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Abstract Novel bio-based and biodegradable block copolymers were synthesized by “click” reaction between poly(L-lactide) (PLLA) and
polyamide 4 (PA4). Upon tuning the molar mass of PLLA block, the properties of copolymers and electrospun ultrafine fibers were investigated
and compared with those of PLLA and PA4 blends. PLLA and PA4 were found incompatible and formed individual crystalline regions, along with
reciprocal inhibition in crystallization. Electrospun fibers were highly hydrophobic, even if hydrophilic PA4 was the rich component. The
crystallinity of either PLLA or PA4 decreased after electrospinning and PLLA-rich as-spun fibers were almost amorphous. Immersion tests proved
that fibers of block copolymers were relatively homogeneous with micro-phase separation between PLLA and PA4. The fibrous structures of
copolymers were different from those of the fibers electrospun from blends, for which sheath-core structure induced by macro-phase separation
between homopolymers of PLLA and PA4 was confirmed by TEM, EDS, and XPS.
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INTRODUCTION

For decades, environmental concerns associated with petro-
leum-based polymers have aroused great attention in the field
of biomass utilization. As the most popular candidate for envi-
ronmentally friendly materials, poly(lactic acid) (PLA) is a typical
bio-based thermoplastic polyester derived from 100% renew-
able resources and has significant potential due to its promising
process ability, excellent mechanical properties, and biodegra-
dability.'"! It has been extensively studied for use in several
fields such as food industry and biomedical applications. De-
spite its excellent balance of properties, the use of PLA as a cost-
effective alternative to commodity plastics has historically been
limited by some drawbacks such as inherent brittleness, low
heat deflection temperature, and intrinsically low crystallization
rate.#?) In addition, lack of reactive functional groups on the
backbone restricts the modification of PLA to improve its de-
fects.® In the past years, copolymerization and blend with other
polymers have been considered as efficient schemes to modify
the bulk properties of PLA and to manufacture desirable ma-
terials.”
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Polyamides are high performance engineering plastics with
high strength and melting point. Besides traditional petro-
chemical-based polyamides, a series of bio-based polyamides
such as PA11, PA610, and PA1010 have been developed from
biomass materials.[®! The combination of bio-based polyester
and polyamide can open avenues in design of new bio-based
materials where polyester matrix benefits from the high ther-
mal stability and high impact properties of polyamides.

Most researches focus on blends or copolymers of poly-
ester and polyamide.®'% However, due to the poor compa-
tibility between two kinds of polymers, a certain degree of
macroscopic phase separation usually occurs in the blends,'%
thereby failing to improve performance. Their random co-
polymers, so-called poly(ester amide)s (PEAs), with proper-
ties between those of polyesters and polyamides have re-
markable thermomechanical properties even at relatively low
molecular weight, and the crystallinity and biodegradability
can be regulated by changing the composition ratio.l'"!
Nakayama et al. reported that polyamide 4/poly(e-caprolac-
tone) (PA4/PCL) random copolymers could be well biode-
graded at any composition ratio.l'? In most cases, random co-
polymerization will result in a broad molecular weight distri-
bution and by-products that are difficult to be separated. For
block copolymers of polyester and polyamide, they can ex-
press specific properties of each block rather than intermedi-
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ate characteristics.['3] Gardella et al. designed PA11-b-PLA di-
block copolymer without any macro-phase separation, and
found fast stereocomplexation by mixing the enantiomeric
diblock pairs.['4!

Although a variety of bio-based polyamides have been de-
veloped, they are not biodegradable and may be helpless to
alleviate environmental pressures yet.''121 PA4, which has
been extensively investigated over the last few years, can be
synthesized from biomass substance by means of y-amino-
butyric acid or 2-pyrrolidone (PRN).['>16] Moreover, it proved
biodegradable in various environments such as soil,['7.18] sea-
water,'9 activated sludge,2% and even in vitro.2"1 Compou-
nding PA4 with PLLA may provide a novel fully bio-based and
biodegradable poly(ester amide)s. However, composite incor-
porating PLA and PA4 has rarely been reported. Kim et al. first
reported a method with harsh condition for preparing poly(L-
lactic acid)-block-polyamide 4 (PLLA-b-PA4), in which butyl-
lithium, a flammable reagent, was used at -78 °C to substi-
tute the end group of PLLA with PRN.[22 Biodegradation of
this block copolymer was confirmed using lysozyme.

In this work, a new scheme was designed to prepare such
fully bio-based and bio-degradable PLLA-b-PA4 copolymers
by coupling PLLA and PA4 segments at room temperature us-
ing thiol-ene “click” reaction. It is highly efficient, moderate,
and easy to carry out under light irradiation without metal
catalyst.324 Furthermore, ultrafine fibers were electrospun
from synthesized PLLA-b-PA4. The chemical structure, ther-
mal properties, and crystallization behaviors of PLLA-b-PA4
were examined, and the morphology, hydrophobicity, and
structure of the electrospun fibers of PLLA-b-PA4 were ana-
lyzed and compared with those prepared from PLLA-SH/PA4
blends with the same composition, for which sheath-core
fibers were electrospun directly through macro-phase separa-
tion without using coaxial electrospinning or emulsion elec-
trospinning technique.

