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B paboTe npoBOAUTCS UccnegoBaHNe CNeKTpPoB
KOM6MHaUMOoHHOro paccesHus (KP) ceeta
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cnekTpam KP MOXHO onpeaensitb cOCTaB
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Kpyra matepmanoB Ha OCHOBE NONIAKTUAA.
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We present Raman study of a number of
polylactide-based materials: polylactide
stereoisomers, L-lactide oligomers,
L-lactide/e-caprolactone copolymers, and
poly(L-lactide)/hydroxyapatite composites.

It is established that the composition and
crystallinity degree of a wide range of
polylactide-based materials can be determined
by Raman spectra. The advancement of this
technique is crucial for the development of
innovative polylactide-based materials used
both for diverse medical applications and, for
example, in the creation of biodegradable
disposable packaging to address
environmental pollution problems.
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INTRODUCTION

Polylactide (PLA) is a biocompatible, biodegradable and
compostable thermoplastic derived from relatively cheap
and annually renewable plant materials. Currently, PLA
is one of the most promising environmentally friendly
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BBEAEHWUE

[Monunaktuyn (ITJIA) - 6rocoBMecTHMBIN, buopasia-
raeMblll U KOMIIOCTUPYEMBIH TE€PMOIIIACT, KOTOPBIM
II0JIy4YaoT W3 OTHOCHUTE/IBHO [EIIeBOT0 M eXKerofHO
BO300HOBJISIEMOT0 PACTUTEIBHOIO ChIPbsi. Ha JaHHBIA
MoMeHT I1JIA sBseTcsl OGHUM U3 Haubolee IepcIiek-
THUBHBIX 3KOJIOTUYeCKH 0e30ITacHBIX ITOJIMMEpOB; II0
CBOMM 3KCIUIYaTAllMOHHBIM XapaKTepPHUCTHKaM MaTe-
puasnsl u3 I1JIA Bce 6oible NpUOTHUKAIOTCS K HEKOTO-
pbIM 6HOMHepTHBIM IonuMepaM [1]. ITpoM3BOACTBO
u norpebneHue I1JIA B MUpe HENPEPHIBHO PacCTeT,
U CIeKTp obsacTeill mpuMeHeHUH [1JIA HeIlpepbIBHO
pacmupsercs. Yke celyac MaTepHaIbl Ha OCHOBe
ITJIA MMPOKO 3KCIUTYaTUPYIOTCA O 3D-TledaT, )i
HU3rOTOB/IEHUSI Pa3NHUYHBIX BHJAOB IIHINEBOM yIa-
KOBKH, TOBAapOB OJHOPA30BOr0 KCIIOIb30BAaHUS, OIS
CeIbCKOr0 XO3SMCTBA [2-4]. BaskHeMIIMM HaIlpaBiie-
HUEeM HCIIonIb30BaHusa [IJIA M IpOAYKUHMH H3 HEro
SBJISeTCSl IIPOM3BOACTBO MeNUIIMHCKUX H3[eIHH:
paccachlBalOIIUXCA HMIIIAaHTAaTOB, CKaddonmos,
XUPYpPrUUeckKUX HHUTeH, KpeIleXHBIX H3AeNHH OIS
XUPYPrHUU U OopTomlenud [5]. OAHUM M3 BaXKHBIX IIPHU-
MeHeHUM I1TJIA sBAsieTcsl CO3[aHHe Ha OCHOBE 3TOTrO
MaTepHana HAaHOYACTULI-HOCHUTeNen [/ aJpeCHOU
IOCTABKH JIEKAPCTB C IIPOJIOHTMPOBAHHBIM BBICBOOOK-
JleHHeM aKTHUBHOTIO BellleCTBa [6, 7].

Kak Momo4yHasi KMUC/IOTa, TaK M JIAKTUJ IIPOSB-
JIAIOT ONTHYECKYI0 aKTUBHOCTb, TO €CTh CYILeCTBYIOT
B BUJE JBYX OINTHYECKH AaKTHUBHBIX CTEPEOM30MEpOB
(D- 1 L-cTepeor30MepOB), SIB/ISIIOIINXCS 3ePKaIbHBIM
oTobpaskeHHeM APYT Apyra. KpoMe Toro, cyIecTByoT
IBa OITUYeCKH HeaKTUBHBIX M30Mepa jaakruga: D,L-
dopma (paieMmuyeckass cMech) M Me3zodpopma. ITo
Co3JaeT BO3MOKHOCTb PerylIHpOBaHHUS CTPYKTYPHI
U XapaKTePUCTUK 3TOrO IIOJIMMepa IIpPU BapbHPOBa-
HUHU cofepsKaHusa L- u D-3BeHbeB. KpoMme TOro, KOM-
IJIeKC QU3MKO-XMMMHUYeCKHX CBOMCTB IIJIA MOKHO
KOPPeKTHPOBaTh Lie/IeHaIlPaB/IeHHO U B O4YeHb IIHNPO-
KHUX IIpefeiaxX Kak 3a cueT U3MeHeHH s MOJIeKY/ISPHBIX
XapaKTepHUCTHK K COCTaBa (C IOMOIbIO BAPPUPOBAHHUS
MOJIeKY/JIIPHOM MacChl, MOOUQPHUKALIMH KOHLEBBIX
TPYIII, CO3JAHHS KOMIIO3UTOB, COIIOJIMMEPOB U CMe-
cer Ha ocHoBe ITJIA), TaK U 3a CUeT pa3IHuYHBIX BUJOB
rocrobpaboTku (Hamprmep, U3MeHEeHHeM YCJIOBHH
OT’KHMIA MOXKHO PeryiHpoBaTh CTeIleHb KPUCTAIMY-
HocTH I1JIA ot 0 1o 85%).

