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ABSTRACT

Poly (L lactic acid) (PLLA) ultrathin films of various thicknesses were prepared by spin coating method and
investigated by using vibrational spectroscopic techniques such as FTIR and Raman. The analysis has been done
in two parts: first one is verification of structural mode to understand the visibility of characteristic band to confirm
the PLLA structure; where interestingly, as the thickness of the film increased, the structural features were found
to be more explicit. The second part of the study was to observe the features of the film having been annealed for
1 h in two separate temperatures, one at specific annealing temperature 120 °C and the other at 160 °C to enable
PLLA chains to reorient to get crystallized from its soften state at two such specific temperatures. The isothermal
crystallization behavior of PLLA film at 120 °C and 160 °C from the melt was monitored by FTIR as well as
Raman spectroscopies. More importantly, the band at 921 cm™ corresponds to o crystalline phase of PLLA has been
observed even in this ultrathin film with the effective application of temperature as selected in this study.
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1. INTRODUCTION

Ultrathin films are becoming important from the point
of view of both basic physics and technology. Among the
family of environmental friendly biodegradable polymers,
poly (L lactic acid), PLLA (-[CH,CH(CH,)COOQ] -) - has
been attracting much attention because of many advantages
in its intrinsic properties. For example, the polymer exhibits
biocompatibility', and so has importance in medical industry
for applications such as drug delivery systems, implant
materials for bone fixation®, nuclear oncology and surgical
suture®'’. But the main reason behind its debut in large-scale
production is found in its tremendous potential in traditional
applications where thermoplastics are employed, such as the
production of disposable products for the packaging and film
industries'®. PLLA is also melt-spinable and has very good
fiber- and film-forming properties. Recently, applications
involving high-strength fibers and films were reported!’. But
there is no detail of information prevalent in the literature on
the role of annealing on the morphological state with reference
to the vibration spectroscopic features. The objective of this
study is to investigate the effect of annealing on the structural
variation in the PLLA film. The morphology is observed by
Fourier transform infrared (FTIR) and Raman measurement.
The former is utilized to study the structural variation and the

latter is to investigate the conformation of crystallite form with
the effect of temperature. FTIR and Raman measurements
on PLLA films mainly focused on the identification of
characteristic bands!'*2!,

2. EXPERIMENT

PLLA was procured from Sigma Aldrich and used in as-
received form. The ultra thin films of PLLA (Mw-125,000) were
prepared by spin coating technique. Prior to deposition Si wafer
was ultrasonically cleaned in acetone followed by iso-propanol
and Milli-Q water (ca. 15 MQcm). PLLA was dissolved in
chloroform to make a uniform solution (70 mg/10 ml). After
that PLLA thin film of different thicknesses were prepared by
spin deposition technique by means of varying concentration
and rpm rate. All films were grown under identical conditions
in air on Si (100) substrate. Films of various thicknesses
were prepared as 15 nm, 25 nm, 30 nm, and 40 nm films are
designated as S|, S,, S, and S, respectively. For the purpose of
study the effect of temperature on PLLA films, similar film
of thickness circa 40 nm was also drawn on cleaned Si wafer
coated with Au buffer layer. Film was grown under identical
conditions in air (4000 rpm, 60 s) and is designated as S.. To
meet the requirement of standardization of surface analysis of
the film, x-ray reflectivity experimental measurements have
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been made using Bruker-AXS DS8-Discover diffractometer
equipped with a special reflectivity stage.

PLLA film (S,) has been annealed at 120 °C and 160 °C
for 1 h in each case to allow crystallization. FTIR spectrometer
(Bruker Model Vertex 70 spectrophotometer) with attenuated
total reflectance (ATR) attachment using ZnSe crystal was used
to record the FTIR spectrum of the films of various thicknesses
in range of 800 cm™! to 1300 cm'. The data were recorded from
16 scans at 2 cm resolution with correction for atmospheric
water and carbon dioxide. Raman spectra were obtained using
a Bruker Fourier transform Raman spectrometer (Horiba
JYHRS800 model). Surface morphology of the film with effect
of temperature has been carried out by AFM using Nanoscope
IV from DI-Veeco, USA.

3. RESULTS AND DISCUSSION

Atthe outset x-ray reflectivity experimental measurements
were made using x-ray reflectivity (XRR) technique with an
objective to determine thin film parameters including thickness,
density and surface/interface roughness. Figure 1 depicts XRR
pattern of the four films, as a function of momentum transfer
vector g. The fitting of the experimental data was done using
Parratt recursive formalism!'®. Best fitted values of thickness,
roughness and electron density for all films are listed in Table 1.
The total thickness as well as roughness of the films increases
in going from sample S, to S,. Clearly, such gradual increase in
electron density of the film with their thickness but decrease in
electron density per unit thickness, thus implicates formation
of thin film in accordance with the trend to show its typical thin
film characteristics.
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Figurel. X-ray reflectivity of PLLA films of various thicknesses
as a function of momentum transfer vector q.