EXPERIMENTAL

Materials

L-lactide (L-LA, TCl, 98%) was recrystallized from dry ethyl ace-
tate. 2,2"-Dithiodiethanol (DHEDS, TCl, 98%) and 2-pyrrolidone
(PRN, biologically synthesized in our own laboratory) were used
after distillation under vacuum. Tin(ll) 2-ethylhexanoate (Sn-
(Oct),, Energy Chemical, 97%), tributyl phosphine (PBus, J&K,
98%), potassium t-butoxide (KTB, Aladdin, 99%), 10-undecenoyl
chloride (Aladdin, 98%), and 2,2-dimethoxy-2-phenylacetophe-
none (DMPA, Aladdin, 99%) were used without further process-
ing. Dichloromethane (DCM, Alfa Aesar, 99.5%) and hexafluoro-
isopropanol (HFIP, Meryer, 99.5%) were individually stored over
molecular sieves. n-Hexane (Aladdin, 97%), methanol (Merck, 2
99.9%), formic acid (Aladdin, 99%) and acetone (Adamas, 99.9%)
were used as received.

Preparation of PLLA-SS-PLLA

PLLA-SS-PLLAs containing an internal disulfide bond with vari-
ous molecular weights were prepared by ring-opening poly-
merization of L-LA using DHEDS and Sn(Oct), as initiator and
catalyst, respectively. A typical synthetic step is as follows. Wei-
ghed L-LA, DHEDS, and Sn(Oct), (0.2 wt% based on the weight
of L-LA and dispersed in DCM) were added to a Schlenk flask

under dry nitrogen flow. After removing DCM, the flask was
sealed under vacuum and kept at 130 °C for 24 h. After that, the
white product was dissolved in DCM and precipitated in cold
methanol, and then dried in vacuum for 24 h.

Preparation of Thiolated PLLA

The thiolated PLLA (PLLA-SH) was synthesized by reducing
PLLA-SS-PLLA as following. Predetermined amount of PLLA-SS-
PLLA was completely dissolved in DCM in a Schlenk flask. After
the exhausting-refilling process was repeated three times, 30-
fold PBu; (with respect to the disulfide bond) was added quickly
under a large amount of nitrogen purging. The mixture was
shielded from light and stirred at room temperature for 60 min.
The resulting solution was concentrated and poured into n-
hexane. The precipitate was washed three times in methanol
and then dried in vacuum at room temperature.

Preparation of Alkenylated PA4

The alkenylated PA4 was prepared using 10-undecenoyl chlo-
ride to initiate the ring-opening polymerization of PRN with KTB
catalyst. In a typical procedure, weighed PRN and KTB were
stirred under reduced pressure at 80 °C for 3 h. The temperature
was then lowered to 50 °C and measured 10-undecenoyl chlo-
ride was added. After 24 h, the white product was dissolved in
formic acid and precipitated in acetone for three times, and
then dried under vacuum to a constant weight.

Synthesis of PLLA-b-PA4

The target PLLA-b-PA4 block copolymers were prepared by
thiol-ene “click” reaction between PLLA-SH and alkenylated
PA4. Alkenylated PA4 and 3-fold PLLA-SH (with respect to
alkene group) were dissolved in HFIP and shielded from light
under nitrogen gas. The reaction mixture was stirred until
homogenization, and then added with 0.3-fold DMPA and
purged with nitrogen for 10 min. Subsequently, the solution
was exposed to 365 nm UV light for 15 min. The resulting
solution was precipitated in a large excess of methanol. The
precipitate was washed with DCM more than three times to
remove unreacted PLLA-SH and then dried under vacuum to a
constant weight. The copolymers are denoted as PLLA,PA4,,
where x and y indicate the approximate number of repeating
units of PLLA block and PA4 block, respectively.

Fabrication of Electrospun Fibers

The electrospun fibers of PLLA-b-PA4s and PLLA-SH/PA4 blends
were prepared as follows. The polymers were dissolved in HFIP
with a concentration of 13 wt%, and then drawn into a 10 mL
syringe equipped with a stainless-steel needle (inner diameter
of 0.24 mm). The solution was electrospun at a voltage of 25 kV
at room temperature. The feed rate of the syringe was 1.5 mL:
h~', and the distance between the needle tip and the collector
plate was fixed at 12 cm. The resulting fibers were dried under
vacuum at room temperature for whole night. For PLLA-SH/PA4
blend, the composition ratio was the same as that of the cor-
responding copolymer.