B HacTos1ee BpeMs [JId aHaJIKM3a CTPYKTYPhl MaTe-
pHasoB Ha ocHoBe IIJIA Haubornee 4acTo NpUMeEHS-
IOTCA TaKHe MeTOAbl, KaK CIIeKTPOCKOIIMUS SLepPHOr0
MarHUTHOIO pe3oHaHca (SIMP), peHTIeHOCTPYKTYp-
HBIM aHaIu3 U JuddepeHIIHaNbHAs CKaHHPYoOLAs
KasopuMeTpusi. CIeKTPOCKOIIHS KOMOHHALIMOHHOIO
paccesuus: (KP) cBera SIBisSIeTCSI BBICOKOMHGOpPMA-
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polymers; the performance characteristics of PLA-based
materials are increasingly approaching those of some
bioinert polymers [1]. The world production and con-
sumption of PLA are continuously growing, and its
range of applications is constantly expanding. PLA-based
materials are already widely used for 3D printing, for
the manufacture of various types of food packaging,
disposable goods, and for agriculture [2-4]. The most sig-
nificant area of use of PLA is the manufacturing of medi-
cal devices: bioresorbable implants, scaffolds, surgical
sutures, fixation devices for surgery and orthopedics [5].
One of the important PLA applications is the develop-
ment of nanocarriers for targeted drug delivery with pro-
longed release of the active substances [6, 7.

Both lactic acid and lactide exhibit optical activity,
existing as two optically active stereoisomers (D- and
L-stereoisomers) that are mirror images of each other. In
addition, there are two optically inactive isomers of lac-
tide: the D,L-form (a racemic mixture) and the mesoform.
This provides an opportunity to regulate the polymer’s
structure and properties by varying the contents of L- and
D-units. Furthermore, the set of physical and chemi-
cal properties of PLA can be adjusted in a task-oriented
way and over a wide range, both by altering molecular
characteristics and composition (using the variation of
molecular weight, modification of end groups, creation
of composites, copolymers and blends) and through dif-
ferent types of post-processing (for example, by chang-
ing annealing conditions, it is possible to regulate the
crystallinity degree of PLA in the range from 0 to 85%).

Currently, the most commonly used methods for
analyzing the structure of PLA-based materials include
nuclear magnetic resonance (NMR) spectroscopy, X-ray
diffraction analysis, and differential scanning calorime-
try. Raman spectroscopy is a highly informative and con-
venient instrument for non-destructive analysis of the
structure of molecular substances, including polymeric
materials. However, this technique was rarely used in
routine studies of PLA-based materials until recently,
which was apparently due to the lack of methods for
quantitative analysis of the structure of such materials
using Raman spectra.

At the same time, the Raman spectroscopy method
has a number of significant advantages, above all, its
high informativity in the analysis of all levels of the
molecular and supramolecular structure of polymers.
The chemical structure of the material, the configura-
tional and conformational compositions of the mole-
cules, the presence of different chemical groups, the con-
tent and length distribution of stereoregular molecular
segments, the phase composition, including the crystal-
linity degree (CD), can be determined by Raman spectra.
The Raman spectroscopy method does not require any
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TUBHBIM U yJOOHBIM HHCTPYMEHTOM Hepas3pylLIaio-
IIEro aHaau3a CTPYKTYPhl MOJIEKY/ISIPHBIX BeIEeCTB,
B TOM 4YHC/Ie IIOJIMMEpPHBIX MaTepuanoB. OmHaKo
3TOT MOAXOM, PenKo IIPHMEHSEeTCS MPH PYTHHHBIX
HMCCIe0BaHHAX MaTepuanoB Ha ocHoBe IIJIA, d4To,
[I0-BUAUMOMY, [0 HeJaBHero BpeMeHHU ObLIO CBSI3aHO
C OTCYTCTBHEM MeTOJMK KOJIMYeCTBeHHOIO aHau3a
CTPYKTYPBI TAKKX MaTE€PHAJIOB I10 crieKTpam KP.

B TO ke BpemMs MeToO[ CIIeKTpocKonuu KP obia-
JaeT PpsANOM Cephe3HBIX HOCTOMHCTB, IIPeXKAe BCero
BBICOKOM HMH(POPMATHBHOCTBIO IIPH aHa/lIH3e BCex
YPOBHeM MOJIEKY/ISPHON KU HaJAMO/IEKy/ISPHON CTPYK-
TyPpsI ITorMepa. ITo criekTpaM KP MOXKHO OITpeie/InTh
XMMHYECKHH COCTAaB MaTepHana, KOHOUIYpallHOH-
HBIM U KOHQOPMAILIMOHHBIN COCTaB MOJIEKYJI, COZep-
SKaHHEe PasIHuYHBIX XMMHUYECKUX CPYIII, Comepyka-
HUYe U pacrnpefeieHue I10 JJIMHAM CTePeoperyIspHbIX
Yy4aCTKOB MOJIeKyJl, pa30BbIE COCTaB, B TOM UHCTIe CTe-
IIeHb KPHUCTUUIMYHOCTH. MeTon crieKTpockonuu KP
He TpebyeT HUKAKOK MPOOOIIOATOTOBKH, C €r0 UCIIONb-
30BaHHEM MOKHO ITPOBOAUTH OBICTPOe KapTUPOBaHHeE
IIOBEPXHOCTH 06paslia ¢ MUKPOHHBIM ITPOCTPAHCTBEH-
HBIM paspellleHHeM W JUATrHOCTHUKY B peKHMMe peajib-
HOro BpeMeHHU (B OONBUIMHCTBE CIy4aeB BpeMeHH
Habopa crmektpa KP, He IIpeBBIMIAIONIEIO HECKOJb-
KHUX CeKyH[, OOCTaTOYHO J[JIs IONy4YeHHUs CIeKTpa
C XOpOLIMM OTHOIeHHeM CUTHaJI/IIyM). B HacTosIee
BpeMsl POCCHICKHe M 3apybeskHble IIPOM3BOJUTENH
IIpe[iaraloT IIHPOKUM BhI6Op crekTpomeTpoB KP,
B TOM YMCJIe B [IOPTATUBHOM HCIIOTHEHHH .

