eXPRESS Polymer Letters Vol.14, No.2 (2020) 134–153
Available online at www.expresspolymlett.com
https://doi.org/10.3144/expresspolymlett.2020.12

Supramolecular interactions between polylactide and model
cyclosiloxanes with hydrogen bonding-capable functional
groups
A. S. Herc1, M. Włodarska2, M. Nowacka1, J. Bojda1, W. Szymański3, A. Kowalewska1*
1

Centre of Molecular and Macromolecular Studies, Polish Academy of Sciences, Sienkiewicza 112, 90-363 Łódź, Poland
Institute of Physics, Lodz University of Technology, Wólczańska 219, 90-924 Łódź, Poland
3
Institute of Materials Science and Engineering, Lodz University of Technology, Stefanowskiego 1/15, 90-924 Łódź,
Poland
2

Received 16 May 2019; accepted in revised form 3 August 2019

Abstract. Interactions between polylactide matrix and additives bearing –COOH and –OH groups were studied for compositions of polylactide (PLA) and functionalized cyclotetrasiloxanes (CX–R, R = OH, COOH, COOMe). Inherent conformational flexibility of cyclotetrasiloxane rings enabled evaluation of supramolecular phenomena between hydrogen bondingcapable functional groups and the polylactide backbone, as well as their role in polymer crystallization. The modification of
PLA with CX–R was clearly reflected in the polymer dielectric response, unobscured by interfacial polarization effects frequently observed for other additives. New relaxation processes appeared next to the strong α-relaxation characteristic of the
PLA matrix. Addition of CX–R influenced thermally induced crystallization of amorphous matrix as well as isothermal crystallization from melt. Development of crystals with 103 helical chain conformation was accelerated at relatively low temperatures in the presence of CX–OH with hydrogen bond donating hydroxyl groups. A specific phase separation that hindered
mobility of polymer chains was observed in samples prepared with CX–COOH of strong hydrogen bond donor/acceptor
ability. The presented results may be used as a reference for other systems with nanoadditives such as carbon nanotubes
(CNT), graphene oxide (GO) or carbon quantum dots, in which interactions between –COOH/–OH groups and the polymer
matrix play an important role.
Keywords: material testing, biodegradable polymers, dielectric relaxation, supramolecular interactions, cyclosiloxanes

1. Introduction

axis [7, 8]. The induction period before the crystal
growth can be reduced and the crystallization kinetics can be improved in the presence of hybrid components that enhance nucleation density, or plasticisers that facilitate chain mobility [8]. The aspect ratio
of the hybrid additives and contact area at the interface with polymer matrix is of exceptional significance for the process of crystallization and consequently for thermal, mechanical and gas barrier properties of PLA as well as their biodegradability [3].
Compounds capable of strong supramolecular interactions can change vastly the process of crystallization

Polylactide/poly(lactic acid) (PLA) are well-known
biocompatible and biodegradable semicrystalline
polymers, that require modification in order to improve their mechanical properties, thermal characteristics and crystallization rate [1–4]. PLA crystallizes typically with a characteristic distorted 103 helical chain conformation (orthorhombic α-form and a
less ordered α′-form) [5, 6]. Nucleation of PLA crystals is slow, especially if the macromolecules contain
a share of isomeric D-lactide units that disturb formation of well-ordered sequences along the chain
*
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of PLA. Graphene, carbon nanotubes, carbon nanofibers and carbon quantum dots as low-dimensional
carbonaceous nanofillers effectively enhance crystallization of the polymer [9–13]. Interesting results
were also obtained with low molecular weight species
that crystallize at T > Tc of PLA and are capable of
the formation of hydrogen bonds with the polyester
backbone. Such compounds (e.g. sorbitol [14], hydrazide [15, 16] and amide [17–19] nucleators) provide nucleation sites in the polymer melt for epitaxial crystallization of PLA.
Broadband dielectric spectroscopy (BDS) studies
provided a vast amount of information about the molecular dynamics of PLA and differences in the relaxation processes caused by additives. Local fluctuations below the glass transition temperature (Tg) of
neat PLA are reflected in a β dielectric relaxation
whereas segmental dynamics (α-relaxation) is increased at T > Tg [20]. Crystallization of PLA was
also analysed in details with BDS [21–23]. The relaxation behaviour of the nanocomposites was found
to be much more complex than that of neat PLA. For
example, addition of organically modified Ni/Al layered double hydroxides resulted in the presence of
three additional dielectric active processes, including
relaxation of surfactants and water molecules within
the layers of inorganic components and interfacial
polarization effects at T > Tg [24]. The Maxwell/
Wagner/Sillars (MWS) polarization was also observed for PLA nancomposites with montmorillonite
[25], graphene oxide (GO) [26] and carboxylated
carbon nanotubes (CNT) [27]. The strong effect often
overshadows more subtle phenomena connected
with the presence of functional groups (–COOH,
–OH) on the surface of carbon quantum dots, CNT
and GO layers. As a consequence the role of those
functional groups in the organization of the polymer
matrix, due to their capability of hydrogen bonding
to PLA, could not be estimated accurately.
We have found that the isolated effect of supramolecular interactions between PLA chains and carboxyl
and hydroxyl groups can be evaluated by employing
functionalized cyclotetrasiloxane additives (CX–R)
(Figure 1). Species bearing multiple carbonyl/carboxyl or hydroxyl groups were obtained by thiol-ene
addition of a range of thiols to 1,3,5,7-tetravinyl1,3,5,7-tetramethyl-cyclotetrasiloxanes. Owing to
the substantial flexibility of siloxane bonds and side
alkyl chains, the interactions of PLA with CX–R do

Figure 1. Supramolecular interactions between PLA chains
and CX–OH or CX–COOH.