Characterization

Proton nuclear magnetic resonance ("H-NMR) spectra of PLLA
polymers in CDCl; and PA4 containing polymers in the mixture
of CDCl; and CF;COOD (4/3, V/V) were recorded on Bruker
AVANCEIII 400MHz with TMS as internal standard. Differential
scanning calorimetry (DSC) was conducted on a TA Q-2000
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thermal analyzer under a nitrogen flow of 20 mL-min™' at a
heating rate of 10 °C:min~' from 0 °C to 275 °C. Wide angle X-ray
diffraction (WAXD) was carried out on a Rigaku RINT2000 X-ray
diffraction system operated at 40 kV and 100 mA with a nickel-
filtered Cu-Ka radiation (A = 0.154 nm) at room temperature,
and scanned from 5° to 55°. Field emission scanning electron
microscopy (SEM) measurements were carried out on a Hitachi
S-4800 microscope. The average diameter and its distribution
were estimated using an ImagePro Plus 6.0 analysis software.
The surface contact angles of the electrospun fibrous mem-
branes were measured on a contact angle meter at room
temperature by sessile drop method using deionized water. The
average roughness (R,) of the electrospun membrane surfaces
was obtained using tapping mode on a Park XE-100 atomic
force microscope (AFM). The sheath-core structure of the fibers
was characterized by transmission electron microscopy (TEM)
on a Hitachi JEM-2100 microscope, and elements of the sheath
layer were analyzed by an energy dispersive spectrometer (EDS)
combined with TEM. The component of elements present on
the fiber surface was also determined by X-ray photoelectron
spectroscopy (XPS) on Thermo Scientific ESCALAB 250Xi, spec-
trometer.

RESULTS AND DISCUSSION

As shown in Scheme 1, the strategy for synthesizing PLLA-b-PA4
was designed on the basis of thiol-ene “click” reaction bet-
ween PLLA-SH and alkenylated PA4. We selected thiol-ene
“click” reaction to prepare PLLA-b-PA4 not only because it is
easy to perform with high efficiency by UV irradiation at room
temperature,’®> which can avoid hash reaction condition as
reported, but also considering that the absence of metallic
catalyst may provide potential utilization in medical material
area. Furthermore, “click” reaction between different modula-
rized blocks facilitates investigating the influence of various
structural factors.

Synthesis of PLLA-SH
Establishing an effective and simple synthetic method for pre-

%2

DHEDS PLLA-SS-PLLA
b
l\/\/C=O
A NH [\ N
H,C=CH —
L=CHT -0 g c
o} N\
10-Undecenoyl chloride

C

paring thiol-functionalized (co)polymers has attracted much
attention due to their wide usage in designing and synthesiz-
ing various bio-macromolecular structures. Typically, a “pro-
tection-deprotection” operation of the thiol-containing initi-
ator is required before and after polymerization. But it can be
avoided by taking reversible thiol/disulfide bond formation.[2627!
Here, as shown in Scheme 1(a), the disulfide initiator (DHEDS)
was used to initiate ring-opening polymerization of L-LA to
obtain a disulfide bond containing symmetric PLLA (PLLA-SS-
PLLA). The disulfide bond was then reduced by a strong re-
ductant (PBus) to produce thiolated PLLA (PLLA-SH).

Typical "TH-NMR spectra of PLLA-SS-PLLA and correspond-
ing reduction product PLLA-SH are shown in Figs. 1(a) and
1(b), respectively. The chemical shifts at 5.18 and 1.60 ppm
were attributed to the protons of —CH— (1) and —CHjs (5) of
PLLA repeating units, respectively. After an efficient reduc-
tion, triple resonance signals at 2.92 ppm (4) attributable to
—SSCH,— of PLLA-SS-PLLA disappeared, along with a new
quadruple resonance arising at 2.75 ppm (4'), assignable to
HSCH,— of thiolated PLLA-SH. Moreover, the signals at 4.39
ppm (3) belonging to methylene protons of —SSCH,CH,—
in PLLA-SS-PLLA shifted to 4.25 ppm (3") with a clear triple
resonance signal after reduction. All these chemical shifts
demonstrated the success of reduction reaction which con-
versed PLLA-SS-PLLA to PLLA-SH. The number-average mo-
lecular weights (M, ymr) of PLLA-SS-PLLA and PLLA-SH were
estimated by calculating the ratio of integrated signal area of
proton (1) (A,) to that of protons (4) or (4') (A, or A) with Egs.
(1) and (2), respectively, and the results are listed in Table 1.

Mamr(PLLA-SS-PLLA) = 288A1 /A, + 154 (1)

MnNMR(PLLA-SH) = 144A1 /A4 +78 2)

In fact, it should be noted that the average numbers of re-
peating units of PLLA-SH were more than half of that of PLLA-
SS-PLLA precursor. It might be attributed to that PLLA-SH fra-
ction with lower molecular weight could be partially removed
during the purification process of repeated precipitation.[26!

0
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Scheme 1 The “click” reaction strategy for preparing PLLA-b-PA4 diblock copolymers: (a) synthesis of PLLA-SH, (b) synthesis of alkenylated PA4,

and (c) synthesis of PLLA-b-PA4 by thiol-ene “click” reaction.
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Table 1 Reaction parameters and molecular weight of sulfur-PLLA and Synthesis of Alkenylated PA4
PA4. The synthetic route to alkenylated PA4 is shown in Scheme 1(b).
Sample @ Monomer/initiator ~ Yield M, nwr®x 107 Depending on the chemical structure of ene- and thiol-con-
P (mol/mol) (%) (g'mol™)

taining components, the reactivity of thiol-ene “click” reaction

PLLA;>-SS-PLLA,, 40 91 0.62 generally induced by photochemistry can vary significantly.?*!