TakuM 06pa3oM, BbICOKasi HHGOPMATUBHOCTD, IIPO-
CTOTa U yA0OCTBO B MCIIO/NIb30BAaHUK MeTO[a CIIeK-
TPOCKOIIMM KP IM03BOJIAIOT IIPOBOAUTE AHATHOCTHKY
CTPYKTYpPbl MaTePHAJIOB IIPH pa3paboTke, MPH ITPOM3-
BOJCTBE, B IIPOLIECCEe HCIIOAb30BaHMS, IS KOHTPOJIA
KayecTBa U CTeIIeHH [erpajalluu U3Ie/lns.

Bonbliast 4acTh OIyOIMKOBaHHBIX PAaboT I10 HCCIeno-
BaHMIO ITVIA MeTomoM CIIeKTpoCKomKuK KP BHIIIOJIHeHa
Gonee 20 neT Hasapg (CM. IHUTepaTypHBIN 0630p B [8]).
IIpy 3ToM NyOIMKALMK [0 KCCIeO0BAaHHIO OTHIOMe-
POB U pasJIMYHBIX CTepeor30MepoB [1JIA 1 MaTepHraioB
Ha ocHoBe ITJIA, TaKUX KaK COIIOJIMMepPhI, KOMIIO3UTHI,
CMecH, OIyOJIMKOBAaHO O4YeHb Mano. TeM He MeHee,
aHanu3 U 0600IIeHHe OIyOIMKOBAaHHBIX JAHHBIX CIIeK-
Tpockonuu KP 1o uccienosaHuio ITVIA ¥ MaTepHaioB
Ha ocHoBe ITJIA IO3BONAIOT 3aKIOYKMTh, YTO CIIEKTPEI
KP 3THX MaTepHa/IOB 3aBHCAT OT CTeIleHH KpPHCTaJI-
JIUYHOCTH, CTepeOpery/IsIPHOCTH U criocoba yIIaKOBKU
LlelleH, AJMHBI I1OC/TIe0BaTe/IbHOCTEH MOHOMEPHBIX
3BeHbEB, MOJIEKY/ISIPHOK OpPHEeHTAlluH, COHepKaHHS
COMOHOMEPOB B C/Iy4ae COIIoIMMepoB [8, 9].

B Hamux HeJaBHHMX paboTax ObUIM IpefiosKeHBbI
JBa MeTOJIa KOJIMYeCTBEeHHOr0 aHa/KM3a I10 CIIeKTPpam
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sample preparation, it can be used to quickly map the
surface of a sample with micron-level spatial resolution
and perform diagnostics in real time (in most cases, the
Raman spectrum acquisition time of no more than a few
seconds is sufficient to obtain a spectrum with a good
signal-to-noise ratio). Currently, both Russian and inter-
national manufacturers offer a wide selection of Raman
spectrometers, including portable models.

Thus, the high informativity, ease of use and simplic-
ity of the Raman spectroscopy method allow for struc-
tural diagnostics of materials during development and
manufacture, as well as during control of the quality and
degree of degradation of the product.

Most of the published works on the study of PLA
by the Raman spectroscopy method were carried out
over 20 years ago (see the literature review in [8]).
Meanwhile, very few publications on the research of
oligomers and various stereoisomers of PLA, as well
as PLA-based materials such as copolymers, compos-
ites, and blends, have been published. Nevertheless,
an analysis and compilation of the published Raman
spectroscopy data on the study of PLA and PLA-based
materials allow us to conclude that the Raman spectra
of these materials depend on the crystallinity degree,
stereoregularity and type of packing of the chains, the
length of sequences of monomeric units, molecular
orientation, and contents of comonomers in the case of
copolymers [8, 9].

In our recent works [8-10], two Raman methods of
the quantitative structural analysis of materials based
on poly(L-lactide) (PLLA), the most widely used stereoiso-
mer of PLA, were proposed: a method for determining
the crystallinity degree of PLLA (PLLA blocks in copo-
lymers of L-lactide (LLA) and e-caprolactone (CL)) [8, 9]
and a method for identifying the composition of LLA/
CL copolymers, as well as blends of PLLA and poly(e-
caprolactone) (PCL) [8, 10].

In this work, we demonstrate the capabilities of
Raman spectroscopy in analyzing the structure of a num-
ber of PLA-based materials: LLA/CL copolymers, LLA
oligomers, PLA stereoisomers, and PLLA and hydroxy-
apatite (HA) composites.