not involve manifestation of any defined interphase
effects.
A detailed BDS analysis of interactions between
PLA and CX–R is provided. Thermal characteristics
and the dynamic behaviour of PLA/CX nanocomposites were also studied using calorimetric (differential scanning calorimetry, DSC) as well as spectroscopic (Fourier-transform infrared spectroscopy,
FTIR) techniques. We have found that the specific
ability of functional groups to take part in supramolecular interactions with polylactide chains as hydrogen bond donors/acceptors alters strongly the polymer dielectric response. It can be also related to the
observed cold crystallization, which is quite interesting taking into account the very low aspect ratio
of CX–R additives. The type and amount of CX–R
influenced the crystallization of PLA and the rate of
103 helical structures formation. The results, combined with no detrimental effect of CX–R on the thermal stability of PLA, and a scarce or small decrease
of the polymer light transmittance at low additive
loading, make the functionalized cyclosiloxanes interesting models for studies on the impact of hydrogen bonding on PLA matrix. Moreover, there is also
a quite important practical aspect of modification of
PLA by addition of CX–R. Polylactide is commonly
used as a thermoplastic material for fused deposition
modelling (FDM) in 3D printing of e.g. scaffolds for
regenerative medicine or artificial tissues [28, 29].
The process typically involves extrusion of melted
material and then rapid cooling which makes the material brittle. That is why thermal annealing at temperatures corresponding to the cold crystallization
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process has to be applied to even out the areas of
high and low stress and increase the strength and
stiffness of 3D printed parts. Modification of the properties of FDM printed PLA objects by addition of inorganic additives and macromolecules has been described [30, 31]. It can be also expected that shifting
cold crystallization of PLA towards lower temperatures in the presence of CX–R can be beneficial in
terms of improved physical properties and dimensional stability of the printed objects as well as a
lower energy use.

2. Experimental
2.1. Materials
CX–R were prepared by thiol-ene addition of mercapto-compounds: CX–COOH – thioglycolic acid (98%,
Sigma-Aldrich, United States), CX–COOMe – methyl
thioglycolate (95%, Acros Organics, Belgium),
CX–OH – 2-mercaptoethanol (99%, Sigma-Aldrich,
United States) and CX–(OH)2 – 1-thioglycerol (99%,
Sigma-Aldrich, United States) to vinyl groups of
1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxanes (CX–Vi) (97%, a mixture of isomers; ABCR
GmbH, Germany) (Figure 2). The synthesis was carried out following earlier reported procedures [32, 33]
using 2,2-dimethoxy-2-phenylacetophenone (DMPA)
(99%, Acros Organics, Belgium) as the photoinitiator.
Solvents used for the experiments were purified following literature procedures [34].
In general a thiol derivative (29.17 mmol) and CX–Vi
(6.65 mmol) dissolved in dry tetrahydrofuran (THF)
(210 ml) were placed in a quartz vessel. DMPA
(0.53 mmol) was added with stirring to the solution
of reagents. The mixture was irradiated for 15 min
with UV light (λ = 356 nm). Products were purified
by silica gel column chromatography, using ethyl acetate as the mobile phase for CX–COOH,
CX–COOMe and CX–OH, or a mixture of ethyl acetate and MeOH for CX–(OH)2. Fractions containing

the desired product were combined and dried over
MgSO4. After filtration, volatiles were removed
from the solution and the residue was dried to constant weight under high vacuum. Liquid state 1H, 13C
and 29Si NMR spectra of all the obtained CX–R
were recorded in THF-d8 as a solvent on a Bruker
DRX-500 MHz spectrometer (Billerica, Massachusetts, United States).
Polylactide (PLA), commercially available NW
2003D grade from NatureWorks LLC (Minnetonka,
MN, United States) used for the study contained 3.2%
molar content of D-lactide units (Mw = 196 kg·mol–1
and dispersity Mw/Mn = 1.7). It was purified for the
experiments by precipitation using CH2Cl2/MeOH
as the solvent/nonsolvent system and carefully dried
under high vacuum to constant weight.
PLA/CX–R nanocomposites containing various
amounts of CX–R (R = COOH, COOMe, OH, (OH)2
and Vi) were prepared by mixing solutions of PLA in
CH2Cl2 (c = 11 wt%) with a given amount of CX–R
dissolved in THF [or MeOH in the case of CX–(OH)2
due to its insolubility in THF] (c = 15 wt%) for 2 h
under magnetic stirring. On addition of CX–COOH,
CX–OH and CX–(OH)2 the mixtures became cloudy
in a short time (less than 3 minutes) and remained
turbid on prolonged stirring. The effect was not observed for CX–COOMe and CX–Vi. No increase of
viscosity was involved but the turbidity disappeared
on sample dilution. The prepared mixtures were then
poured into Petri dishes and left for free solvent
evaporation. Solid products were dried for 24 h at
80 °C under high vacuum (0.01 Torr). For further
studies, thin (0.5 mm) films were compression molded at 190 °C and rapidly quenched at 0 °C.

