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various modifications [6]. Different crystalline structures

have been reported for PLA, the formation of which

depends on the conditions of crystallization. The most

common a-modification forms in conventional melt and

solution crystallization conditions. However, only the a0

crystal appears at crystallization temperatures below

100 �C, while crystallization between 100 and 120 �C
results in the simultaneous formation of the a0 and the a
crystal structures [59, 60]. The b and the c modifications

occur under more special conditions, the first during the

orientation of the a form, while the second through epitaxial

crystallization. We may safely assume that under the con-

ditions of our experiments, first the less perfect a0 form

develops, which recrystallizes during heating to the more

ordered a form. However, further study is needed to explain

the appearance of multiple peaks unambiguously and relate

them to structure. Such change of the melting process is

usually explained by nucleation. However, the temperature

of crystallization seems to remain the same or changes only

slightly, and thus increased crystallinity must result from

increased molecular mobility thus supporting our earlier

assumption.

The qualitative analysis presented above is strongly

supported by quantitative evaluation. The glass transition

temperature of the two sets of blends is plotted against TPS

content in Fig. 3. Tg increases slightly as deduced from the

primary DSC traces. The values are very similar for the

two series; the glycerol content of TPS does not seem to

influence them much. We can see several points deviating

from the general tendency. Such behaviour was observed in

PLA/CaSO4 blends before [28], for which a clear and

unambiguous explanation could not be given. Even the

increasing glass transition temperature of PLA is difficult

to explain, since the Tg of the two TPS materials is 10 and

40 �C, respectively, and thus a decrease in PLA Tg would

be expected instead the increase observed. Both the

unexpected change in Tg and the large scatter of some

experimental values must be related to the physical state of

PLA not controlled sufficiently by experimental conditions.

The composition dependence of the temperature of cold

crystallization is presented in Fig. 4 for both series of blends.

The figure confirms the qualitative observation that Tcc

decreases with increasing TPS content. The decrease is very

similar for the two series independently of glycerol content.

The plot contains several deviating points again, which

seems to be a typical characteristic of PLA irrespective of

composition or the quantity investigated. Melting charac-

teristics determined in the first heating run are shown in

Fig. 5. The results corroborate our previous statements and

conclusions even stronger than Figs. 3 and 4. The tempera-

ture of fusion decreases strongly with increasing TPS con-

tent, while crystallinity increases at the same time. The

composition dependence of thermal characteristics seems to

support our assumption that these changes result from the

modification of molecular mobility of PLA, which changes

upon blending. Since the temperature of crystallization

remains constant (not shown), they cannot result from

nucleation. Although the facts are clear, the explanation is

still missing. Since glycerol is a polar molecule and PLA is

also capable of forming hydrogen bonds, the possible effect

of glycerol must be considered specifically.

PLA/glycerol blends

Since our primary assumption is that modification changes

the mobility of PLA molecules, we must analyse the possible

influence of glycerol on the thermal transitions of the poly-

mer. As mentioned in the introductory part, plasticization is

frequently used for the modification of PLA crystallization

and crystalline structure [5, 6, 12–14, 42–44]. We refrain
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PLA in PLA/TPS blends. Symbols: s TPS36, h TPS47
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from presenting all DSC traces and characteristic values and

show only a few typical ones which can be evaluated in

comparison with the previous section. Figure 6 shows the

crystallization traces of PLA containing various amounts of

glycerol. The traces are very similar to those presented in

Fig. 2. Glycerol clearly enhances the rate of crystallization

and crystallinity. The ‘‘plasticizer’’ has the same effect on

glass transition temperature and melting characteristics as

well; in fact the composition dependence of characteristic

values changes in the same way as shown in Figs. 3–5 for

PLA/TPS blends. An example is presented in Fig. 7, in

which we plotted the peak temperature of melting and the

heat of fusion as a function of glycerol content. The first

decreases, while the second increases with increasing

amount of the plasticizer, just like in the case of the TPS

blends.

From the two figures and the results presented above, one

may conclude that glycerol plasticizes PLA thus increasing

molecular mobility, which finally leads to the changes

observed. However, we must consider several facts here.

First of all, the effect is completely independent of the

glycerol content of TPS. Moreover, the solubility of glyc-

erol is very limited in PLA shown by the transparency of

PLA plates containing various amounts of glycerol (Fig. 8).

Transparency does not change up to 1 vol%, but decreases

sharply above 4 vol%. The composition dependence of the

characteristics plotted in Fig. 7 differ considerably from

that presented in Fig. 8; melting temperature and the

enthalpy of fusion change also above 7 vol% at which

transparency is practically constant. The relatively poor

solubility of glycerol in PLA is confirmed by preliminary

molecular modelling calculations as well showing much

stronger interactions between glycerol and starch, than

between glycerol and PLA. Although some plasticizing

effect of glycerol cannot be excluded, the changes presented

in ‘‘PLA/TPS blends’’ and ‘‘PLA/glycerol blends’’ sections

seem to be of more general character.
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Fig. 6 DSC traces recorded during the cooling of PLA containing
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Comparison, other blends and composites

Further blends and composites have been also prepared and

studied at our laboratory; in order to increase the predictive

power of our conclusions, DSC results have been compared

for all of them. Selected crystallization traces are compared

to each other in Fig. 9. Almost all combinations of mate-

rials result in the same effect as presented above irre-

spective of their type or quality. The dissimilar behaviour

of PBAT is difficult to understand and needs further

investigation. Practically every modification results in

increased rate of crystallization and larger crystallinity.

