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Scale of Homogeneous Mixing in Miscible Blends
of Organosolv Lignin Esters
with Poly(e-caprolactone)

Yoshikuni Teramoto,' Seung-Hwan Lee,? Takashi Endo,>
and Yoshiyuki Nishio!
Division of Forest and Biomaterials Science, Graduate School of Agriculture,
Kyoto University, Kyoto, Japan
National Institute of Advanced Industrial Science and Technology (AIST), Biomass
Technology Research Center (BTRC), Kure, Japan

Abstract: Organosolv lignin (OSL) esters (side-chain carbon number, n = 3, 4, and
5) have been demonstrated to be miscible with poly(e-caprolactone) (PCL) on a scale
(20-30 nm) for detecting glass transition temperature (7,) by differential scanning
calorimetry (Polym. J. 2009, 41(3), 219-227). Further precise quantification of homo-
geneity was conducted for the OSL propionate (OSL-Pr, n = 3)/PCL and OSL butyrate
(OSL-Bu, n = 4)/PCL blends by means of dynamic mechanical analysis (DMA) and
solid-state nuclear magnetic resonance (NMR). DMA revealed a composition-dependent
T, for these blend samples, which implies the attainment of an intimate mixing of the
ingredients on a scale of <15 nm. From the measurements of proton spin-lattice relax-
ation times (7', pH) using solid-state NMR, the blends were estimated to be substantially
homogeneous on a scale of ~6 nm. But the equalization of the T;," for the compo-
nents of OSL-Pr/PCL was not remarkable; that is, the constituents of OSL-P1/PCL were
relatively imperfectly miscible with each other.

Keywords: Dynamic mechanical analysis, homogeneity, miscibility, organosolv lignin
ester/poly(e-caprolactone) blends, solid-state NMR

INTRODUCTION

Currently, studies on bioethanol production from lignocellulosics are being
actively pursued.l'* Even though the lignin by-product is considered merely
as a heat resource for the process in the present circumstances, its effective
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application as high value-added products will contribute to cost reduction of
total system for biofuel production. Generally, however, the utilization of lignin
as a solid material is constrained by poor film formability and less thermal
moldability due to its molecular architecture and intermolecular interactions
in itself. Blending of lignin with other polymers is a possible way to modify
the thermal and other physical properties of the target lignin and to obtain new
polymeric materials having wide-ranging properties.>!'!

Physical properties of polymer blends are influenced ultimately by the
level of mixing. In this perspective, various techniques have been employed to
investigate the level of mixing of polymer blends,">% including microscopy,
thermal analysis, dynamic mechanical analysis (DMA), and spectroscopic mea-
surements. Differential scanning calorimetry (DSC) is one of the most widely
used techniques for evaluating miscibility, on a scale of 20-30 nm, in terms
of the cooperative motion of polymer segments at temperatures close to the
glass transition temperature (7,).[">!>!7 DMA can quantify a somewhat fine
scale of homogeneity and reveal a single T, in polymeric mixtures with domain
sizes smaller than ca. 15 nm.!'>!517] Solid-state nuclear magnetic resonance
(NMR) spectroscopy is a powerful technique that has been utilized to analyze
the miscibility, phase structure, and heterogeneity of polymer mixtures on a
molecular scale.!'%18-201 A useful proton spin-relaxation time that can be ob-
tained in solid-state '>*C NMR techniques is the spin-lattice relaxation time in
the rotating frame (7,M). The length scale of heterogeneity, usually on a scale
of a few nanometers, can be approximated from the value of 7, to allow
assessments of compositional heterogeneity on length scales limited by spin
diffusion,!16-18-201

In our previous study,!'!! basic miscibility estimation was conducted for
essentially biodegradable blends of esterified organosolv lignin (OSL) (the
carbon number of the introduced acy unit, n = 2, 3, 4, and 5) with poly(e-
caprolactone) (PCL) through morphological observation, DSC, and infra-red
spectroscopy. On a scale of a few micrometers, atomic force microscopy in-
dicated that no remarkable phase separation occurred in the blends of OSL
propionate (OSL-Pr, n = 3), OSL butyrate (OSL-Bu, n = 4), and OSL valerate
(OSL-Va, n = 5). DSC revealed a composition-dependent shift in T's for any
blend of the OSL esters (n = 3, 4, and 5) with PCL; thus these three systems
can be regarded as miscible on the T -detection scale (20-30 nm).[1%15.17]