2.2. Analytic methods
Native PLA NW 2003D and the prepared compositions PLA/CX–R were studied in bulk using a
DSC 2920 Modulated thermal analysis system (TA

Figure 2. Synthesis and structure of the functionalized CX–R used as additives to PLA.
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190 °C for complete clearing of crystals. The samples
were then cooled down and kept at the desired temperature for 1 hour (procedure I). Alternatively, the
melted samples were cooled down to 100 °C and
crystallized isothermally as described above. The temperature was then increased (10 °C·min–1) to 110 and
then to 120 °C, and samples were crystallized at both
respective temperatures for 1 h (procedure II). Comparative analysis was carried out for spectra recorded
in transmission mode as well as for their second derivatives.
Nanomechanical properties on the surface and at the
cross-section of the compression molded thin
(0.5 mm) films of PLA and PLA/CX–R were determined with a G-200 Nano Indenter (MTS Nano Instruments/KLA-Tencor Corporation; Milpitas, California, United States) equipped with TestWorksPro 4
software. The data analysis with the Analyst program
was based on Oliver and Pharr’s approach [35]. The
impressions were made with a Berkovich type indenter with a half angle equal to 65.3° and a radius
of roundness <20 nm. The studies were carried out
using two methods: CSM (Continuous Stiffness Measurement) and BASIC [36]. The CSM method is based
on continuous measurement of the stiffness (S) during the material penetration to estimate hardness (H)
and modulus of elasticity (E) of the material as a
function of penetration depth (h). The test was used
to measure the mechanical properties of the specimens from the front with 9 prints per sample (penetration depth 1500 nm). BASIC method was used to
map the mechanical properties from the front at the
maximum load point. Maps of E and H were obtained with 100 indents in a 10×10 matrix with a step
of 20 μm.

Instruments; New Castle, DE, United States). Thermograms were taken for samples (sealed in aluminium pans) heated as described in the text. Thermogravimetric analyses were carried out using a Hi-Res
TGA 2950 Thermogravimetric Analyzer (TA Instruments; New Castle, DE, United States) under N2 atmosphere (heating rate 10 °C·min–1, resolution 3,
sensitivity 3).
Broadband dielectric spectroscopy was performed
on samples of initially amorphous polymer matrix
in the form of 0.5 mm films placed between brass
electrodes in sandwich-type cells. The real and imaginary components of complex permittivity were
recorded in a broad frequency range (10–1÷106 Hz)
using a Novocontrol system comprising an Alpha
high-resolution dielectric analyser and a Quatro
cryosystem (Novocontrol Technologies; Montabaur,
Germany). The dielectric profiles were acquired during heating in the temperature range of 20÷150 °C.
Each frequency sweep took place after temperature
stabilization with 0.1 °C accuracy.
Morphological investigations and the distribution of
silicon atoms in the studied samples were carried out
using a scanning electron microscope (SEM) with
energy-dispersive X-ray spectroscopy (EDS) microanalyser (Jeol JSM-6010LA; Tokyo, Japan) operating in the high vacuum mode and at an accelerating
voltage 10 kV. The cryo-fractured surfaces were coated with carbon by sputtering in a compact rotarypumped coating system, Q150R ES (Quorum Technologies; Lewes, Great Britain).
Direct light transmittance through 0.5 mm thick
samples of native PLA and the nanocomposites was
measured at RT using a UV–VIS SPECORD S 600
diode array spectrophotometer (Analytik Jena AG;
Jena, Germany) in the wavelength range from 200
to 1000 nm (0.5 nm resolution) with reference to air.
Data were averaged for at least 3 runs.
FTIR spectra were recorded [Nicolet 380 FTIR spectrometer (Thermo Fisher Scientific; Waltham, Massachusetts, United States), equipped with a heated
cell and Harrick ATC/low voltage controller (Harrick
Scientific Products: Inc. Pleasantville, New York,
United States)] for thin films cast on KBr crystal
windows from 0.5 wt% solutions of CX–R derivatives, plain PLA and PLA/CX–R nanocomposites in
CH2Cl2 and dried under high vacuum at room temperature. IR spectra were collected at given intervals
by adding 16 scans at 4 cm–1 resolution. Isothermal
crystallizations were studied for samples melted at

3. Results and discussion
3.1. Synthesis of CX–R and preparation of
PLA/CX–R blends
Thiol compounds with heterorganic groups being either donors or acceptors of hydrogen bonds (COOH,
COOMe, OH), were grafted onto 1,3,5,7-tetravinyl1,3,5,7-tetramethyl-cyclotetrasiloxane through thiolene addition (Figure 2). All the obtained products
were purified by column chromatography and characterized using NMR spectroscopies (Table 1). All
CX–R were very viscous liquids that solidified but
did not crystallize on cooling.
Cyclotetrasiloxanes with two different substituents
at silicon atoms are typically mixtures of four
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Table 1. Reaction yields and spectroscopic data for CX–R.
CX–R

CX–COOH

CX–COOMe

CX–OH

CX–(OH)2

Y
[%]

δ
[ppm]:
1

13

H NMR

C NMR

29

Si NMR

32

0.07–0.14 (s, –Si–CH3);
0.84–0.9 (m, –Si–CH2–CH2–S–);
2.6–2.67 (m, –Si–CH2–CH2–S–);
3.2–3.25 (m, –S–CH2–COOH)

0.6 (–Si–CH3);
17.08 (–Si–CH2–CH2–S–);
27.07 (–S–CH2–COOH);
33.5 (–Si–CH2–CH2–S–);
176.4 (–COOH)

–21.45 (–CH2SiO3/2)

62

0.08–0.18 (s, CH3–Si–);
0.88–0.92 (m, –Si–CH2–CH2–);
2.67–2.70 (m, –CH2–CH2–S–);
3.17–3.24 (m, –S–CH2–C(O)O–);
3.61 (s, –O–CH3)

–1.33 (CH3–Si–);
17.05 (–Si–CH2–CH2–);
26.7 (–S–CH2–C(O)O–);
32.4 (–CH2–CH2–S–);
51.3 (–O–CH3);
170.3 (C(O)O)

–21.49, –23,66 (–CH2SiO3/2)

39

0.07–0.10 (s, –Si–CH3);
0.82-0.87 (m, –Si–CH2–CH2–);
2.52–2.58 (m, Si–CH2–CH2–S–CH2–);
3.56–3.57 (m, –S–CH2–CH2–OH);
4.22 (s, –CH2–OH)