This result confirms our conclusion presented above that

not glycerol specifically, but modification generally chan-

ges the thermal characteristics of PLA and the quantities

derived from DSC measurements.

The glass transition temperature of PLA is plotted

against the amount of selected materials used as second

component in Fig. 10. Tg increases for the TPS blends, but

decreases for all other materials. We could not explain the

increase unambiguously, but the decrease is similarly dif-

ficult to understand, especially in the case of CaSO4 having

the highest surface energy. One would expect that PLA

molecules adsorb onto the high-energy surface of the filler

leading to decreased molecular mobility and increased

glass transition temperature. Apparently thermal history

and molecular mobility play more important roles in the

determination of relaxation processes and glass transition

than interactions. The correlation presented in Fig. 11

further confirms these relationships. The peak temperature

of melting is plotted against composition for the same

materials as in Fig. 10. Tm decreases for all materials

irrespectively of their physical form or chemical compo-

sition indicating again easier crystallization kinetics caused

mainly by increased mobility. The rest of the characteris-

tics, i.e. the enthalpy of crystallization and fusion, change

in the same way as presented in previous sections. The only

difference in the effect of the materials used for modifi-

cation is basically in the extent of the changes, which are

influenced by undefined factors and must include ageing

time, thermal history and probably also interactions.
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Fig. 8 Solubility of glycerol in PLA; effect of glycerol content on the
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Physical ageing and interactions

Physical ageing is a known disadvantage of PLA, which

proceeds relatively fast because of the low glass transition

temperature of the polymer and which results in considerable

changes of properties in a relatively short time [7, 8, 19]. We

discussed the possible effect of molecular mobility on the

thermal transitions of PLA, and physical ageing is closely

related to and depends on mobility. Figure 12 demonstrates

the considerable modification of properties as an effect of

physical ageing. Stiffness and deformability are plotted

against ageing time in the figure. Modulus increases from

about 2.7 to 3.2 GPa, while elongation at break decreases

from more than 250 % to less than 10 %. This large

decrease in deformability results in the well-known brit-

tleness of PLA that limits its application in certain fields.

The physical ageing process is accompanied by

decreased Tg (Fig. 13), although the opposite effect, i.e.

increased Tg was also observed by others [61]. The ageing

process can be followed by the measurement of enthalpy

relaxation; an endotherm peak appears at glass transition,

the intensity of which increases with ageing time (Fig. 13).

The peak is very similar to those shown in Fig. 1 during the

glass transition of PLA, and thus we can safely assume that

the modification of the polymer accelerates the ageing

process by increasing mobility and bringing the molecules

closer to their equilibrium state. All latter processes are

determined by these changes, i.e. faster cold crystallization,

larger crystallinity, less ordered crystals and lower melting

temperature. Increased mobility is shown also by faster

crystallization; nucleation has not been observed in our

experiments indicated by the practically constant value of

crystallization temperature (Tc).

Although the role of increased mobility and physical

ageing seem to be rather certain, the reason is completely

unclear and difficult to understand. PLA chains are rather

flexible [62–64] shown also by the relatively low glass

transition temperature of the polymer. Interactions between

the molecules must be also quite weak since only van der

Waals forces can develop among them, which is in line

with the low Tg. One might expect strong interactions to

develop between certain materials and PLA; it is able to

form hydrogen bonds with starch and glycerol, for exam-

ple, or adsorb onto the high-energy surface of inorganic

fillers. The dispersion component of surface tension and the

estimated reversible work of adhesion with PLA are listed
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in Table 1 for selected materials. Interactions may play a

role in the determination of the ageing process and

molecular mobility, but it cannot be the determining factor.

The Tg of PLA increased when TPS with small surface

energy and weak interactions was added, while decreased

when the filler having a surface with considerably higher

energy was used for modification. More materials, further

analysis and much more control of ageing history are

needed in order to obtain the necessary correlations to

control PLA properties sufficiently.

Conclusions

The detailed analysis of the transitions of PLA/thermo-

plastic starch blends indicated that all are determined by

the molecular mobility of PLA chains. Blending modifies

molecular mobility and thus often decreases glass transi-

tion temperature and changes the intensity of enthalpy

relaxation. All other transitions and characteristics, i.e. cold

crystallization, melting and the corresponding enthalpies,

change accordingly. Increased molecular mobility accel-

erates also the physical ageing of the polymer. The com-

parison of the results to those obtained on other PLA

blends (PBAT, PC) and composites (wood, CaSO4) con-

firmed the general character of the phenomenon. Nucle-

ation was not observed in the heterogeneous PLA blends

and composites studied; crystallization temperature recor-

ded during cooling from the quiescent melt remained

constant. The interaction between PLA and the various

components used for modification changed in a wide range,

but no direct correlation was found between the strength of

interaction and molecular mobility. The reason for the

observed increase in mobility is unclear and needs further

study and explanation.
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