MATERIALS AND METHODS
The following samples were studied in the work:

1. Aseries of PLLA films with a crystallinity degree (CD)
ranging from 0 to 86%, prepared according to the
method described in detail in [9].

2. A series of LLA/CL copolymers with a CL molar con-
tent ranging from 10 to 90%, prepared according to
the method described in detail in [10].

3. PLA stereoisomers: PLLA, poly(D-lactide) (PDLA),
and poly(D, L-lactide) (PDLLA) with a 50: 50 ratio of D-
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KP maTtepuanoB Ha ocHoBe nonu(L-nakrtuga) (L-TIJIA),
KOTOPBIH SIB/ISIeTCS Haubosee MIMPOKO KUCII0JIb3yeMbIM
cTtepeonsoMepom IUVIA: MeTop, oripee/ieHUs CTelleHU
KpUCT/UIMYHOCTH L-TIJIA (610koB L-IIJIA B comomnu-
Mepax L-naktupga (L-JIA) u e-kamponakroHa (K)) [8, 9]
M MeTOJ, OIpefeeHMs COCTaBa COIONIHMMEpPOB L-JIA
u KJI u cmecern L-TIIA u mnonu(e-KaponakTOHA)
(TIIKJD) [8, 10].

B manHom paboTe IIpofeMOHCTPHUPOBAHBI BO3MOXK-
HOCTH CHeKTpockonuu KP IIpH aHalH3e CTPYKTYPhI
pana maTepranoB Ha ocHose ITJIA: cormonuMepos L-JIA
u KJI, onuromepos L-JIA, crepeor3omepoB ITJIA 1 KOM-
no3uToB L-TIJIA u rugporcuanaruta (FAII).

OKCNMEPUMEHTAJIbHASA YACTb
B paboTe 6BUIH KCCIEOBAHBI CIeYIONIKe 06pa3IIbl:

1. Cepus mienoxk L-TIJIA co cTermeHb0 KpUCTA/UINY-
"HoctH (CK) ot 0 0 86%, IIpUTOTOBJIEHHAH II0 CII0-
coby, KOTOPBIH oA pobHO omKcaH B pabote [9].

2. Cepus comonuMepoB L-JIA u KJI ¢ MOJIBHBIM
cogepskanueM KJI ot 10 mo 90%, mpHUIOTOBIEeH-
Has 10 Crocoby, KOTOPBIM IIOAPOOHO OIMCAaH
B pabore [10].

3. Crepeousomepsl ITIA: L-IIJIA, nonu(D-1akTHL)
(D-I1A), monu(D,L-nmaktun) (D,L-ITJIA) ¢ cooT-
HolleHHeM 3BeHbeB D- u L-maktupga 50:50. Bce
obpasupl sSBISIUCH KoMMepuyeckuMu (Corbion,
Hupnepnauger). CK obpasuoB 6suta ompeneneHa
C IIOMOIIBI0O METOZAa PEHTTeHOBCKOU AUPPAKIHUU
I10 MeTOJMKe, OIIMCAHHOM B [8], 1 cocTaBuIa 86%
anst L-TIJIA, 80% past D-TIJIA u 0% gnsa D,L-TIJIA.
Kpome ToOro, 6BUIM IPUTOTOBJIEHBI aMOpPHEIE
wieHKH L-TIJIA u D-IIJIA, MCIIONB3ysl METOLUKY,
OITHCAaHHYIO B [8].

4, Onuromepsl L-JIA, criocob cHTe3a KOTOPbIX I0J-
pobHo omucaH B pabote [11]. 3HaUeHHUs CpefHEN
CTelleHU II0JIMMepH3alluh OJIMTOMepOB, OIlpe-
JleJleHHble C IIOMOIIBI0 MeTOAa CIIeKTPOCKOIIMU
SIMP 110 MeTOAMKe, OITMCAHHOM B [12], COCTaBUIU
10.7, 40.4 1 104.5 3BeHbeB L-MOJIOYHON KUCIOTHI
(masmee B TeKCTe YIIOMHUHAIOTCS KaK OJTHMTOMepBI
c 10, 40 u 100 3BeHbIMH MOJIOYHOM KHC/IOTHL).
OnuromMep ¢ 10 3BeHBSIMH MOJIOYHOM KHC/IOTHI
HaXOOMJICA B SKMIAKOM COCTOSIHHUHM. OJIMTOMeEpBI
¢ minHo¥d 40 u 100 3BeHbeB AaHa/IM3UPOBAIH
B BHJle aMOpOHU30BaHHBIX IVIACTHHOK.

5. Kommosuter L-TIJIA ¢ TAIl, mony4eHHBIE CMe-
IIeHWeM B pacilyiaBe Hpu Temmepatype 190 °C.
Copmepskanue TAIl 6p110 BRIGpaHO Kak 0, 1, 5, 20
U 30 macc. %. CK Bcex 3TUX KOMIIO3UTOB Obla
paBHa 0%.

Crextpsl KP Bcex 06pasiioB OBUIM 3aIlMCaHBI IIPH

KOMHAaTHOH TeMIlepaType C IIOMOIIbI0 KOH(OKAIb-
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and L-lactide units. All the samples were commercial
(Corbion, Netherlands). The CD of the samples was
determined using X-ray diffraction analysis, follow-
ing the technique described in [8]. The values of CD
were 86% for PLLA, 80% for PDLA, and 0% for PDLLA.
In addition, amorphous PLLA and PDLA films were
prepared using the method described in [8].