PLLA119°S5-PLLA o 208 85 1.73 As indicated by Hoyle et al, the reactivity of ene group decreases

PLLA;EI‘ES'F;';"-A207 326 87 3.00 as the electron density of the double bond decreases.?8 There-

427 B 93 032 fore, 10-undecylenyl chloride was chosen as the initiator be-
PLLA,14-SH - 89 0.89 X ) )

BLLA- SH 9 155 cause its double bond is far away from the acyl chloride

207" - . ag s ere . .
PA4 85 65 048 group. When it initiates the ring opening of PRN, the double

@ The subscripts represent the approximate number of repeating units; bond .at PA4 chain e_nd can avoid the electron—W|th$:|rawm'g
b Determined from "H-NMR spectrum. effect induced by amide bond and can ensure the “click” effi-
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Fig. 1 'H-NMR spectra of (a) PLLA-SS-PLLA in CDCl;, (b) PLLA-SH in CDCl;, (c) alkenylated PA4 in TFA-d/CDCl;, and (d)
PLLA-b-PA4 copolymer in TFA-d/CDCls.
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ciency. A typical "H-NMR spectrum of PA4 with ene end group is
shown in Fig. 1(c). Three major chemical shifts ranging from 2.08
ppm to 3.56 ppm (9, 10, and 11) were ascribed to the methylene
protons of PA4 back bone. Moreover, the signals at 4.97 ppm (7)
and 5.91 ppm (8) were attributed to the protons of —CH=CH,
at the chain end. The results of TH-NMR analysis suggest the
successful synthesis of alkenylated PA4. The number-average
molecular weights (M, ywr) of PA4 was estimated by calculating
the ratio of integrated signal areas of proton (9) (Ao) to that of
protons (8) (Ag) with the formula of Eq. (3), and the result is listed
in Table 1.

MnNMR(PA4) = 42.5A9/Ag + 251 3)

Synthesis of PLLA-b-PA4

As shown in Scheme 1(c), PLLA-b-PA4 block copolymers were
achieved by thiol-ene “click” reaction between PLLA-SH and
alkenylated PA4. Considering that the reactive groups were at
the ends of long backbone, excess of PLLA-SH was applied to
increase collision opportunity between reactive groups to
ensure complete reaction of PA4. Fig. 1(d) displays the "TH-NMR
spectrum of PLLA-b-PA4, from which the proton signals of all
repeating units of both blocks can be clearly recognized.
Compared with spectrum (c) in Fig.1, the proton signals of
—CH=CH, at 4.97 ppm (7) and 5.91 ppm (8) disappeared on
spectrum (d), demonstrating that PLLA-b-PA4 was successfully
synthesized by thiol-ene “click” reaction. By comparing the
integrated area values from signal (1) to signal (9) in spectrum
(d), the ratio of PLLA to PA4 in PLLA-b-PA4 could be calculated
and the molecular component of the block copolymer could
also be estimated. Three well-defined PLLA-b-PA4 products with
different ratios of 0.77, 2.00, and 3.33 were obtained and the
molecular components are summarized in Table 2.

Table 2 Reaction yield and molecular component of PLLA-b-PA4.

Sample? Yield (%) Molar ratio of PLLA/PA4 ®
PLLA,,PA4s, 72 0.77
PLLA;1oPA4s, 67 2.00
PLLA,y;PA4s, 57 333

2 The subscripts indicate the approximate number of repeating units of
each block; ® Calculated by comparing the integrated area values of PLLA
fragment to PA4 fragment from 'H-NMR spectrum.

It should be pointed out that with the increasing PLLA-SH
molecular weight, the yield of the final block copolymer de-
creased gradually from 72% to 57%. This might be due to that
the corresponding steric hindrance of the functional group at
chain end became large when the molecular weight of PLLA
was increased, resulting in the reduction in “click” reaction ef-
ficiency.29!

Thermal Properties and Crystallization Behaviors

Fig. 2 presents the DSC heating traces of PLLA,,,-SH, PA4, and
all PLLA-b-PA4 samples. Since the melting point of PA4 is
around 265 °C, near its thermal decomposition temperature, the
cooling trace is not available. For all samples, the glass transition
is too weak to be discerned. The melting point, T, and the
melting enthalpy, AH,,, of each block for different polymers are
listed in Table 3. Each homopolymer presented its intrinsic
melting peak. For copolymers, PLLA,,PA4s, gave a sole T,, at
265.7 °C, attributed to PA4 block. No melting resonance of PLLA

block could be examined for PLLA,,PA4s,. It suggests that PLLA
block shorter than PA4 block kept amorphous in this copolymer.
PLLA;,oPA4s, and PLLA,y;PA4s, both presented two melting
peaks in the range of 157.9-163.9 and 262.0—263.3 °C, respec-
tively assigned to PLLA and PA4 blocks. T, of each block was
lower than that of the corresponding homopolymer. With in-
creasing PLLA content, T, of PLLA block shifted to higher tem-
perature near that of PLLA-SH, whereas for PA4 block, T,, suc-
cessively decreased to 262.0 °C. AH,, of PLLA in each copolymer
was smaller than that of neat PLLA-SH and the crystallinities
calculated by the ratio of AH,, to AH,,,%, the melting enthalpy
(93.7 J-g7") of the perfect crystallization, were lower than 14.7%
(Table 3). Meanwhile, AH,,, of PA4 block decreased from 72.6
J-g7" to 28.8 J-g7". Although the quantitative crystallinity of PA4
block was unavailable due to lack of AH,,° value, the decrease in
both T,, and AH,, still qualitatively indicates the decline in
crystallinity of PA4. The results of DSC illustrate that both PLLA
and PA4 blocks in copolymers could form individual crystalline
regions, but the crystallization was mutually restricted. Extre-
mely, the crystallization of short PLLA block could be remarkably
constrained by the first-formed polyamide crystals.'¥