Efforts have been made to elucidate the structural features
of PLLA thin films of various thicknesses (Fig. 2), along with
isothermal crystallization behavior of S, (Fig. 3), which has
been studied at two annealing temperatures 120 °C and 160 °C
from the melt. The film with the minimum electron density S,
was chosen for the studies using vibrational spectroscopy.
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Table 1. Thickness, roughness and electron density of various
PLLA films on Si (100) substrate

Sample Layer Thin film Electron Electron density
thickness roughness density  per unit thickness

(nm) (nm) (nm>) (nm*) x 10?2
S, 15 0.4 0.310 2.067
S, 25 0.9 0.313 1.252
S, 30 1.1 0.319 1.063
S, 40 1.3 0.356 .0089
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Figure 2. Spectroscopic results of various PLLA thin films of
various thicknesses (a) FTIR spectra, (b) Raman s
pectra.

In FTIR spectra, we have first investigated the spectral
bands that confirm the identical form of PLLA; secondly
we have examined the structural variation as an effect of
temperature. Before we discuss the effect of temperature on



PANDIT, et al.: INFLUENCE OF TEMPERATURE ON THE CONFORMATIONAL GUIDED PHYSICAL PROPERTIES OF ULTRATHIN FILMS OF PLLA

structure orientation of PLLA chain in ultrathin films with the
FTIR data, it is necessary to summarize the characteristic bands
of PLLA more explicitly associated with the orientation effect.
For this purpose, we have collected the FTIR data of PLLA thin
films. In the literature the PLLA films that were analyzed are
of the order of few microns whereas in our case the films are
having thickness of the order of few nano-meters. Therefore, it
would be interesting to study the FTIR spectra of such ultra thin
films to confirm their characteristic structure. Band positions
as reported in literature?>? are listed in Table 2.

Table 2. FTIR Band assignments of PLLA in the 1300-1000
cm™ region (18)
IR frequencies (cm™) Assignments
1268 v(CH) +v (COC)
1212 v (COC) +r, (CH,)
1182 v (COC) +r, (CH,)
1133 r(CH,)
1089 v(COC)

where v_:asymmetric stretching, v_: symmetric stretching, r_: rocking.
as s s

FTIR data is more overlapping in nature and generally
gives first hand information of the relatively bulk system.
FTIR spectra of sample S-S, are presented in Fig. 2(a). The
structural bands in region 950 cm™ - 1250 cm! are visible and
quite matching with the earlier reported work, for which a
detailed analysis has been made with a focus on the range of
1300 cm™ - 800 cm™ where bands are particularly overlapped.
According to the band assignments in FTIR spectra, the 1182
cm! band is assigned to v, (C-O-C) +r, (CH,), and the bands at
1133 cm™ are the pure band relative to the CH, group, r (CH,).
The 1109 cm! band is due to v (C-O-C), which is a pure band
relative to the C-O-C backbone of PLLA. In the previously
reported work, pointed out that the bands located around
1193 cm™and 1109 cm™ are both sensitive to the C-O-C trans
conformation in the crystalline phase of PLLA. The band at
1193 cm! is sensitive not only to the structural adjustment of
the C-O-C backbone but also to the structural order of the CH,
group. The information about the sequential changes of the
bands at 1193 cm™', 1133 cm’!, and 1109 cm! can be obtained
from several well separated cross-peaks in Fig. 3 (a). Its shows
the sequential order of intensity of these three bands is 1191
cm! < 1131 cm™ < 1105 em™, which is consistent with the
varying thickness. The band positions of films are well matches
with the earlier work??; this confirms that these ultra thin PLLA
films are well formed.

Further a detailed analysis was carried out in order to get
a better clarity in understanding the change. In correlation the
Raman spectra have been recorded in region 550 cm™ - 3500
cm! (Fig. 2(b)). The position of modes is similar in case of
Raman spectra. Both the spectroscopic measurements verify
the characteristic structure of PLLA.

To study the effect of temperature on the structure phase
transition we have opted melt crystallization process on the S,
film in which the electron density is minimum yet it’s all the
identical bands are visible. The band positions are shifted to
some extent from bulk that may be due to the interaction of
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Figure 3. (a) FTIR Spectra and (b) Raman spectra of PLLA
thin film annealed at 120 °C and 160 °C.

polymer to the surface of the substrate of Au buffer layer on Si
(100) wafer in our case. For that the film is melted at 220 °C
for 3 min - 4 min. then annealed at 120 °C and 160 °C for an
hour in each case. FTIR and Raman spectrum of annealed film
are shown in Fig. 3.