For the miscibility attainment, a structural similarity appears to be an
important factor!''2122; namely OSL-Bu and OSL-Va have, most abun-
dantly, the same structural unit as that of PCL (C—C—0O—(CO)—C—C—C
or C—0—(CO)—C—C—C—C), if the aliphatic carbon atoms neighboring
aliphatic hydroxyl groups are taken into account. In OSL-Pr, which contains
the structure O—(CO)—C—C, however, there is less frequency of occurrence of
the same structural unit as that of PCL even when the aliphatic hydroxyl groups
are esterified. In fact, for the OSL-Pr/PCL blend, an abrupt T';-elevation with
increasing the OSL ester component was observed,!!!! which reflects that more
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content of the lignin ester was required for the shift in T's. Furthermore, in ob-
servations of isothermal crystallization behavior of the PCL component for the
OSL-Pr/PCL blend,"'! a spherulite texture was generally small and distorted,
and worse in contrast; such a non-uniform morphology might be ascribed to a
relatively lower degree of miscibility of this OSL ester with PCL.

Such a subtle difference in the mixing heterogeneity between polymer
blends will affect not only the physical property as bulk materials but also the
stability of practical thermal-processing such as injection and inflation moldings
because the microscopic heterogeneity might play a role of defect sites. In the
present study, we devoted refining efforts to further precise quantification of
the scale of homogeneity in the OSL-Pr (n = 3)/PCL and OSL-Bu (n = 4)/PCL
blends by means of DMA and solid-state NMR.

EXPERIMENTAL
Materials

Organosolv lignin (OSL) was purchased from Aldrich Chemical Co. The num-
bers of functional groups and molecular weights were determined by 'H NMR
spectroscopy and gel permeation chromatography (GPC), respectively, in a
procedure similar to that reported previously.['') The numbers of functional
groups (per phenyl propane unit, PPU) of OSL are as follows: total OH, 1.23;
aliphatic OH, 0.61; aromatic OH, 0.62; methoxyl (OMe), 1.06. The weight-
average molecular weight (M,,) and molecular weight distribution (M,/M,,
M, is the number-average molecular weight) of OSL were 3.36 x 103 and
3.52, respectively. Poly(e-caprolactone) (PCL) was purchased from Wako Pure
Chemical Industries, Ltd.; its nominal molecular weight was 40,000. Other
solvents and chemicals used in this study were purchased from Wako Pure
Chemical Industries, Ltd.; these were all of guaranteed reagent grade and used
without further purification.

Sample Preparation

OSL was esterified with an acid anhydride appropriate for the objective product
in pyridine containing 4-dimethylaminopyridine, in a manner similar to that
used in the previous study.!'!! The respective OSL esters were fully substituted
ones. The M, of the respective OSL esters was determined by GPC: 3.43 x
10% (OSL-Pr) and 4.30 x 10° (OSL-Bu). The molecular weight distributions
for the two products were 3.20 (OSL-Pr) and 3.19 (OSL-Bu).

OSL ester/PCL polymer blends were prepared in film form from mixed
polymer solutions by solvent evaporation. Chloroform was selected as a com-
mon solvent. 1-wt% solutions of OSL ester and PCL were prepared separately
and mixed with each other in the desired proportions. After stirring over a
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time period of 24 h at 25°C, each mixed solution (transparent but brown) was
poured into a Teflon tray and a film sheet was prepared by solvent evaporation
at 25°C and atmospheric pressure. The as-cast film samples were dried at 40°C
in vacuo for 12 h. Cast films of plain PCL were also obtained in a similar
manner. Film specimens ca. 0.1 mm thick were prepared by hot-press molding
(150°C, 5 MPa) of the cast samples. The specimens were stored at 20°C in a
desiccator for ~2 months.