PLLA,7-SH

PA4 \[

PLLA,PA4s,
PLLA,;oPA4s, \

T

PLLA,,PA4s,

Heat flow
Endo

50 75 100 125 150 175 200 225 250
Temperature (°C)

Fig. 2 DSC heat flow curves of PLLA,y;-SH, PA4, and PLLA-b-PA4
copolymers in the first heating run.

Table 3 Thermal data of PLLA-b-PA4 determined by DSC in the first
heating scan.

PLLA PA4
Sample
T (O AHL U9 £,2(%) T, (0 AH,Ug™)
PLLA,;;-SH  166.8 52.1 55.6 - -
PA4s, - - - 266.0 726
PLLAPA4s, - - - 265.7 58.4
PLLA;5PA45;, 157.9 94 10.0 263.3 32.9
PLLA,;,PA4s; 163.9 13.8 14.7 262.0 288

2 f,, represents the mass percentage crystallinity estimated by comparing
AH,, to AH,.°, the melting enthalpy of the perfect crystallization.

The crystalline structures of both blocks were determined
by WAXD and the results are shown in Fig. 3. Typical diffrac-
tion peaks of PLLA-SH appeared at 20 = 14.6°, 16.6°, 19.0°, and
22.3°, assigned to a-form crystals of PLLA, whereas the diffrac-
tion peaks of neat PA4 appeared at 20.5° and 24.2° also attrib-
uted to a-form crystals. As for copolymers, regardless of PLLA
block length, there was neither shift nor new diffraction peaks
arising, indicating no co-crystallization between PLLA and
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PA4 blocks. The diffraction patterns of PA4 crystals always ex-
isted, along with the decline in relative intensity with increas-
ing PLLA component. Contrarily, the diffraction peaks of PLLA
did not appear until PLLA block was longer than PA4 block.
Even so, the intensity of PLLA diffraction peaks was extremely
weak. The absence of diffraction peaks of PLLA crystal from
PLLA,,PA4;, indicated that short PLLA block did not crystal-
lize and remained amorphous, which agreed well with DSC
results. The results of WAXD further proved that although
each block of PLLA-b-PA4 crystallized individually within a
certain component ratio, the crystallization was greatly res-
tricted by each other, especially for PLLA block. It has been re-
ported that in the same circumstances, the crystallization rate
of PLA is usually slower than that of polyamide.l3% Although
there is no exact data of crystallization rate of PA4, it can be
presumed that the crystallization rate of PA4 should not be
lower than those of other polyamides, since it has shorter re-
peating unit and corresponding higher hydrogen bond den-
sity. Therefore, it can be imaged that in the same condition,
first-formed PA4 crystalline regions retarded the motion of
PLLA blocks and restrained its crystallization. In extreme situ-
ation, short PLLA block was completely constrained by PA4
crystals and kept amorphous. All the results of DSC and WA-
XD confirm immiscibility between PLLA and PA4 blocks, and
each one may maintain its individually intrinsic properties.

PLLA;-SH

m_//\-/\___ PA4

Intensity

~__.___"_,,n../\\_ “PLLA,,PAZ:,
M PLLA, oPA4s,
M PLLA,q,PA45,

5 10 15 20 25 30 35 40 45 50
26(9)

Fig.3 WAXD patterns of PLLA,;;-SH, PA4, and PLLA-b-PA4 powders.

| 125°+2°

139°£1°

Properties of Electrospun Fibers

In consideration of their biodegradable property and potential
utilization, the prepared bio-based PLLA-b-PA4s were applied to
electrospin ultrafine fibers and the fiber morphologies are pre-
sented as SEM photographs in Fig. 4, where the SEM images of
electrospun fibers of PLLA,q;-SH and PA4s, and their blend are
also shown. All as-spun fibers were smooth, ultrafine, and bead-
free. The diameter distribution of all fibers shown in Fig. S1 (in
the electronic supplementary information, ESI) suggested that
the diameters of copolymer fibers followed unimodal distri-
bution and the distribution of PLLA;,PA4s, fiber diameter was
the narrowest. The average diameters of PLLA,,PA4s,, PLLA;;o-
PA4;,, and PLLA,,,PA4s, were approximately 620 + 61, 626 + 38,
and 850 + 60 nm, respectively, depending only on PLLA block
length since that of the PA4 block was fixed. Extending PLLA
block length increased the overall molecular weight of the co-
polymers, which enhanced the chain entanglement in pre-spun
solutions and eventually led to thicker diameter of the as-spun
fibers.P" The diameter of PLLA,,,-SH fibers in Fig. 4(d) exhibited
a very narrow distribution with the average value of 160 + 11
nm (Fig. S1d, in ESI), only 1/5 of that of PLLA,;,PA4s, fibers. As
for neat PA4 fibers in Fig. 4(e), bimodal distribution of diameter
with 76 + 14 and 594 + 74 nm, respectively, was found in Fig.
S1(e) (in ESI). Similar bimodal distribution of diameter was ob-
served in Fig. S1(f) (in ESI) for fibers electrospun from blend of
PLLA,q;-SH and PA4. The average diameter of thin fibers was 88
+ 26 nm whereas of thick ones was 320 + 22 nm, both smaller
than those of fibers from their covalently bound copolymer
PLLA,y7PA4s,.