Here some structural variations are noticed which
take place during the melt crystallization of PLLA; C-O-C
stretching band region of 1300 cm™ - 1000 cm’!, and the skeletal
stretching and CH, rocking band region of 970 cm™' - 850 cm™.
Kister?, et al. and Cohn?, et al. reported FTIR of PLLA thin
film (~pm). The band at 921 cm™ is characteristic helical
sensitive a crystalline band of PLLA. This band assigned to
coupling of the C-C backbone stretching and CH, rocking
mode, sensitive to the 10, helix chain conformation of PLLA
a crystals. Along with it, a band at 871 cm! is also sensitive
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to the 10, helix conformation. Jianming®, et al. suggested the
other two crystallization-sensitive bands at 957 cm™ and 857
cm’'; however, on the other hand the region of 970 cm™ - 850
cm’! represents more of amorphous state of PLLA. These
characteristic bands are observed in PLLA films in the present
case also.

FTIR spectrum of the PLLA film before annealing shows
the major contribution of amorphous band at 957 cm™ and 857
cm’! more than the crystalline band at 921 cm™ and 871 cm.
Interestingly, in our case the intensities of the bands at 921 cm™!
and 871 cm™ increase with temperature of annealing, while the
intensity of bands at 957 cm and 857 cm™! decrease that shows
the film is actually in semi crystalline form. It suggests that
the sample prepared from the melt crystallization was initially
in the amorphous state, and a crystal form of PLLA films was
formed after annealing at 120 °C and 160 °C.

Additionally 1300 cm™ to 800 cm™ region is reportedly
highly sensitive to the crystallization process hence in this
study, we are particularly interested in this region. As the
crystallization progresses at 120 °C and 160 °C, the intensities
of some bands change greatly, and the others show a frequency
shift. In the range of 1300 cm™ - 1000 cm’, usually, the
fundamental modes of a single polymer chain are split into
various spectral components in the crystal if the intermolecular
forces between polymer chains are sufficient enough. Polymers
not only exhibit resonance splitting of bands associated with
interaction between analogous groups along the polymer
chain but also show splitting of certain vibrations related to
intermolecular interaction because of the helical chain structure.
The splitting of v_(CH,) can be clearly observed in S, sample
before and after annealing, which indicates that the CH, groups
among PLLA chains are already in close contact prior to the
crystal growth in PLLA; Fig. 3 supports such manifestation.

Some characteristic bands are associated with crystalline
phase of the material whereas some bands represents amorphous
phase of the material?>?, The bands at 1182 cm!, 1205 cm’!,
and 1212 cm’ representing amorphous state of the PLLA,
are assigned to the combination of v, (C-O-C) and r, (CH,).
In the crystalline state, the band at 1212 cm™ shifts to 1215
cm’!, whereas the band at 1183 cm™ splits into two bands at
1194 cm™ and 1184 cm™. A similar case can also be seen in
the (C-O-C) region, where only one band appears at 1089 cm™!
for the amorphous state, but two bands are observed at 1107
cm'and 1089 cm™ for the crystalline state. Moreover, the band
intensities around 1194 cm™ and 1107 cm™ increase with the
annealing temperature (Fig. 3(a)). The characteristic bands of
PLLA are more intense in case of thick films as compared to
thinner film which can be seen in the FTIR as well as Raman
spectra in Fig. 2. It is worthy to note that some of the bands
which were not clearly seen in film of lower thickness were
clearly visible in higher thickness films.

In the present work, one can see in Fig. 2 that with
increasing thickness the intensity of absorption bands increases.
In melt crystallization process opted for S,, the intensity of
crystalline bands increases while the intensity of amorphous
band decreases with the effect of temperature of annealing as
shown in Fig. 3.

The spectral change in evidence to the effect of
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melt crystallization process is confirmed by the Raman
Spectroscopy. Clear peaks corresponding to various modes are
observed. It may be noted that for FTIR the convenient range
for study was found 1300 cm™' to 800 cm™ whereas for Raman
study the convenience lies in the range 3000 cm™ - 500 cm™.
More importantly, along with the spectral modes in Raman the
region 2800 cm™ - 3000 cm™! has been clearly separated in both
the thin films proceed with melt crystallization process.

AFM of the PLLA film was recorded to observe the actual
surface topography of the annealed film. The typical feature of
a representative PLLA film is shown in Fig. 4. It is worthy to
note that even in the ultrathin film such crystalline domains are
visible. Nucleation growth represents the crystallize structure
of the film.

'.';‘.[.Iu'u

Figure 4. AFM image of PLLA thin film :As-deposited film
(left) and after annealing at 160 °C (right).

4. CONCLUSIONS

In the present study, we have investigated the effect of
thickness of thin film along with isothermal crystallization
behavior of PLLA thin film at 120 °C and 160 °C from melts
by FTIR as well as Raman spectroscopy. To elucidate the
intermolecular interaction, before and after annealing, the
skeletal stretching and CH, rocking bands in the 1300 cm™ -
800 cm! region were investigated by IR analysis. It has been
found that both the crystalline bands at 921 cm™ and 871 cm’,
that are related to the 10, helix conformation of PLLA are
clearly visible in annealed sample that confirms the crystallized
structure of the film.
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