Measurements

DSC was performed by using a PerkinElmer DSC7. The measurements were
carried out on 7-mg film samples under a helium atmosphere after calibrating
the temperature readings with an indium standard. The samples were heated
from —150°C to 120°C at a scanning rate of 20°C/min. The melting temperature
(T\,) and the enthalpy of fusion (AHy) were determined from the maximum
and the area of the melting endotherm, respectively, in the first heating scan.
DMA measurements were conducted by using a Seiko DMS6100/
EXSTARG000 apparatus for the film specimens. Strips of rectangular shape
(20 x 4 mm?) cut from the film specimens were used for measurements of
the temperature dependence of the dynamic storage modulus (E') and loss
modulus (E”). The measuring conditions were as follows: temperature range,
—150-280°C; scanning rate, 2°C/min; oscillatory frequency, 10 Hz.
Wide-angle X-ray diffraction (WAXD) measurements were also made
for the film specimens with a Rigaku Ultima-IV diffractometer at 20°C in a
reflection mode. Nickel-filtered CuKo radiation was used at 40 kV and 40 mA.
The diffraction intensity profiles were collected in the range of 26 = 10-30°.
Solid-state NMR experiments were carried out at 20°C with a Var-
ian Unity INOVA 400 WB NMR apparatus operated at a '*C frequency of
100 MHz, using powdery OSL ester samples stored at 20°C for ~2 months
after synthesis and the aforementioned film specimens of PCL and blend sam-
ples. The magic angle spinning rate was approximately 5 kHz. '3C CP/MAS
spectra were measured with a contact time of 1 ms. A 90° pulse width of 4.0
us was used with 2048 FID signal accumulations. In the measurements of
proton spin-lattice relaxation times in the rotating frame (7,"), a contact time
of 0.1 ms was used and a proton spin-locking time t ranged from 1 to 40 ms.

RESULTS AND DISCUSSION
Thermal History of Film Specimens Used in the Present Study

For film specimens of the present two OSL ester/PCL blend series, attention
should be given to the thermal history and also to the crystallizability of the
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PCL component. Generally, in blends of an amorphous/crystallizable polymer
pair, A/C, if the thermal processing is conducted above the glass transition of
A, that is, Tpoc > To(A), and above the melting point of C, Tproc > Tm(C),
both the phase equilibrium at T’ and the crystallization of C upon cooling
must be considered. The potential miscibility is usually attained in the molten
state. At T < T (C) the crystallizable constituent C may supercool or crystal-
lize (T > T4(blend)). The amorphous A component is normally expelled from
the growing crystal of C. Such a crystallization of one component can not be
a factor to rebut the miscibility attainment of the polymer blends concerned.
However, in the case of a miscible system, the crystallization varies the frac-
tion of an amorphous phase comprising the mixed two polymers in the solid
material, according to both the kinetic and thermodynamic conditions of the
solidification.

In the preceding paper,!'!! to determine T, of the OSL ester/PCL blends
we conducted DSC analysis in the second heating scan after rapid cooling
(500 K/min) from a molten state. It should be noted that DSC thermograms of
some compositions rich in the OSL ester component represented no endotherm
ascribable to a fusion of PCL crystal, without indicating even a crystalliza-
tion possible in the heating scan. Other intermediate compositions exhibited a
fusion signal coming principally from the cold-crystallization of PCL that oc-
curred after onset of the glass transition of these samples on heating.[''! These
observations of generally slower crystallization for the PCL component reflect
a good miscibility of the blend samples. On the other hand, the film specimens
used in this study preserve other thermal history (stored at 20°C for ~2 months
after thermal molding) than that for the previous 7'y determination. All DSC
thermograms in the first heating scan for the specimens show a melting en-
dotherm centered at ~60°C and no cold-crystallization exotherm, indicating
sufficient development of PCL crystal in the storage period. Eventually, the
film specimens used here contain less amount of amorphous PCL due to the
crystallization of this component, in comparison with the samples provided for
the T, measurement by means of DSC in the second heating.

Using DSC thermograms in the first heating scan, the crystallinity index
X, for the present specimens can be calculated per net weight of PCL or blend
material, from the following equations

X.(PCL) = AH;/(AHY) ey
X.(blend) = AH;/(AH? x f) 2)

where AH? = 136 J/g!?*! is the heat of fusion of 100% crystalline PCL and f
is the weight fraction of the PCL component. The result is listed in Table 1. As
shown there, the index X (PCL) became larger and T, lowered with an increase
in the OSL ester content in the blend. The precise reason for the increase in
X.(PCL) is unknown at present, but it may be possible that the OSL ester
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Table 1. Characterization of developed PCL crystal for the film specimens used in this
study by means of DSC (first heating scan) and WAXD