–0.97 (CH3–Si-);
17.9 (–Si–CH2–CH2–);
26.2 (–S–CH2–CH2–OH);
34.2 (–CH2–CH2–S–);
61.4 (–S–CH2–CH2–OH)

–21.48 (–CH2SiO3/2)

48

0.12–0.16 (s, –Si–CH3);
0.90–0.91 (m, –Si–CH2–);
2.53–2.76 (m, –CH2–S–CH2–);
3.71–3.72 (m, –CH2–CH(OH)–CH2–);
3.5–3.6 (m, –CH(OH)–CH2–OH)

–1.6 (–Si–CH3);
17.58 (–Si–CH2–CH2–S–);
26.7 (–S–CH2–CH(OH)–);
34.8 (–Si–CH2–CH2–S–);
64.7 (–CH2–OH);
71.4 (–CH2–CH(OH)–CH2–)

–21.24 (–CH2SiO3/2)

Y – reaction yield after the column chromatography purification

stereoisomers: all–cis, cis–cis–trans, cis–trans–cis,
and all–trans [37] of different molar abundance. Yet,
owing to the substantial flexibility of siloxane bonds
and alkyl chains, this feature is not important for interactions of PLA with CX–R. In the single case of

1,3,5,7-tetra[2-(carboxymethylthio)ethyl]-1,3, 5,7tetramethyl-cyclotetrasiloxane (CX–COOH), we
were able to obtain a fraction (consisting of 91.6%
of the total 31.4% yield of CX–COOH after the column separation) enriched in the isomer cis–cis–trans.

Figure 3. 1H and 29Si NMR spectra of fractionated CX–COOH: a) fraction enriched in isomer cis–cis–trans; b) mixture of
isomers.
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The assignment was based on the number of resonance lines in 1H and 29Si NMR spectra (Figure 3)
and the data published for analogous systems [37–41].
Mixtures of PLA and CX–R were prepared by solution blending. Solutions of PLA became cloudy on
addition of CX–COOH, CX–OH and CX–(OH)2 but
not in the presence of CX–COOMe or CX–Vi. Smallscale tests showed that the turbidity was not induced
by pure solvents (THF or MeOH) at amounts equal
to those added with CX–R. Vacuum dried specimens
of PLA/CX–R were hot pressed into 0.5 mm thick
samples and most of them were fairly clear. Distribution of CX–R was examined using energy dispersive X-ray analysis combined with scanning electron
microscopy. SEM-EDS mapping of silicon atoms
(Figure 4) showed that samples prepared with
CX–COOH contain domains enriched with organosilicon compounds that become more defined on the
increase of the amount of CX–COOH. This feature
may be explained by interactions of side donor/acceptor carboxyl groups of CX–COOH with both
PLA chains and other molecules of CX–COOH. The
dimeric structures are more stable than hydrogen
bonds with carbonyl groups of PLA chains. CX–Vi,
CX–COOMe and CX–OH were well dispersed in
the polymer matrix. Distribution of CX–(OH)2 having two hydroxyl moieties at each side group in a
‘bidentate’ arrangement was quite good. Yet, small
domains with slightly higher concentration of this
additive can be found in the studied area. The effect
may be associated with micro-precipitation of PLA
macromolecules hydrogen bonded with CX–(OH)2
(addition of MeOH in the same proportion to PLA
and CH2Cl2 did not cause a visible precipitation of
the polymer).
Direct light transmittance through PLA/CX–R was
characterized quantitatively in the range of 200–
1000 nm. It depends on the type of functional group
R and the concentration of the additive (Figure 5).
Transparency of plastic sheets is defined as capability to transmit light within 540–560 nm [42]. Samples of PLA admixed with CX–COOMe at ≤5 wt%
were thus as transparent as the native PLA. It was
also found that PLA/CX–COOMe absorb light at λ =
250–340 nm. The region is close to the most energetic band of natural UV light (UV-B, 280–315 nm),
that is responsible for photochemical degradation of
materials. Combination of clarity and absorption of
specific wavelength of light are valuable features, e.g.
in packing materials. The filter effect can be ascribed
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to the presence of carbonyl groups (neat CX–COOMe
and CX–COOH absorb light at 250–340 nm).
CX–COOH inclusions in PLA, evidenced with SEMEDS, caused a decrease of light transmission over
the studied region of the spectrum. Interestingly, the
sample containing 10 wt% of CX–COOH appear to
be more transparent to light of λ > 500 nm than the
one admixed with 5 wt% of the cyclosiloxane. The
observed effect can be explained by an increased
phase separation of regions enriched with CX–COOH.
Clarity of PLA/CX–Vi (2 wt%) and PLA/CX–OH
(1 wt%) is close to that of PLA. Larger amounts of
CX–OH (2–4 wt%) made PLA slightly less transparent over the studied wavelength range. CX–(OH)2
caused a substantial decrease of light transmittance
through PLA matrix. At 4 wt% it made the polymer
opaque over the entire UV/Vis range.