The hydrophobicity of as-spun fiber mat was evaluated by
water contact angle test and the results are presented as in-
sert pictures on the top right corner of each SEM image in
Fig. 4. For electrospun fibers containing both PLLA and PA4,
with increasing PLLA ratio, the water contact angle changed
slightly from 125° + 2° to about 137° + 1°, exhibiting strong
hydrophobicity similar to the neat PLLA,y;-SH electrospun
membrane whose water contact angle was 139° + 1°. Al-
though the water contact angle of the neat PA4 electrospun
membrane was about 56° + 3°, the existence of hydrophilic
PA4 only slightly decreased the hydrophobicity of PLLA-con-
taining membranes, which implies the domination of PLLA on

137°+£1°

135°+1° ¢ |

. 5um

136°+1°

Fig.4 SEM images of the electrospun fibers of (a) PLLA;,PA4s,, (b) PLLA;19PA4s,, (c) PLLA,;;PA4s,, (d)
PLLA,o,-SH, (e) PA4s,, and (f) PLLA,y;-SH/PA4s, blend. The inserted graphs are the photographs of

water droplets on the fibers for contact angle test.
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fiber hydrophobicity in current PLLA/PA4 ratio. In general, the
thinning fibers would increase the roughness of membrane
surfaces as verified by the results of AFM (see Fig. S2 in ESI),
which should raise hydrophobicity of the surfaces and increa-
se the contact angle. However, for PLLA-b-PA4 electrospun
membranes in Figs. 4(a)—4(c), even the roughness of mem-
brane surfaces increased with the decrease of fiber diameter
caused by shorting PLLA length, the water contact angle de-
creased slightly rather than increased (see Fig. S2d in ESI). It
indicated that the hydrophobicity of the electrospun mem-
brane was mainly dominated by the composition of the fiber.

WAXD patterns of all electrospun fibers are shown in Fig. 5.
Different from powder samples, the crystallinity of either
PLLA or PA4 segment in electrospun fibers was very low. The
as-spun PLLA,y;-SH fibers were nearly amorphous without
any diffraction peaks of PLLA crystal. In contrast, as-spun PA4
fibers presented weak characteristic diffraction peaks of a-
form crystal at 20.5° and 24.2°, indicating a certain degree of
crystallization. All as-spun PLLA-b-PA4 fibers were almost
amorphous except that PLLA,,PA4s, fibers had extremely
weak diffraction peaks similar to those in the profile of neat
PA4. The absence of PLLA diffraction peaks suggested that no
PLLA crystal existed in all PLLA-containing copolymer fibers,
even if PLLA was rich. Usually, the stretch of flow in the elec-
tric field might orientate the long chain and accelerate crys-
tallization. The decrease in the crystallinity of each block was
mainly due to the rapid evaporation of solvent that froze
the motion of molecular chains and further retarded the crys-
tallization.B2 However, the strong hydrogen bond interac-
tion between PA4 units promoted regular alignment of PA4
segments.!331 On the other hand, hydrogen bonds also exist-
ed between PA4 and HFIP molecules, which slowed down the

Electrospun membrane

PLLA;-SH

PLLA,,PA4s,

Intensity

PLLA;1PA4s,

PLLA,(,PA4;

5 10 15 20 25 30 35 40 45 50
20 ()

Fig.5 WAXD patterns of electrospun fibers of PLLA,y;-SH, PA4, and
PLLA-b-PA4 copolymers.

solvent evaporation from PA4-rich region.34 Thus, when PA4
was rich, partial PA4 segments could adjust conformation to
form crystals during electrospinning process. Nevertheless,
when PLLA was rich, the alignment of PA4 was restricted and
the fibers maintained amorphous. Hence crystalline peaks of
neither PLLA nor PA4 could be observed, as indicated by
Fig. 5.