FWHM
Sample Tw/°C X.(PCL) X (blend) (260 =21.3°)/°
OSL-Pr/PCL = 25/75 62.6 0.765 0.574 0.389
OSL-Pr/PCL = 50/50 60.3 0.773 0.367 0.493
OSL-Pr/PCL = 75/25 59.0 0.855 0.214 0.534
OSL-Bu/PCL = 25/75 62.9 0.750 0.562 0.357
OSL-Bu/PCL = 50/50 60.4 0.773 0.386 0.463
OSL-Bu/PCL = 75/25 58.1 0.808 0.202 0.519
PCL 64.0 0.696 0.696 0.453

molecules, more or less having a structurally similar alkyl ester to PCL, act as a
rather nucleating agent for the partial crystallization of the PCL component. On
the other hand, the lowering of 7', seems to be related to a reduction in lamella
size of the developed PCL crystal with increasing OSL ester content. Table 1
also tabulates the full-width at half maximum (FWHM) of a WAXD peak at
260 = 21.3° derived from the (110) crystallographic plane of PCL crystal. As
seen in this table, FWHM increases with increasing OSL ester content. This
increase indicates an overall reduction in size and/or regularity of the formed
PCL crystal with increasing OSL ester content.[**! Such a morphological effect
might cause the lower Ty,. Meanwhile, the index X.(blend) naturally decreased
with decreasing PCL content.

Transition Behavior of OSL Ester/PCL Blends Evaluated by DMA

Through the use of DMA, an assessment of the extent of mixing between
blend components is facilitated because of the higher sensitivity of the method
compared to DSC. Via DMA, three parameters are obtained as a function of
temperature: the storage modulus (E'), the loss modulus (E”), and the loss
tangent tan 4. In the 7', region, a maximum appears in each of the E” and tan
8 versus temperature, while there is a decrease in the E' due to loss in stiff-
ness, so that the plot of E’ versus temperature reveals a drop. Consequently,
the three parameters that can be measured by DMA can be used to determine
T,. These parameters are sensitive to many processes,'*! including structural
heterogeneities and molecular motions, so that changes in the immediate envi-
ronment of a given polymer chain caused by intimate mixing can be recognized
from changes in location of the E” and tan § maxima and the midpoint of the
E' drop.

Figure 1 shows the temperature dependence of the dynamic storage mod-
ulus E' and loss modulues E” for the two blend series, OSL-Pr/PCL and
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Figure 1. Temperature dependence of the dynamic storage modulus E’ and loss modulus
E" for (a) OSL-Pr/PCL and (b) OSL-Bu/PCL blends. The corresponding data for a PCL
homopolymer film is also included for comparison.

OSL-Bu/PCL, containing 25, 50, and 75 wt% OSL ester. For comparison,
the figures also include the corresponding data for a PCL homopolymer film,
but do no data for OSL esters per se, due to the lack of sufficient moldability
into a film sheet. As is evident here, the plain PCL film exhibits a dispersion
peak centered at ~—30°C in the E” versus temperature curve. This disper-
sion signal may be associated with the glass transition of the homopolymer.
However, the E” peak is located at a higher temperature compared with the
T, (—65°C) determined by DSC in the second heating scan,!'!) indicating that
the two analytical tests respond somewhat differently to the same relaxation
process.”®! Also, there is another possible explanation ascribable to a higher
PCL crystallite content for the specimen used here: the X.(PCL) value was
estimated to be 0.696 (Table 1) in the DSC first heating scan, larger than 0.572
obtained in the second heating. Thus the T;-increase stated above might be
caused by shortening of amorphous zones between crystallites and resulting
stresses onto the amorphous chain sequences, in consequence of the enhanced
crystallization process.!?>! Following the termination of the glass transition on
heating, the micro-Brownian motions of PCL appear to become more and more
conspicuous with increasing temperature, and, above 50°C the values of £’ and
E” were out of the measurement range. This is due to occurrence of the melting
of PCL crystal.

On introducing 25 wt% OSL esters into the PCL, the E”-peak maximum
was slightly moved to a lower temperature, but the onset of the transition on
heating appeared at a higher temperature than in the situation of the plain PCL.
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The lowering shift of the E”-peak maximum may be attributed to the relatively
regular PCL crystallites of the OSL ester/PCL = 25/75 blends (see smaller
FWHM in Table 1); the regularly sized crystallites could impose rather lesser
restraint on the amorphous phase.?>! Further incorporation of OSL esters gave
rise to a definite shift of the E” peak toward the higher temperature side, as
exemplified in Figure 1, although the transition signal was often broadened. T’
values of the blends were estimated from temperature reading for the maximum
location of the respective E” peaks and plotted against the OSL ester content in
Figure 2. In the figure, variations of the Ty determined by DSC (second heating
scan)[!!] were also illustrated for the two miscible blends of the OSL esters.
An elevating tendency common to both sets of the new T, data (by DMA)
with the addition of the OSL ester component is roughly consistent with the
DSC result, but the values were rather higher than those determined by DSC.
This discrepancy in T, evaluation can be attributed largely to the difference in
thermal history between the sample specimens used for DMA and those for
DSC: the specimens provided for DMA contained a smaller amount of PCL
amorphous chains due to the crystalline development, as is described already.
Thus the present DMA study supports again that the two blend systems are
essentially miscible from the viewpoint of T, behavior and, further, ensures a
mixing scale of less than ca. 15 nm!!'2!>17] between the OSL ester and PCL
components.