3.2. Broadband dielectric relaxation
Modification of PLA with CX–OH and CX–COOH
additives is clearly reflected in the frequency-temperature plots of the imaginary component of complex
permittivity (Figure 6), where the characteristic relaxation processes are indicated with arrows. A strong
α-relaxation associated with the glass transition is the
most prominent feature of the dielectric spectra, with
almost identical shape in plain PLA and PLA/CX–R
mixtures. Another relaxation (β-process), related to
local motion in the polymer matrix, also appears in
all the samples. It is hardly visible at this scale and
temperature, but it undergoes noticeable modifications depending on the CX–R additive. Modifications
of the dielectric response are also visible at high temperatures (>100 °C). They become larger with growing concentration of the CX–R additive, which is
why relatively large concentrations were chosen for
display in Figure 6 (4 wt% CX–OH and 5 wt%
CX–COOH). A distinct case is PLA admixed with a
large amount of CX–COOH (5 and 10 wt%), where
an additional γ-relaxation appears at low temperatures (Figure 6c). The ε″(f) plots at a few selected
temperatures are shown in Figure 7 for better visualization of the observed relaxation processes. The
standard Havriliak-Negami formula with conductivity term (Equation (1)) [43] was fitted to the experimental data to support more quantitative analysis:
f* Q~V - f3 =- i

v0
s +/
f0 ~
k

Df k
a

bk

S1 + Ri~x k W k X

(1)
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Figure 4. Distribution of Si atoms (bright field) in samples of PLA admixed with CX–R, as indicated by SEM-EDS.
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Figure 5. Direct light transmittance measured for the compression molded PLA/CX–R: (a) PLA (—) admixed with
CX–COOMe (—) and CX–COOH (—); (b) PLA (—) admixed with CX–OH (—) and CX–(OH)2 (—); (c) comparison of transmittance through selected thin films and absorbance of 10–3 M solution of CX–COOMe in THF.

where ε0 – vacuum permittivity, ω – radial frequency,
ε∞ = ε′ at f → ∞, Δε – difference between the highfrequency and low-frequency values of permittivity
for a given relaxation, τ – relaxation time, α and β –
shape parameters, σ0 – direct-current conductivity,
s – parameter related to non-ohmic effects.
The α-process, which clearly dominates the response
at 60, 65 and 75 °C, is almost identical in pure and
admixed PLA. The rapid shift of that process towards low frequencies at temperatures below 47 °C
is associated with quenching of cooperative motions
and with the vitrification process. A similar behaviour was also observed in other studies of PLA [25].
This frequency-shifting of the α process progresses
somewhat slower in PLA/CX–R matrices ‒ cf. temperatures 47 and 40 °C in Figures 7a and 7b/7c. After
vanishing of the dominant α-process at low temperatures, the secondary processes appear. The β-relaxation visible in all the studied matrices is associated
with the motions of local polar groups in PLA. Addition of CX–OH modifies that process, as seen in
Figures 7a/7b at 47 and 40 °C. In PLA/CX–COOH,
dielectric response at the same temperatures reveals

another relaxation (γ-process) at lower frequencies,
which somewhat hides the β-process (Figure 7b).
More differences between the dielectric spectra of
plain and admixed PLA are visible at high temperatures, where cold crystallization is expected (T = 85,
95 and 115 °C). In plain PLA, cold crystallization is
reflected in the modification of the α-process: the
frequency shift of that process is slower than at
lower temperatures; its amplitude decreases as well
(T = 95 °C). These observations are consistent with
other studies, where modification of the α-process
due to cold crystallization was observed [25]. The effect of the CX–R additives on the α-process in PLA
matrix is particularly well visible in the permittivity-temperature plot at high frequencies (Figure 8).
The same plot also reveals the influence of concentration of the additive on that relaxation process. For
a better insight, dielectric response of PLA admixed
with different amounts of the additive is shown at
selected low and high temperatures at which the additive has a significant impact on the dielectric response (Figure 9). Figure 9a displays the data for
PLA/CX–COOH at four concentration levels (0, 2,
141
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Figure 6. Dielectric response of (a) plain PLA, (b) PLA + 4 wt% CX–OH, and (c) PLA + 5 wt% CX–COOH: the imaginary
part of complex permittivity vs. frequency and temperature. Arrows indicate the characteristic relaxations.

5 and 10 wt%) and the temperatures of 30 and 115 °C
(inset). For comparison, data collected at the same
temperatures for PLA/CX–OH at concentrations of
0, 2 and 4 wt% is also presented (Figure 9b). Figure 9a clearly demonstrates the dependence of the
strength of the γ-process on the amount of the additive in PLA/CX–COOH. Interestingly, dielectric response at 2% concentration, where both the γ and βprocesses occur next to each other, is notably
different from the response recorded at higher concentrations. In the mixtures with 5 and 10 wt% of
CX–COOH, the γ-process occurs at somewhat different frequency and its amplitude substantially grows
with increasing concentration of the additive. The observed process is therefore related to coordination of
carboxyl groups in the CX–COOH additive.
The PLA/CX–OH matrix presents a different behaviour (Figure 9b). A modification of the βprocess is also visible at low temperatures, but it is

not accompanied by any additional processes. At
the high-temperature region, where the α-process
undergoes a modification along with increasing concentration of CX–OH, lessening of the amplitude of
the process occurs at somewhat lower temperature
(85 °C) than in plain PLA (95 °C). Thus, a small decrease of cold crystallization temperature due to the
additive may be postulated.
Summing up, a small addition of CX–COOH or
CX–OH modifies the dielectric response to some extent, both the β-process at low temperatures and the
α-process at high temperatures ‒ particularly near
100 °C where the α-relaxation visibly changes with
increasing content of CX–OH or CX–COOH. This
observation, along with complementary experiments,
points towards higher potential for cold crystallization. Larger concentrations of CX–COOH additive
(above 2 wt%) display additional relaxation processes at low and high temperatures, whose amplitudes
142

Herc et al. – eXPRESS Polymer Letters Vol.14, No.2 (2020) 134–153

Figure 7. Plots of ε″(f) at a few selected temperatures, visualizing the relaxation processes: (a) plain PLA, (b) PLA +
5 wt% CX–COOH, (c) PLA + 4 wt% CX–OH.

grow significantly with increasing concentration of
CX–COOH. Correlation of this behaviour with the
complementary studies (cf. Figures 4 and 10) supports interpreting it as a reflection of phase separation and vanishing of cold crystallization.