In order to clarify fibrous structure, solvents that have no
effect on PA4 were used to immerse the electrospun fibers.
One is acetone, which cannot dissolve but swell PLLA seg-
ment. The fibers electrospun from PA4-rich and PLLA-rich co-
polymers were examined, and the fibers of blends with the
same composition were also investigated as contrast. The
SEM photographs of fibers after being immersed in acetone
are shown in Fig. 6. All fibers still preserved the original struc-
ture after immersion. The fiber surface of PLLA,,PA4;, with
short PLLA block was smooth, while fibers of PLLA,y,PA4s,
with long PLLA block exhibited rough surface with shallow
grooves. As to fibers of blends, adhesion between fibers was
observed after immersion. Especially for blend of PLLA,y-
SH/PA4s, with longer PLLA chain, the fiber surface was se-
verely damaged. The results suggest that fibers electrospun
from copolymers and blends might have different structures.
For those from block copolymers, covalently bound PLLA and
PA4 blocks homogeneously distributed in the fibers and only
micro-phase separation would happen due to incompatibil-
ity between these two components. When immersed in ace-
tone, only PLLA blocks on the surface were swollen and re-
arranged, leaving grooves on fiber surface. For PA4-rich block
copolymer, the rearrangement of short PLLA block was pre-
vented by PA4 micro-phase regions and non-distinct change
on fiber could be observed. As to blends of these two incom-
patible homopolymers, macro-phase separation might take
place in fibers and resulted in PLLA concentrated fiber sur-
face.

To further verify the inference that phase separation bet-
ween PLLA and PA4 in fibers of copolymers and blends took
place at different scales, fibers were then immersed in DCM, a
good solvent for PLLA but having no influence on PA4, and
the results are presented in Fig.7. The comparison with as-
spun fibers in Fig. 4(a) and acetone immersed fibers in Fig.
6(a) revealed that DCM immersed PLLA,,PA4;, fibers in Fig.
7(a) exhibited no significant change in either morphology or
composition. As presented in Fig. 7(b), extending block leng-
th of PLLA led to serious adhesion between swollen fibers in
DCM, ascribed to entanglement between long PLLA blocks.
As for fibers from PLLA,,-SH/PA4s, blend shown in Fig. 7(c),
after being immersed in DCM, the diameter slightly reduced
from 460 + 56 nm of as-spun fibers to 350 + 28 nm (Fig. S3 in

Fig. 6 SEM images of the electrospun fibers after immersing in acetone: (a) PLLA;,PA4s,, (b) PLLA,y;PA4s,, (c) PLLA,,/PA4s, blend, and (d)

PLLA,q7/PA4s, blend.
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5 pm '

Fig. 7 SEM images of electrospun fibers after immersing in DCM: (a) PLLA,PA4s,, (b) PLLA,y;PA4s,, (c) PLLA,»-SH/PA4s, blend, and (d) PLLA,47-
SH/PA4s, blend. The inserted graphs are "H-NMR spectra of corresponding fibers.

ESI) and the characteristic signals of PLLA component disap-
peared from "H-NMR spectrum. For fibers in Fig. 7(d) contain-
ing longer PLLA compared with that in Fig. 7(b), immersion in
DCM resulted in distinct diameter reduction rather than adhe-
sion between each fiber, along with signal disappearance of
PLLA from "H-NMR spectrum. The bimodal distribution in dia-
meter still remained after immersion, but the diameter re-
duced from about 320 + 22 nm to 170 = 29 nm and from 88 +
26 nm to 35 + 13 nm, respectively (Fig. S4 in ESI).

Shown in Fig. 8 are the typical results of TEM and EDS of
PLLA,q7-SH/PA4s, as-spun fibers, which further disclosed the
structure. Since it is difficult to clearly reveal the inner struc-
ture when the diameter of fibers exceeds 350 nm, only fibers
with small diameter were randomly selected for observation.
The sheath-core structure was corroborated from TEM image
by obvious contrast between out sheath and inner core, but
the core was not ideally located in the symmetry center of the
fiber and resulted in heterogeneity of the sheath. The inlet
red circle indicated the confines of sheath layer in TEM image
for EDS analysis. The elements of C, O, Si, and Cu were detec-
ted. The strong signals of C and Cu arose from the carbon-
coated copper whereas Si signal was escape peak. The ab-
sence of N proved that the sheath layer was predominantly
composed by PLLA.

CK

Intensity

oK

Cul
Sik CuK

0O 1 2 3 4 5 6 7 8 9 1011 1213
Energy (keV)

Fig. 8 TEM image and EDS spectrum of as-spun fibers of PLLA,q/-
SH/PA4s, blend. The inlet circle within the confines of sheath layer
was for EDS analysis.

For as-spun fibers from PLLA4,-SH/PA4s, blend with the
least PLLA content, the average diameter that exceeded
350 nm may cause low resolution in TEM observation and
ambiguous EDS analysis. Therefore, XPS wide energy survey
scans up to few nm depth on the fibers was performed to de-
termine the elemental composition on the surface of as-