Concerning the OSL-Pr/PCL series, however, a T, elevation at the 75/25
composition was less prominent compared with the case observed for the

60 1 1 ] L]

40 | | --*--0sL-Pr (DSC)
~| —e— OSL-Bu (DSC) | © X
20 ® OSL-Pr(DMA)
~| o OSL-Bu (DMA) .
a PCL (DMA) -

1 1
0 20 40 60 80 100
OSL ester content / % wiw

Figure 2. T, versus composition plots for blends of OSL-Pr and OSL-Bu with PCL,
determined from reading of the temperature position of an E”-peak maximum. Variations
of T, determined by DSC (second heating scan) are also illustrated for comparison by
using line-drawing.
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OSL-Bu/PCL series. Therefore, the latter blend system may be considered to
be superior in the degree of miscibility to the former one. In this connection, as
shown in Figure 2, the DSC data of T, for the OSL-Bu/PCL system provided a
more continuous ascent with increasing OSL ester content (>60 wt%), differing
from an abrupt rise of Ty observed for the OSL-Pr/PCL blends rich in OSL-Pr
(=75 wt%). As has been pointed out in the preceding paper,!! in OSL-Pr, there
is less frequency of occurrence of the same structural unit as that of PCL even
if the aliphatic hydroxyl groups are esterified. This may be why more content
of the OSL-Pr component was required for the clear 7', elevation of the blends.

Another specific remark on the dynamic mechanical data is as follows. In
contrast to the viscoelastic behavior of PCL alone, the introduction of OSL
esters into PCL basically gave rise to a slight diminution of the modulus F'
in the overall temperature range of the measurement. This apparently negative
synergism in stiffness observed for the miscible blend materials is attributable
principally to the decrease in PCL crystallite content in them. Generally, crys-
tallites act as crosslinks by tying segments of many chain-molecules together
and have very high moduli compared to the amorphous parts.[>! Thus, such
a filler effect of the PCL crystallite should be reduced with increasing OSL
ester content in the blends. Another factor is the relatively lower molecular
weight (M, = 3.43 x 10% (OSL-Pr) and 4.30 x 10° (OSL-Bu)) of the OSL
ester ingredients. These molecular weights are not high enough to be of interest
for applications where mechanical properties such as modulus of toughness are
important.!>>! Actually, it was difficult to obtain fairly tough film sheets of the
neat OSL esters by thermal molding or solution casting.

Homogeneity in OSL Ester/PCL Blends Estimated by NMR Spectroscopy

Solid-state NMR spectroscopy is a useful tool for characterization of multi-
component polymer systems, especially powerful for estimating the scale of
homogeneity in a polymer-polymer mixing state.!'®!8-2%1 For example, some
information about interactions between the constituent polymers is often ob-
tainable at the molecular level (<1 nm) through analysis of '3C CP/MAS NMR
spectra. From the quantification of the proton spin-lattice relaxation time in the
rotating frame, 7,1, it is possible to evaluate an upper limit in heterogene-
ity usually on a scale of a few nanometers. In this present study, these NMR
techniques were employed for further characterization of the OSL ester/PCL
blends, which were judged by DMA to provide an intimate mixing of the
ingredients on a scale of <15 nm.

Figure 3 shows '3C CP/MAS NMR spectra measured for powdery samples
of OSL-Pr and OSL-Bu and the film specimens of PCL and its blends with a
composition of 50/50 in the weight ratio. Relatively broad resonance for the
OSL esters compared to that for PCL reflects the structural heterogeneity of
these lignin derivatives and their amorphous nature. Generally, broadening of
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Figure 3. Solid-state 13C CP/MAS NMR spectra of OSL-Pr, OSL-Bu, PCL, and their
50/50 blends.

NMR signals observed for polymers in the amorphous state is due to an inho-
mogeneous distribution of isotropic chemical shifts, which can be assigned to
static fluctuations of bond or torsion angles. The '*C resonance peaks for PCL
were assigned according to literature data.??! As regards the spectra of the OSL
esters, the peak assignment was made by reference to NMR data obtained for
solutions of esterified pine kraft lignins in dimethyl sulfoxide-dg.”?’! Table 2
summarizes chemical shifts of the !3C resonances observed for OSL-Pr, OSL-
Bu, PCL, and their 50/50 blends. In the spectra of the blend specimens, the
intensities of resonance peaks derived from the lignin component were consid-
erably smaller mainly due to the broadening effect.