4. LLA oligomers, synthesized by the method described
in detail in [11]. The average polymerization degree of
the oligomers, determined using the NMR spectros-
copy method according to the technique described
in [12], was 10.7, 40.4, and 104.5 I-lactic acid units
respectively (hereinafter referred to as oligomers
with 10, 40, and 100 lactic acid units). The oligo-
mer with 10 lactic acid units was in the liquid state.
Oligomers with a length of 40 and 100 units were
analyzed as amorphized plates.

5. PLLA/HA composites obtained by melt mixing at
a temperature of 190 °C. The HA content was selected
as 0,1, 5, 20 and 30 wt.%. The CD of all these com-
posites was 0%.

The Raman spectra of all the samples were recorded
at room temperature using a Senterra II confocal Raman
microscope (Bruker Optics, USA). The spectra were
recorded at 180° scattering with a spectral resolution
of 1.5 cm™!, at an excitation wavelength of 785 nm, and
a laser power of 100 mW. The exciting and scattered
radiations were focused by a 20x objective (numerical
aperture 0.40).

RESULTS AND DISCUSSION
The dependence of the Raman spectrum of neat PLLA on
the CD is presented in Fig. 1a, in the spectral range that
is the most informative for determining this character-
istic from the Raman spectra. Hereinafter, the CD indi-
cated in the figures was measured by X-ray diffraction
analysis. Several Raman bands of PLLA in the region up
to 400 cm™! strongly depend on the CD, but the analysis
of these bands is complicated due to their low intensity,
as well as due to the proximity of the wavelengths of the
scattered and exciting radiations. The most noticeable
differences associated with changes in CD are observed
for the doublet of the bands around 400 cm™!. The ratio
of the peak intensities of the PLLA Raman bands at 411
and 874 cm™! linearly depends on the CD (Fig. 1b). This
dependence is also linear for LLA/CL copolymers [10].
The range of 2500-3300 cm™! of the PLLA Raman
spectrum depends very weakly on the CD, which pro-
vides a unique opportunity to use this region to deter-
mine the composition of PLLA-based materials with
various CD. As an example, Fig. 2a shows the Raman
spectra of the LLA/CL copolymers with various com-
positions, which were determined using NMR spec-
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Horo KP MuKpockoria Senterra I1 (Bruker Optics, CILIA).
CIIeKTphl pPerucTpupoBaayv IIpH 180°-paccesHHUH CO
CIIeKTPaJIbHBIM pa3pelleHueM 1,5 cM™' mpu AaHHe
BOJIHBI BO30OY>KE€HHS 785 HM M MOIIHOCTH JIa3€PHOTO
usnydeHus 100 MBT. Bosbyskparomiee M paccestHHOe
u3nydeHHe GOKyCHPOBAIOCh OOBEKTHBOM C YBeJlHYe-
HueM 20X (uncioBas aneprypa 0,40).

PE3YJIbTATbI N OBCY)XAEHWE
3aBUCcHUMOCTb criekTpoB KP uwmcroro L-ITVIA ot CK
IIpeACTaB/ieHa Ha PHC. la B CIOeKTpaJbHOM [OHalia-
30He, KOTOpPBIM Haubonee MHPOPMATHUBEH AJIS OIIpe-
JleleHus 5TOM BelHYHHBI IIo crekTpam KP. 3gmech
u nanee CK, yka3aHHas Ha pUCYHKaX, OblIa M3MepeHa
METOAOM PeHTIeHOBCKOM AWQpaKkUUU. PaA NTHUHUMN
KP L-IIJIA B muamaso”He o 400 cm™! cuiapHO 3aBU-
cut ot CK, ogHaKo aHa/JIM3 3THUX JTHUHUH 3aTpyAdHEeH
M3-32 UX HeBBICOKOM MHTEHCUBHOCTH, a Takoke 6JIK30-
CTH IJIMHBL BOJIHBI PACCeSIHHOIO U3/Iy4YeHHUs K IJIMHe
BOJIHBI Bo30y>kIaromero u3ny4deHus. Haubosee 3amer-
HbIe OT/IMYMs, CBI3aHHbIe ¢ Hu3MeHeHHueM CK, Habio-
OAIOTCSI OIS ,ELY6J'I€T3. JIUHUUN okosio 400 cml, OTHO-
IIeHHe IMMKOBBIX MHTeHCUBHOCTeH nuHUK KP L-TIJIA
¢ vactoramu 411 u 874 cm™! THHEHHO 3aBHCHUT OT
CK (pI/IC. 1b). ITa 3aBUCUMOCTD SBISETCS JTUHENHOU
U 1151 cortonuMepos L-JIA ¢ KJI [10].

Huanason crexkrpa KP L-TIJIA 2500-3300 cm™! oueHb
crmabo 3aBucHT oT CK, YTO AaeT YHUKATBHYIO BO3MOXK-
HOCTb HCIIO/NIb30BaTh €ro MJIsl OIlpelle/leHHsl COCTaBa
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troscopy. The ratio of the peak intensity of the PLLA
Raman band at 2947 cm™! to the sum of the peak inten-
sities of this band and the PCL band at 2914 cm™ is
a linear function of the molar content of LLA (Fig.2b).
This intensity ratio can also be used to determine the
composition of PLLA and PCL blends prepared by melt
mixing [10].