3.3. Thermal properties of PLA/CX–R blends
The presence of CX–R in PLA matrix led to a range
of complex phenomena related to differences in
chain dynamics but they did not influence the thermal stability of PLA. Thermogravimetric analysis
(not shown) of neat PLA and its mixtures with CX–R
indicated that thermal stability of PLA and the composites is the same [Td5 = 330 °C, Tmax = 360 °C (decomposition rate 10%·min–1)] under N2 at heating
rate of 10 °C·min–1. Interesting results were obtained
for the behaviour of PLA/CX–R during DSC runs
carried out with a temperature ramp. DSC analysis
indicated that the native PLA containing ~3% molar

Figure 8. Influence of CX–R additives on the strength of the
α-relaxation in PLA. Permittivity-temperature
plots at f = 300 kHz for a few concentration levels
of the additives. Plots for admixed PLA are shifted
by the values of 0.5 (PLA/CX–OH) and 1.0 (PLA/
CX–COOH).
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Figure 9. Dielectric response of PLA/CX–R at different concentration levels: (a) PLA/CX–COOH at T = 30 °C (inset: T =
115 °C); (b) PLA/CX–OH at T = 30 °C (inset: T = 115 °C).

amount of D-lactide units did not crystallize on cooling from melt at 10 °C·min–1 nor 2 °C·min–1. Due to
the same reason, enthalpy of cold crystallization
(ΔHcc) of samples cooled down from melt at
10 °C·min–1 and heated again at 10 °C·min–1 is very
small. The degree of crystallinity (X) achieved under
the applied conditions is close to 5% (with respect to
the enthalpy of melting of a completely crystallized
PLLA; 93.1 J/g [44]).
Addition of CX–R did not improve PLA crystallization from melt, yet their presence clearly influenced
the process of cold crystallization. It is known, that
nucleation of PLA and the rate of crystal growth are
determined, especially at the early stages of the
process, by the molecular conformation and chain
ordering. Initially formed edge-on lamellar crystals
develop straightforward growing both parallel and
perpendicular to the film surface evolving finally
into flat-on hexagonal crystals and spherulites [45].
Localized binding of 2–4 polymer chains by hydrogen
bonding with CX–R can help to the formation of

edge-on crystals. Hydrogen bonds are labile at high
temperatures and therefore the observed poor nucleating effectiveness of CX–R on cooling since, contrary to the hydrazide or amide nucleators mentioned
above, they do not form crystals in the PLA melt. Yet,
polymer chains in amorphous samples of PLA/CX–R
can gradually gain mobility on heating from T < Tg,
and the lactide segments bound by supramolecular interactions with CX–R become nuclei of PLA crystals.
The combined increase of crystal fraction and lack of
a deteriorating effect of CX–R on the thermal resistance and transparency of PLA should be thus stressed.
A decrease of thermal stability and poor light transmittance was reported for PLA containing an otherwise effective dihydrazide nucleating agent [46].
Differences in DSC thermograms recorded for samples of PLA/CX–R cooled down at 10 °C·min–1 from
melt to room temperature and heated at 10 °C·min–1
(Figure 10) can be related to the type of CX–R. The
test carried out with CX–Vi of no affinity to PLA did
not show any strong effects. However, in the presence

Figure 10. Influence of the type of CX–R for the process of cold crystallization of PLA (DSC, 2nd heating at 10 °C·min–1).
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of CX–OH, CX–(OH)2 and CX–COOMe an exothermic peak related to the process of cold crystallization
was recorded at 110–140 °C with a maximum shifted
to lower temperatures than that characteristic to PLA.
The ΔHcc and ΔHm of the subsequent melting (Tm ~
150 °C) were the same (within the measurement accuracy), which typically indicates that the crystals
were formed exclusively during the heating run.
A shift of the glass transition temperature was observed in the presence of CX–R. The effect points to
a slight increase of the segmental movement of PLA
chains and depends on the type of functional group
and the amount of CX–R. Devitrification takes place
at lower temperatures for composites containing
larger amounts of the additives. The drop of Tg (ΔTg)
in the presence of 4 wt% CX–(OH)2 is smaller (2 °C)
than that noted for 4 wt% CX–OH (6 °C) and for
5 wt% CX–COOMe (6 °C). Yet, crystallinity of PLA
admixed with 4 wt% of the hydrogen bond donating
CX–OH and CX–(OH)2 was, respectively, 25 and
14%. The poorer nucleation despite multiple hydrogen bonding capability of thioglycerol moieties, suggests that too large amount of hydroxyl groups makes
more difficult the proper chain alignment. A more
substantial decrease of Tg, proportional to the concentration of the additive, was recorded for PLA compositions with CX–COOMe. Yet the thermally induced
crystallinity of samples containing CX–COOMe is
almost independent (25–29%) on the amount of the
additive (2 to 10 wt%). The phenomenon may be tentatively linked to the ability of –COOMe groups to
act as acceptors/donors of weak hydrogen bonds to
the carbonyl oxygens of ester groups (CH····O=C).
Such interactions play a very important role in stereocomplexes of PLLA and PDLA [47]. Therefore, the
total effect of CX–COOMe on PLA would be a resultant of the matrix plastification and supramolecular interactions. The phenomenon will be the subject of extended studies.
An unusual, non-linear effect was noted for mixtures
of PLA and CX–COOH. Analogously to the other
CX–R, a small amount (0.5–2 wt%) of CX–COOH
strongly promoted cold crystallization of the matrix.
However, if the concentration of CX–COOH was
≥5 wt%, then crystallization of PLA was hampered.
The effect can be related to strong interactions between the –COOH groups and polyester backbone as
well as to the phase separation and formation of a hydrogen bonded dual network (shown on SEM-EDS
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micrographs – Figure 4, and confirmed by the results
obtained with BDS).