In general, if two different polymers interact mutually on a molecular
level (less than 1 nm) in the binary blend, the electron density around the
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Table 2. Assignment and '3C chemical shifts (ppm) of *C CP/MAS NMR spectra for
OSL-Pr, OSL-Bu, PCL, and their blends with a 50/50 composition

OSL-Pr/ OSL-Bu/
Carbon OSL-Pr PCL = 50/50 PCL PCL = 5050 OSL-Bu
1 173.7 NE
2 29.0 NE
3 10.5 10.5
—OMe 57.3 56.9
a 175.0 175.0 175.0
b 34.6 34.6 34.6
c/d 27.3 27.2 27.2
e 30.6 30.5 30.6
f 66.9 66.8 66.9
I NE 172.3
2’ NE 37.0
3 19.8 20.0
4 14.9 14.9
—OMe 56.9 56.8

NE, not evaluated because of overlapping of plural resonances.

carbons bearing the interacting groups is perturbed, so that there should be some
significant changes in chemical shift and/or line shape in a '3C NMR spectrum
of the blend, in comparison with those of their respective homopolymers.!61%!
In the present study, however, as seen in Table 2, we found no appreciable
change within the limits of resolution; or rather, the 13C CP/MAS NMR spectra
appeared to be made up by almost simple superposition of the spectra of both
homopolymers. There may be nothing surprising for no shift of the resonances
assigned to the PCL component, because these resonances correspond to those
of highly crystallized PCL and the blend miscibility is usually attained in
the amorphous state. Nonetheless, the NMR spectra measurements provided
no evidence supporting the presence of a specific intermolecular interaction
between OSL ester and PCL molecules in the blends concerned.

As it is well established, an estimation of the domain size in polymer
blends on a scale of a few nanometers is possible from the T{Ip measurements
conducted in an interrupted CP/MAS NMR experiment.'®!8201 Ti! - values
can be obtained practically by fitting of the decaying carbon intensity to the
following exponential equation:

M(t) = M(0)exp(—1/T}}) 3)

where M(7) is the magnietization intensity observed as a function of the spin-
locking time . If two different polymers are in a highly miscible state in the
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Table 3. Tll{p/ms values for OSL esters, PCL, and OSL/PCL (50/50) blends, determined
from the decay plots given in Figure 4

OSL-Pr/PCL OSL-Bu/PCL
Weight ratio of OSL-Pr PCL OSL-Bu PCL
OSL ester/PCL (OMe) (Cf) (OMe) (Cf)
100/0 259 24.0
50/50 153 7.3%/49.2° 13.6 10.94/50.5°
0/100 7.0%/50.7° 7.0%/50.7°

“Determined from a fast decay signal associated with the amorphous phase.
’Determined from a slow decay signal associated with the crystalline phase.

binary blend, the T'l"p values for different protons associated with the respective
components are expected to be equalized to each other by spin diffusion, as an
ideal case. Figure 4 illustrates the decay behavior of '*C resonance intensities
for powdery OSL esters and film specimens of PCL homopolymer and the
50/50 blends. In this experiment, we monitored the resonance peak of OMe
carbon in the OSL esters and that of carbon f in the PCL component, taking
into consideration their good resolution.

For the OSL ester components, from the slope of the semilogarithmic plot
of the relative intensity versus t, a Tll_lp value is determined successfully as the
time constant of the relaxation process. As can readily be seen from the plots
in Figure 4, the 'H-spin diffusion of the respective OSL ester components is
noticeably affected by that of the PCL component in the blends. The result of
quantifications of Tll'lp for the samples examined is summarized in Table 3.