One of the ways to change the CD of PLA is to regu-
late the contents of D- and L-units. Figure 3 shows the
Raman spectra of PLLA, PDLA, and PDLLA with a 50:50
ratio of the contents of D- and L-lactide units and a sta-
tistical distribution of the units along the chain. As in
the case of PLLA, in the spectrum of PDLA with a CD of
80%, there is a doublet of the bands around 400 cm™
(Fig. 3a) and a triplet of the bands around 1750 cm!
(Fig. 3b), while for amorphous PDLA and PDLLA such
splitting is absent. The spectral range of 2575-3200 cm
weakly depends on the CD and the enantiomeric com-
position of the PLA chains (Fig. 3c). It was found that
in the spectrum of amorphous PDLLA additional weak
bands are observed at around 475 and 660 cm™! (marked
by arrows in Fig. 3a).

It is important to note that exactly at the same wave-
numbers additional (in comparison with the PLLA spec-
trum) weak bands are observed in the Raman spectra
of the LLA oligomers shown in Fig. 4 (the additional
bands are marked with arrows in Fig. 4a). The intensity
of these additional bands decreases as the length of the
oligomer molecule increases. Thus, these additional

I,; 0,50
1874
0,45
= 0,40 |
iE -
S 5 0,35
g 80 i
>
%ﬁ 60 0,30 -
=1
§g 40 -
=1 L
E % 0,25
~ CK,% =
I I I I I I 0 CD,% 0,20+ 1 0 11
150 300 450 600 750 900 0 10 20 30 40 50 60 70 80 90
Yacrora, cMm! CrereHb KpUCTALTHYHOCTHU (CK), %
a) Wavenumber, cm! b) Crystallinity Degree (CD), %

Puc. 1. Cnekmpbl KP L-TT/1A U UX Xapakmepucmuku: a) ¢ pasAudHol cmeneHbto KpucmaaudHocmu (CK) 8 duanazoHe 80-980 cm™;
b) 3asucumocmb omHoweHuUs NuKo8bix uHMeHcusHocmell AuHull KP L-M/1A ¢ yacmomamu 411 u 874 cm™ om CK, usmepeHHol
Memodom peHmzeHo8CKoL dUuGpakuuu

Fig. 1. Raman spectra of the neat PLLA and their characteristics: a) with different CD in the range of 80-980 cm™; b) dependence of
the ratio of the peak intensities of the PLLA Raman bands at 411 and 874 cm™ on CD, measured by X-ray diffraction analysis
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Puc. 2. Cnekmpsbl KP cononumepos L-J1A u KJ1 pazHo2o cocmaea U ux xapakmepucmuku: a) 8 duanazoHe 2500-3300 cm™;
b) 3a8ucumocmb omHoweHus nukoeol UHMeHcusHocmU AuHUU KP L-TT/1A ¢ yacmomoli 2 947 cm™ k cymme nuKosbix
UHmeHcueHocmel 3mol AuHUU u AuHuu KP TK/1 ¢ yacmomot 2 914 cm™ om moAbHO20 codepskarust L-J1A, usmepeHH020 Memodom

Fig. 2. Raman spectra of the LLA/CL copolymers with different compositions and their characteristics: a) in the range of
2500-3300 cm™; b) dependence of the ratio of the peak intensity of the PLLA Raman band at 2947 cm™ to the sum of the peak
intensities of this band and the PCL Raman band at 2914 cm™ on the molar content of LLA, measured by NMR spectroscopy

MaTepHalioB Ha ocHoBe L-IIJIA ¢ pasnuuHou CK.
B kayecTBe IpuMepa pPHC. 2a OTeMOHCTPUPYET CIIeK-
TphI KP commonumepos L-JIA u KJI pa3JIM4YHOro COCTaBa,
KOTOPBIE OBLI OIlpefie/ieH C IIOMOIIBI0 CIIEKTPOCKOIIH K
SIMP. OTHoOIlleHHe ITMKOBOM WHTEHCUBHOCTH JHUHUU
KP L-IITA c wactoTron 2947 cM™! K cyMMe IIMKOBBIX
WHTeHCHBHOCTeH 3TOM JTUHUM U TUHUU IIKJI ¢ 9acTo-
TOM 2914 cM™! ABNsIeTCsl MTUHENHON QYHKIKEH MOJIb-
Horo comepkanus L-JIA (puc. 2b). OTo oTHomeHHe
MHTEHCHBHOCTEN MOKeT OBITh KCIIONB30BAHO K /IS
oIpeziesieHHs: cocTaBa cMmecer L-TIJIA m IIKJI, momy-
YeHHBIX CMellleHHeM B pacriase [10].

OnHuM U3 crocobos usmeHenus CK ITJIA gBiusg-
eTCsl pery/lMpoBaHHe COAepKaHUM D- U L-3BeHbeB.
Ha puc. 3 mnpuBemensl crmekTpel KP L-TIJIA,
D-IVIA u D,L-TIJIA c cooTHOIleHHWeM 3BeHbeB D-
U L-maktuga 50:50 ¥ CTaTHCTUYECKUM pacIpefene-
HHeM 3BeHbeB BIO/b Liel. Kak U B c1y4dae L-ILIA,
B cmekTpe D-IIJIA ¢ CK 80% Habnromaerca ny6neT
TUHHUK oKono 400 cm™! (puc. 3a) ¥ TpUIUIET THHHUU
okoso 1750 cm™! (puc. 3b), a mis amopdubIx D-IIIA
u D,L-TIJIA Takoe pacuierjieHHe OTCYTCTByeT. CIIek-
TPAJIBHBIM AHaIla3oH 2575-3200 cm~! cimabo 3aBUCHUT OT
CK 1 3HaHTHOMEPHOTO cocTaBa Liemnei ITJIA (puc. 3c).
Ob6HapykeHO, YTO B CIeKTpe amopoHoro D,L-TIJIA
HabTI0IAI0TCS IOTIOTHUTEIbHBIE C/1abble THHUH OKOJIO
475 1 660 cm™! (OTMeUeHBI CTPeJIKAMU Ha pPHC. 33).

bands are characteristic only of disordered conforma-
tions of the molecules.