3.4. Isothermal crystallization of PLA/CX–R
– DSC and FTIR studies
Isothermal crystallization from melt carried out at selected temperatures for PLA admixed with CX–R at
2 wt% suggest that hydrogen bonding from CX–OH
and CX–(OH)2 affects the mobility of PLA chains
and results in faster crystallization of the polyester
matrix within the temperature range 90–120 °C. The
estimated crystallization half-times (Figure 11a)
show clearly the effect of the cyclosiloxane additives. CX–COOH and CX–COOMe increased the
crystallization rate only at high temperatures (120°C).
The isothermal annealing from melt leads to the formation of a thermodynamically preferred polymorph
[48–50]. Consequently, a single endothermic peak
representing melting of PLA crystals was found for
DSC diagrams of samples of PLA and PLA/CX–R
crystallized at 110 and 120 °C (Figure 11b). Structures formed at 110 °C melt at slightly lower temperatures (Tm = 149 °C) than those annealed at 120 °C
(Tm = 152 °C). Two endothermic peaks that were observed for all samples (PLA and PLA/CX–R) annealed at 90 and 100 °C, reflect the characteristic
melt-recrystallization behaviour leading to the perfection of PLA crystals [48, 51]. The undeveloped
crystals formed at 90 °C tend to melt at lower temperature (Tm ~ 143 °C) than those obtained at 100 °C
(Tm ~ 146 °C). The share of fraction melting at
152 °C is larger in compositions of PLA admixed with
CX–OH, CX–(OH)2 and CX–COOH capable of
stronger hydrogen bonding to PLA chains. No solid
state endothermic disorder-to-order phase transition
of α′ to α form [48, 52] was detected.
At T = 120 °C crystallization of PLA is slowed down
due to the increased dynamics of polymer chains.
Small endotherms of cold crystallization (within
110–120 °C) were noted for PLA/CX–Vi and PLA/
CX–COOMe (Figure 11b), indicating that despite
long thermal annealing at 120 °C they were not completely crystallized. The respective degree of crystallinity is small (e.g. ~8% for ΔHcc and 28% in total
for PLA/CX–COOMe). Composites containing
CX–RCX–R that form strong –OH…O=C hydrogen
bonds with PLA crystallized effectively at this temperature (achieved degree of crystallinity of ≥40%
at t1/2 much shorter than that found for neat PLA).
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Figure 11. (a) Isothermal crystallization half-times estimated for PLA/CX–R; (b) DSC heating runs (10 °C·min–1) recorded
for samples of PLA/2 wt% CX–R crystallized isothermally at 90, 100, 110 and 120 °C.

The studied region of 1300–700 cm–1 contains conformation sensitive vibration modes characteristic of
the ester backbone of PLA and the crystalline fraction
that were assigned (Table 2) following the published
data [49, 50, 53, 55, 57, 58]. Isothermal crystallizations at low temperatures (T < 100 °C) and cold crystallization caused by accelerated chain motions result
typically in the disordered α′ form whereas tightly
packed α crystals are typically obtained at T ≥ 120 °C
[49]. The difference between the chain conformations
in α′- and α-crystals is mainly related to the side
groups packing. The band at ~920 cm–1 associated
with ρ(CH3) vibrations with ν(C–COO) skeletal
stretching modes is an indicator of 103 helical chain
conformations (α and α′ crystals). Two other indicative bands are combination of ν(COC) + ρ(CH3)
modes and the stretching ν(C–COO) [59, 60]. The

Interactions between PLA and CX–R (R = COOH,
COOMe and OH) were also studied with FTIR in
comparison to pure PLA under conditions of isothermal crystallization from melt carried out for one
hour after cooling to 100, 110 or 120 °C (procedure I). FTIR spectroscopy is sensitive to the conformation of polymer chains as well as the local molecular environment and crystal packing. The technique is facile and rapid and thus it can be applied
for the analysis of PLA crystallization process and
structural variations of the formed crystals [49, 53–
56]. The amount of CX–R (2 wt%) is small and
FTIR spectra of PLA/CX–R and pure PLA consist
of the same characteristic vibration modes. They
were converted to their second derivatives in order
to resolve more precisely the overlapped bands (Figure 12).
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Figure 12. Second derivatives of FTIR spectra of PLA and PLA/CX–R recorded after 1 h of isothermal crystallization:
(a) procedure I; (b) procedure II; [ρ(CH3) + ν(C–COO) *– amorphous; *– 103 conformation mode].

and 742 cm–1) decreased with heating. The position
of the skeletal stretching vibration band (922 cm–1)
at 100 °C, points to the formation of less regular α′
crystals. The peak shifts to 920 cm–1 if the crystallization is carried out at 110 °C. However, at 120 °C
no signal indicating 103 conformations was found
around 920 cm–1, which corroborates with the observed large t1/2. The vibration bands in the studied
region are sharper than those in melt. It was previously explained that the increase of intensity of certain vibration bands should be rather associated with
an oriented mesophase and a better packing of
macromolecules achieved before the sample crystallization [50, 54, 61].

shape of the crystal (curved crystals with edge-on
orientation vs crystals with flat-on orientation) also
affects the intensity of IR spectral bands [57].
Propensity of the native PLA to crystallize from melt
under the applied conditions was most significant at
100 and 110 °C – in accordance with the published
data as well as the presented isothermal crystallization half-times and the post-crystallization melting
curves (Figure 11). The spectra recorded after cooling down to the temperature of 100, 110 and 120 °C
are very close, which points to a similar degree of
chain order. The intensity of vibration bands at 1213,
1093, 1042 and 757 cm–1 increased and the peaks
characteristic of the amorphous fraction (1022, 955
Table 2. Assignment of PLA IR vibration bands.
Vibration band