spun fibers. The fibers of PLLA,,PA4s, block copolymer were
also examined as a contrast and the results are all illustrated
in Fig.9. The content of each element is summarized in
Table 4. For PLLA4,PA4;, block copolymer, the ratio of C:O:N
of as-spun fibers obtained from XPS approximated to the the-
oretical atomic ratio (C: 63.96%, O: 25.88%, and N: 10.16%) as
estimated from the number of repeating units of the copoly-
mer, indicating homogeneous composition on fiber surface.
However, a small amount of N element was detected by XPS
from as-spun fibers of the blend. The intensity of N peak was
only about 1/3 of that in copolymer fibers with the same com-
position. This can be ascribed to the low PLLA content in-
duced thin or uncomplete sheath of some fibers in which PA4
core was exposed to a certain extent. After excluding such
small part of PA4 component, the rest atomic ratio (C: 61.73%,
O: 38.27%) approximated to the theoretical atomic ratio of
PLLA,,-SH (C: 60.09%, O: 39.91%). Furthermore, detailed ana-
lysis of C 1s peaks in Fig. 9 proved that PLLA concentrated in
sheath layer of as-spun fibers of PLLA,,-SH/PA4s, blend (see
Fig. S5 in ESI). The results of TEM, EDS and XPS verified the
conclusion that the out surface of fibers electrospun from
blend was mainly composed of PLLA due to macro-phase
separation during electrospinning, different from that of co-
polymer fibers in which homogenous structure was formed.
All results suggested that the presence and absence of co-

O1s

PLLA4,-SH/PA4s, Cls

Counts

PLLA,,PA4s,

1200 1000 800 600 400 200 0
Binding energy (eV)

Fig. 9 XPS wide scans of PLLA,,-SH/PA4s, blend and PLLA,,PA4s,
electrospun fibers.

Table4 Atomic content obtained from XPS.
Atomic (%)

Fiber
Cls O1s N1s
PLLA4,PA4;, 62.83 27.96 9.21
PLLA,,-SH/PA4s, 62.66 34.20 3.14
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valent bond between incompatible PLLA and PA4 segments
had different effects on phase separation that occurred in the
process of electrospinning fibers and resulted in various fib-
rous structures, as illustrated in Scheme 2. For block copoly-
mers, only micro-phase separation took place due to the co-
valent bond between two incompatible blocks, and homo-
geneous fibrous structure was formed. When immersed in
acetone, a poor solvent for PLLA and nonsolvent for PA4, only
PLLA microdomain was affected and left defects on fiber
surface. When immersed in good solvent for PLLA, such as
DCM, adhesion between fibers took place due to dissolution
of PLLA microdomain on fiber surface. As to blends of PLLA
and PA4 without chemical bonding, the macro-phase separa-
tion between these incompatible polymers inevitably
happened and led to sheath-core fibers. PA4 concentrated in
inner core, while PLLA formed sheath layer, which was re-
sponsible for adhesion between fibers in acetone and sheath
etching in DCM. Usually, fibers with sheath-core structure
were obtained by emulsion or coaxial electrospinning tech-
nique. Current macro-phase separation induced sheath-core
fibrous structure in common electrospinning process using
single-nozzle technique from homogeneous solution may
provide a new choice to conveniently prepare fibers with

D ad
-

PLLA-SH/ blends

e )
PLLA-b- ‘Q\(@S Homogeneous fibers
(O
N\\C (\00
Electrospinning Qaﬂ"‘* Immersion
I S I
S L,
\{\, *

Sheath-core fibers

special structures.35:3¢l

Although the degradative performance of neither PLLA-b-
PA4 nor the electrospun fibers has been included here, the
synthesized copolymers and the fibers constructed by PLLA
and PA4 are naturally biodegradable due to the biodegra-
dability of both components. In fact, it has been confirmed
that PLLA-b-PA4 degraded in the presence of lysozyme and
the degradation process was accelerated by increasing PLLA
content due to deesterification.22 Using either PA4 degra-
ding microorganism or a lipase could improve the biodegra-
dation of random copolyesteramides of 2-pyrrolidone and -
caprolactone.'2 Furthermore, current results indicated that
the diameter and distribution of electrospun fibers depend-
ed on not only the composition but also the chemical bond-
ing between PLLA and PAA4. Different diameters and diamet-
er distributions of fibers usually lead to various specific areas
and degradation rates. Therefore, the biodegradative per-
formance of PLLA and PA4 contained fibers could be regu-
lated by means of varying composition, chemical bonding,
electrospinning condition, degradation environment and ca-
talyst, or combining them, which may provide convenience to
control the properties of such bio-based and biodegradable
electrospun fibers for different utilizations.

Adhesion

DCM

Outlayer etched

Scheme 2 Sketch of fibrous structures of block copolymers and blends.

CONCLUSIONS

In summary, PLLA-b-PA4 block copolymers with different com-
position ratios were conveniently synthesized by thiol-ene
“click” reaction between thiolated PLLA and alkenylated PA4.
PLLA and PA4 blocks were incompatible and formed indi-
vidual crystalline regions, and the crystallization of each block
was inhibited reciprocally. Ultrafine hydrophobic fibers were
electrospun from either block copolymers or blends of PLLA and
PA4. Fibers of PLLA-rich copolymers were almost amorphous
and relatively homogeneous, along with micro-phase separa-
tion between two blocks. In contrast, due to lack of chemical
bond, macro-phase separation took place during electrospinnin
of PLLA and PA4 blends, leading to sheath-core fibers with PLLA
mainly accumulated in the outlayer, as reported in previous ar-
ticles. Since both components are fully bio-based and biodegra-
dable, these novel fibers have promising potential applications
in the fields of biomedical, packaging material, etc.
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