In the Raman spectra of the oligomers, in addition to
the already mentioned bands around 475 and 660 cm™,
Raman bands of toluene (Fig. 4a and 4b) as well as the
bands of 1,12-dodecanediol (Fig. 4c) are observed. Tolu-
ene was used as a solvent for introducing the catalyst
and is partially remained in the sample. 1,12-Dodecane-
diol was used as an activator in polymerization [11] and
remains as the central part of the oligomer molecules.
For comparison, Fig. 4c shows the spectrum of normal
alkane C;,H,, (n-dodecane).

The intensity of the Raman bands of toluene increases
with increasing oligomer length. This indicates that
the content of toluene residues is higher in oligomer
samples with a higher molecular weight. The relative
intensity of the bands of the parts of 1,12-dodecanediol
molecules incorporated into the oligomer molecules
decreases as the oligomer length increases. Thus, a suf-
ficiently intense Raman spectrum of 1,12-dodecanediol
in the spectral range of 2575-3200 cm™! (Fig. 4c) poten-
tially allows one to estimate the length of the LLA seg-
ments for short oligomers.

Another effective way to regulate the structure and
properties of PLLA-based materials is to introduce
a filler. For such composites, the Raman spectroscopy
method allows one to evaluate not only the CD of PLA
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Puc. 3. Cnexmpbi KP L-T1JTA, D-TTJTA u D,L-T1J1A
(coomHoweHue codepkaruli D- u L-38eHbes 50 : 50):

a) duanasoH 80-1410 cm™, b) duanazoH 1405-1950 cm™,
¢) duanasoH 2575-3200 cm™

Fig. 3. Raman spectra of PLLA, PDLA, and PDLLA (the
ratio of the contents of D- and L-units is 50 : 50): a) range
80-1410 cm™; b) range 1405-1950 cm™;

c) range 2575-3200cm’!
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Puc. 4. Cnexmpsbl KP onuzomepos L-J/1A ¢ 10, 40 u 100
38EHbSIMU MOAOYHOU KucAomel, L-T1JTA, moayona u Hopmanb-
H020 ankaHa C;,H., (H-00dexaHa): a) duanazoH 80-1410 cm™;
b) duanazoH 1405-1950 cm™'; ¢) duanasoH 2 575-3200 cm™
Fig. 4. Raman spectra of LLA oligomers with 10, 40 and

100 lactic acid units, PLLA, toluene, and normal alkane
C,H¢ (n-dodecane): a) range 80-1410 cm™; b) range
1405-1950 cm™; ¢) - range 2575-3200 cm™
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Ba>kHO OTMETHTh, YTO MMEHHO Ha 3THX Ke 4acTo-
Tax HabIIONAIOTCS JOIIONTHUTeNbHEIe (II0 CPAaBHEHHIO
co criekTpom L-IIJIA) cnabble TUHHUM U B clieKTpax KP
onuromMmepos L-JIA, mipencTaBieHHBIX Ha puc. 4 (otme-
YeHBbl CTpeJIKaMHU Ha pHC. 4a). MHTEeHCUBHOCTb 3THX
JOIOJHUTEPHBIX JTUHHUIK YMeHBIIAeTCsl C yBelude-
HHUEeM JJIMHBI MOJIEKYJ/IBl OTuroMepa. Takum obpaszomM,
3TH JOIIOJIHUTE/IbHBIE TMHHUY XapaKTePHBI TOIBKO /11
HeyIopsAA0UYeHHBIX KOHPOPMALIMH MOJIEKYII.

B crextpax KP 01MIroOMepoB, IIOMHMO YyKe yIIOMS-
HYTBIX JIMHUM OKono 475 u 660 cm™, Habmromarorcs
nuHuu KP Toyosia (pHc. 4a u 4b), KOTOPBIU 65111
KCII0JIb30BaH KaK pPacTBOPUTeNb IJIS1 BBe[eHHsS KaTa-
JM3aTopa M YaCTHUYHO OCTICS B obpasme, a Takke
nuHun KP 1,12-momekaHaHosnna (pHc. 4¢), IIpUMeHS~
IOLIerocsl B KayeCTBe aKTUBATOpa IIpPU IIOJIHMMepH3a-
uuu [11] ¥ ocratomerocsi B KauecTBe LIeHTPAIBHOU
YacTH MOJIEKYJI OJIMIoMepoB. sl CpaBHeHHS Ha
pHC. 4C IpHUBeAEeH CIIeKTP HOPMaIbHOro asikaHa Cp,H,g
(H-momeKaHa).