Amorphous

α'

α

Vibration band

Wavenumber
[cm–1]
δ2CH

1304

δCH + νCOC

νas(COC) + ρas(CH3)

ρs(CH3)
νs(COC)

1303

Amorphous

α'

α

Wavenumber
[cm–1]
1303

1270

ν(C–CH3)

1042
1023

1042
1023

1042
1023

ρ(CH3) + ν(C–COO)
amorphous

955

955

955

ρ(CH3) + ν(C–COO)
crystalline

–

922

920

864

868

868

1213

1215

1183

1186

1222
1213
1202
1180

1132

1134

1144
1134

ν(C–COO)

1081

1093
1081

1093
1081

δC=O
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Changes in the shape of FTIR spectra of PLA/CX–R
during direct isothermal crystallizations from the
melt suggest a more rapid formation of crystal nuclei
that led to an increase of the overall crystallinity of
PLA compositions (Figure 12a). CX–OH induced an
extensive crystallization of PLA at 100°C with the
skeletal band of ρ(CH3) + ν(C–COO) positioned at
920 cm–1. An outstanding increase of the band at
1213 cm–1 (C–O stretching E1 mode – perpendicular
to helix axis [57]) was observed with regard to another C–O stretching contribution at 1180 cm–1
(A mode – parallel to the helix axis). It was accompanied with a sharp increase of the ν(C–CH3) vibration mode at 1042 cm–1, indicating interactions of
adjacent C–CH3 groups in the crystal unit cell and a
decrease of intensity of the amorphous phase band
at 955 cm–1. A similar effect was observed before but
for enantiomerically pure PLLA and only at T >
110 °C [58, 62]. FTIR studies confirmed a slightly
slower crystallization of PLA/CX–OH at 110 and
120 °C (corroborated by the estimated t1/2). Similar
(but less pronounced) effects were observed for
CX–COOH. Samples crystallized at 100 °C were
also thermally annealed at 110 °C and then at 120 °C
(procedure II, Figure 12b). Gradual thermal processing of pre-crystallized samples led to an improvement
of the crystal structure. As expected, nuclei formed
at 100 °C acted as templates for the crystal growth
at higher temperatures. Intensity of νas(CCO–O) +
ρas(CH3) (1213 cm–1) and ρs(CH3) (1134 cm–1) was
augmented during the annealing. Crystallization of
PLA in the presence of CX–COOMe was most rapid
at 110 °C, both during thermal annealing carried out
according to procedures I and II. The organization
of polymer matrix was not much improved on heating at 120 °C, as it was shown also by results presented on Figure 11.
Traces of interactions between the functional groups
of CX–R and PLA backbone may be derived from the
small differences in δC=O at ~750 cm–1. In the case
of PLA the broad band splits into two peaks (at about
753 and 746 cm–1) of intensity ratio dependent on the
crystallization temperature, as earlier reported [63].
For CX–OH and CX–COOMe, the ratio of vibration
modes is slightly smaller despite much more intensive
skeletal bands of νas(COC) + ρas(CH3) (1213 cm–1)
and ρ(CH3) + ν(C–COO) (920 cm–1). The effect was
most pronounced for PLA/CX–COOH.

3.5. Nanomechanical properties
Depth-sensing indentation (CSM and BASIC methods) was used to evaluate the micro- and nano-scale
mechanical properties of amorphous PLA matrices
with incorporated additives. Hardness and elastic
modulus were derived assuming linear elastic behaviour of the material at the onset of unloading. The
extracted data allowed resolving spatially the properties of the heterogeneous nanocomposites, either
across the thickness or along the surface. Nanoindentation experiments with moulded and quenched
samples were performed at different indentation
depths (Figure 13). The change of elastic modulus
and hardness of native PLA and PLA/CX–Vi with
the indentation depth is typical for viscoelastic polymer materials [64–66]. The effect can be also explained in terms of a surface ‘skin’. Larger chain dynamics and lower amount of entanglements at the
surface result in changes in properties through sample thickness. A slightly different trend in depth dependence of mechanical properties was noted for
CX–R capable of hydrogen bonding with PLA.
Hardness and modulus mapping using the BASIC
method allowed for their quantitative determinations
with high spatial resolution (Figure 13). Profiles of
the local hardness and modulus obtained from the
lines of indents on the surface of PLA/CX–R were
used. Micromechanical properties were influenced
by the mixture composition. It was found that changes
of surface stiffness and hardness are uniform for PLA
with evenly dispersed CX–OH. More pronounced
local variations of the mechanical properties were
observed (in accordance with SEM-EDS) for PLA/
CX–COOH [and PLA/CX–(OH)2 – not shown].
Changes of surface hardness and elasticity indicate
that the accumulated CX–R locally changed PLA
properties. It is known that the improvement of mechanical properties of nanocomposites depends on
the dispersion of the filler and its interactions with
polymer matrix [65]. Inhomogeneous microstructural composition of some PLA/CX–R may be thus responsible for the observed differences in surface
hardening. Moreover, the nanoscale properties of
semicrystalline polymers can vary due to the presence of amorphous and crystalline domains [67].
Thus, PLA macromolecules linked with nucleating
molecules of CX–R can be better organized than the
more amorphous part of the sample.
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Figure 13. Variation of modulus and hardness with displacement into surface (with exemplary surface maps) of neat PLA
and its nanocomposites with CX–OH and CX–COOH (inserts: E and H obtained for PLA admixed with CX–Vi
at 2 wt%).
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