In estimations of Tﬁlp for plain PCL and this polymer component in the
blends, a trouble was the attention to the crystalline development of the polymer.
As has been already shown in Table 1, the crystallinity per gram PCL in the
blends was even higher than that of plain PCL. In light of the high crystallinity of
the PCL component, the proton spin-lattice relaxation behavior in the rotating
frame should be depicted by a bi-exponential decay function:

M(t) = M(0, fast)exp(—7 /T . )+ M(0, slow)exp(—t /T ) 4)

1p,fast 1p,slow

This decay function fitted the relevant experimental data well, as exemplified in
Figure 4c. This figure indicates a bi-exponential obedience in the truest analysis
(R*> = 0.999) in comparison with the single-exponential fitting (R*> = 0.995).
Thus, Tll'lp values for the specimens of PCL and its blends with OSL esters
were determined through a regression analysis by Eq. (4), and the result is also
included in Table 3. It is natural to assume that the shorter T‘fp component is



($66°0 = zf) Sumy [enuauodxa-9[3uts Ay yim uosLredwod Ul (666°0 = ;) SISA[eUR 15N
AU} UT 90UAIPRO [enjuauodxa-1q & 9JedIpul 0) “9[eds pasie[ua ue uo umoys st 1D urerd jo reusis JO ay3 Jo Aeoap ay) ‘() 3red uy "spus[q 0S/0S IOy}
pue 10d ‘ng-1SO “Id-TSO 10j ‘2 swn Sunjoo-uids Jo uonouNj B SB SANISUUL SOUBUOSAI D, JO ABOIP ) Jo s10[d oruyILe3o[ues ¢ a4nSLy

sz swgz sz
0rGE0cG6202GL0L G O 0 OF 0E 0OZ 0L O 0 OF 0c 02 0L O
K preserv— v'0 [ (40)001/0 —o— 420010 —e— |
|epuauodxa-a|Bus - - - - - - f UoJosios —w— (4 . - F 0osios —w— [, .~ 0
Uol1od W 0] (amo)osros —e— L0 o (NO)0S/05 —e— L0 ()
I 150 (ao)o/00L —o— o (*WO)0/00}L —O— o
| ... & F & 4 @
%5 | 5 | 5
L 1208 | o ; g
o L 28 | ()
i 180= | < 4 <
r pablejue “10d () 160  [10dmg-1s0 (a) 10d/d-1S0 (8) g
I N T S S T T T L . 4 L L 3

1102 Alenuer Gz 9S:TT @IV Papeo |uwog

342



11: 56 25 January 2011

Downl oaded At:

Mixing Scale of Lignin Ester/Poly(e-caprolactone) Blends 343

Table 4. Fraction of the longer T’[[p component, M(0, slow),
relative to the total intensity M(0) to be decayed, estimated as a
measure of the degree of PCL crystallinity

Sample M(0, slow)/M(0)
OSL-Pr/PCL = 50/50 0.898
OSL-Bu/PCL = 50/50 0.881
PCL 0.839

attributed to the amorphous phase of PCL and the longer one is associated with
the rigid crystalline phase of PCL.

The intensity fraction of the slow decay component, M(0, slow), relative to
the total intensity M(0), was calculated, and the data are listed in Table 4. The
fraction (M(0, slow)/M(0)) can virtually be regarded as the PCL crystallinity,
and the values obtained were larger for the blends than that for the unmixed PCL.
This trend is the same as that observed for the crystallinity estimated by DSC.
However, the crystallinity listed in Table 1 is based on the calorific quantity
of energy required to melt the crystals, while the crystallinity determined with
NMR is based on the difference in chain mobility between a rigid crystalline
phase and a somewhat distended, mobile amorphous phase.

Relaxation times of TTP = 25.9 and 24.0 ms were evaluated for the un-

blended OSL-Pr and OSL-Bu samples, respectively, and for the plain PCL, TII'IP
= 7.0 ms was obtained for the amorphous phase (see Table 3). As to the respec-
tive binary 50/50 blends, T?ps of the two polymer components (amorphous) did
not perfectly coincide with each other, but they got partially close to each other
between the respective original values; namely Tlfp values of the OSL-Pr and
OSL-Bu components diminished to 15.3 and 13.6 ms, respectively, and corre-
spondingly, that of the amorphous PCL component rose to 7.3 and 10.9 ms.
Here, it should be noted that T'fp values expected for the above two 50/50 com-
positions are 15.6 (OSL-Pr/PCL) and 14.8 ms (OSL-Bu/PCL), when prorated
by linear approximation considering the PCL crystallinity (from NMR), these
values being fairly close to those determined for the OSL ester components.
From these observations, eventually, it seems reasonable to assume that the two
constituent polymers of the respective blends are mixed with each other to a
considerable extent, in a range where the mutual 'H-spin diffusion is permitted
over a period of ~15 ms. However, the degree of T?p—shift toward the equal-
ization was more prominent in the OSL-Bu/PCL blend than that in the other
employing OSL-Pr. This may support the view that the structural similarity is
contributory to the attainment of more intimate mixing in the OSL ester/PCL
systems.[“’”*zz] In the present comparison, OSL-Pr, rather than OSL-Bu, has
a lower content of the same unit as that of PCL in the molecular structure.
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An effective distance (L) over which spin diffusion can proceed in a time
T{, is represented in the following form!*®!:

L~ (6DT},)'/? 5)

where D is the spin-diffusion coefficient, which depends on the average proton
to proton distance as well as on the dipolar interaction. For the spin-diffusion
coefficient a value of ~8 x 107'® m?/s is expected to be typical in rigid organic
systems.[*”! However, for the diffusion coefficient in a mobile amorphous PCL
material, a lower value may be assumed®” and, for example, a value D =
0.5 x 107 m?/s is probably a reasonable estimate.*!! In the present relaxation
measurements for the blends, no component corresponding to the respective
pristine OSL esters was observed, so that the upper limit for the size of the OSL
ester domains can be estimated from Eq. (5), as follows. Using the coefficient
D=8 x 10~ m?s and the T‘fp data (15.3 and 13.6 ms for OSL-Pr and OSL-Bu,
respectively) for the 50/50 blends, we obtained the maximum average domain
size of OSL-Pr and OSL-Bu as 6.1 and 5.7 nm, respectively; in this calculation,
we took into consideration that in the usual CP method, the D should be scaled
by a factor of 1/2 because half of the cross-polarization time accounts as an
effective mixing time.3?! These values are definitely smaller than L values
estimated for the neat OSL esters (L = 7.7 and 7.4 nm for plain OSL-Pr and
OSL-Bu, respectively). This decrement of L by blending is interpreted as due to
an inhibitory effect on the 'H spin-diffusion, arising from the close approach of
a certain amount of mobile PCL molecules to the OSL ester component. Thus
~6 nm is evaluated as the upper limit for the size of the OSL ester domains in
the blends.

The Tlfp relaxation of PCL in the blends seems more complicated. T?p
data for the amorphous PCL component, 7.3 and 10.9 ms in the blends with
OSL-Pr and OSL-Bu, respectively, are rather close to Tll{p = 7.0 ms obtained
for the unblended PCL sample as reference (see Table 3). Two reasons may be
invoked to explain the observation of TTP behavior for PCL in the blends: one is
heterogeneity in a scale of several nanometers, and the other is a motional effect
even in situation of homogeneity.?*! Regarding the latter, as has been pointed
out above, the PCL amorphous component is much more mobile than the OSL
esters at ambient temperature. Therefore, the molecular motions of PCL would
be responsible for interfering with the spatial transport of magnetization among
protons, even though the spin diffusion is potentially mediated by dipolar
interactions between neighboring spins belonging to the mutually different
components of the blends.** To confirm this, we should perform the Tll*p
measurement at temperatures much lower than T, of the blend systems to
reduce the motional effect. Such a study has not yet been done due to some
difficulties of the thermo-regulated experiment. However, it seems true in the
present work that OSL-Pr shows a comparatively lower degree of miscibility
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with PCL, as is rationalized by the larger difference between the Tll'lp values
estimated for the OSL-Pr and PCL amorphous components in the blend.

CONCLUSIONS

By means of DMA and solid-state NMR, an attempt was made to precisely
quantify the scale of homogeneity in the OSL-Pr/PCL and OSL-Bu/PCL blends;
these two blends have been judged to be miscible from DSC analysis in the
previous study.

In the DMA measurements, these blends exhibited a systematic elevation
of T, (E"-peak position) with an increase in the OSL ester content, and the
homogeneity of the blend constituents was regarded as being on a scale of less
than 15 nm.

In the '*C CP/MAS NMR spectra measurements, no significant shift of
resonance signals accompanied the blending, which reveals no occurrence of
a specific intermolecular interaction between the respective two constituent
polymers. From the quantification of THp, undoubtedly, the OSL esters and
PCL were seriously affected by each other in their 'H-spin diffusion behavior
in the amorphous phase of the respective binary blends. Therefore, it can be
concluded that the size of heterogeneity in the blends is fairly small, less than ~6
nm, to permit effective spin diffusion across the different polymer constituents.
However, the degree of T?p—shift toward the equalization was more remarkable
in the OSL-Bu/PCL blend than that in the other employing OSL-Pr; this may
support the view that the structural similarity is contributive to the attainment
of more intimate mixing in the OSL ester/PCL systems.

The present study revealed that nanoscopically homogeneous composite
materials based on lignin can be designed via a simple lignin esterification. Such
hybridization is an approach of great promise to considerable improvement for
poor film formability of lignin and its derivatives.
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