VIHTeHCUBHOCTh TUHUH KP Tolyosna pacTeT C yBe-
JUYEeHHEeM JJIMHBL OJIMToMepa. ITO CBUIETE/IbCTBYeT
0 TOM, 4TO B 06pasLax oJIMToMepoB C Hosee BBICOKOM
MOJIEKY/ISIPHOM MacCOl COfiep>KaHHe OCTAaTKOB TONY-
ona bonpie. OTHOCUTENbHASI MHTEHCHBHOCTD TMHUI
YacTu MoJeKkyasl 1,12-momekaHAuosa, BHeAPeHHOMU
B MOJIEKY/y OJIMTOMepa, yMeHbIIaeTcsi C POCTOM
IJIUHBL onuromepa. Takum o06pa3om, OOCTATOUHO
UHTeHCUBHBIN crekTp KP 1,12-momeKkaHmnona B CIeK-
TpaJbHOM JIHaIia3oHe 2575-3200 cml (pHC. 4c) rioTeH-
LIMaJIbHO [103BOJIseT OLleHUBAaTh AJIUHY Y4acTKOB L-JIA
IJ1s1 KOPOTKHX OJIMTOMEPOB.

Eme ogHuUM 50QeKTHBHBIM CIIOCODOM peryiaupo-
BAaHHUS CTPYKTYPhl U CBOKCTB MaTepHaJIOB Ha OCHOBE
L-TTJIA siBasieTCcs BBeOeHH e HAMOJAHUTeNsA. sl TaKHUX
KOMIIO3UTOB MeTof, CIIeKTpocKoIruu KP [1o3Bosiser oLe-
HUBaTh He TojbKO CK IIJIA, HO U cofepskaHHe HaIlol-
HUTeJIsI. B KayecTBe IIpHUMepa PHC. 5a IeMOHCTpPUpYeT
criekTpbl KP xoM1io3utoB L-IIVIA u T'AIl pasjauyHOro
coctaBa. ITockonbky nuHUS KP TAII ¢ gacToTom 962 cMm™!
ABJISIeTCS. Y3KOM M HMHTEHCHBHOM, TO 3aBHCHMOCTb
OTHOIIEHHUSI ITMKOBBIX MHTEHCHBHOCTEN 3TOM JTHHUU
U nuHuu KP L-TIJIA ¢ yactoTou 874 cm™! rmo3Bosiger olie-
HUBATh cofepskaHue [AIT 1o 1 macc. % (puc. 5b).

3AKJ/TIOMEHUE

B pabore ompenmeneHsl 1UHUK KP, OTHOLIEHHEe ITHKO-
BbIX MHTEHCHUBHOCTEH KOTOPBIX JIMHEHHO 3aBUCUT OT
CTeIleHU KPUCTAIIMYHOCTH L-IIJIA, OT comepsKaHUsA
MOHOMEpHBIX 3BeHbeB L-ITJIA B commoiMMepax, oT cofep-
JKaHUSA HAIIOJIHUTEeIS B KOMIIo3uTax. IlokasaHo, 4To
B criektpax KP D,L-TIJIA u onuroMmepos L-JIA Habnona-
IOTCS IOIIOJIHUTE/IbHBIe TUHUU OKOIO 475 u 660 cml,

but also the content of the filler. As an example, Fig. 5a
presents the Raman spectra of the PLLA/HA composites
with various compositions. Since the HA Raman band
at 962 cm is sharp and intense, the dependence of the
ratio of the peak intensities of this band and the PLLA
Raman band at 874 cm™ allows one to evaluate the HA
content up to 1 wt.% (Fig. 5b).
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Puc. 5. Cnexmpsbl KP komno3umos L-T1JIA u Al
pasAu4HO20 COCMABA U UX Xapakmepucmuku: a) 8 duanasoHe
100-1410 cm™'; b) 3a8Ucumocmb OMHOLWEHUS NUKOBbIX
uHmeHcugHocmell AuHUU KP FAI ¢ yacmomoli 962 cm™
U AuHUU KP L-T1J1A ¢ yacmomoli 874 cm™ om maccoeozo
codep>kaHus Al
Fig. 5. Raman spectra of the PLLA/HA composites with
various compositions and their characteristics: a) in the
range of 100-1410 cm™; b) dependence of the ratio of the
peak intensities of the HA Raman band at 962 cm™ and the
PLLA Raman band at 874 cm™ on the mass content of HA
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KOTOpBIe XapaKTepPHBI TOIBKO MJIsI HeYIIOpSLOYeHHBIX
KOHQOPMAaLIMI MOIEKYII.

TakuMm obpasom, B paboTe IOKa3aHO, YTO CIIEKTPO-
ckomus KP gBisgeTcss MOLIHBIM MeTOLOM UCC/Ieq0BaHU S
MaTeprajioB Ha ocHoBe IIJIA M M03BOJISIET OIIPeNe/INTh
CTereHb KPUCTA/VIMYHOCTH M COCTaB LIMPOKOrO Kpyra
MaTepHajoB Ha ocHoBe ITJIA.

NCTOYHUKN DNHAHCUPOBAHWA
HccnemoBaHue BHIIIOJIHEHO 3a CUeT IPaHTa
Poccurickoro Hay4uHoro donnma Ne 23-22-00347,
https://rscf.ru/project/23-22-00347/.
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CONCLUSIONS
The work identifies the Raman bands, the ratio of peak
intensities of which linearly depends on the crystallin-
ity degree of PLLA, on the content of monomeric units
of PLLA in LLA/CL copolymers, and on the filler con-
tent in PLLA/HA composites. It has been demonstrated
that in the Raman spectra of PDLLA and LLA oligo-
mers, additional bands are observed at around 475 and
660 cm™!, which are characteristic only of disordered
conformations of the molecules.

Thus, the work shows that Raman spectroscopy is
a powerful method for studying PLA-based materials
and allows determining the crystallinity degree and
composition of a wide range of PLA-based materials.
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