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Abstract

The miscibility and morphology of poly(caprolactone) (PCL) and poly (4-vinylphenol) (PVPh) blends were investigated by using
differential scanning calorimetry (DSC), Fourier transform infrared (FTIR) spectroscopy and "*C solid state nuclear magnetic resonance
(NMR) spectroscopy. The DSC results indicate that PCL is miscible with PVPh. FTIR studies reveal that hydrogen bonding exists between
the hydroxyl groups of PVPh and the carbonyl groups of PCL. "*C cross polarization (CP)/magic angle spinning (MAS)/dipolar decoupling
(DD) spectra of the blends show a 1 ppm downfield shifting of *C resonance of PVPh hydroxyl-substituted carbons and PCL carbonyl
carbons with increasing PCL content. Both FTIR and NMR give evidence of inter-molecular hydrogen bonding within the blends. The proton
spin—lattice relaxation in the laboratory frame, T;(H), and in the rotating frame, T,(H), were studied as a function of the blend composition.
The Ty(H) results are in good agreement with thermal analysis; i.e. the blends are completely homogeneous on the scale of 50-80 nm. The
T;,(H) results indicate that PCL in the blends has both crystalline and amorphous phases. The amorphous PCL phase is miscible with PVPh,
but the PCL crystal domain size is probably larger than the spin—diffusion path length within the 7' ,(H) time-frame, i.e. larger than 2—4 nm.
The mobility differences between the crystalline and amorphous phases of PCL are clearly visible from the T;,(H) data. © 2001 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Binary polymer blends can be categorized into amor-
phous/amorphous, crystalline/amorphous, and crystalline/
crystalline systems. Among these systems, blending an
amorphous polymer with a crystalline polymer is a conve-
nient way of improving the impact strength, toughness,
ductility and other physical properties since the occurrence
of liquid—solid interface can offer an effective route to
produce a wide variety of morphological patterns. Although
the miscibility and morphological structures of crystalline/
amorphous polymer blends have been widely investigated
[1-10], some basic principles are still not well understood,
like the segregation between the crystalline/amorphous
interface, the relationship of the specific inter-molecular
interactions and the domain size of the separated phases.

High-resolution solid state nuclear magnetic resonance
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(NMR) spectroscopy of polymer blends can reveal detailed
information about the miscibility, inter-molecular inter-
action, and domain size by examining NMR parameters
such as chemical shift, line width, and relaxation
parameters. High-resolution spectra, obtained by the combi-
nation of cross polarization (CP) with magic angle sample
spinning (MAS) and proton decoupling (DD), reveal not
only the primary repeating unit structure but also the
different conformations [11-15]. Spin-lattice relaxation
times in the laboratory frame, T7(H), and in the rotating
frame, T),(H), are sensitive to the mobility of polymer
chains. Domain size is commonly estimated via the spin
diffusion process.

In this study, polymer blends of semi-crystalline poly-
(caprolactone) (PCL) and amorphous poly(4-vinylphenol)
(PVPh) were investigated. Poly(caprolactone) has been
known to be miscible with polymers, like poly(vinyl
chloride) (PVC) [4], copolymer of styrene and acrylonitrile
(SAN) [10], poly(benzyl methacrylate) (PBMA) [9], and
poly(vinyl alcohol) (PVA) [5], because the carbonyl group
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of PCL can form inter-molecular interaction with other
polar functional groups. Poly(4-vinylphenol) is similar to
polystyrene, but possesses a hydroxyl group attached to
the aromatic ring. PVPh can act as a proton donor that
forms hydrogen bonds with proton acceptor polymers
[16-21]. In this study, the miscibility and morphology of
PCL/PVPh blends were investigated by several techniques.
Differential scanning calorimetry (DSC) was applied to
study the glass and melting behaviours, Fourier transform
infrared (FTIR) spectroscopy was used to analyse the
specific interactions between the components, and "“C
solid state NMR techniques was employed to study the
morphology and domain size of PCL/PVPh blends.

2. Experimental
2.1. Materials and preparation of samples

Poly(caprolactone) (PCL) was purchased from Aldrich
Chemical Company, Inc. (Milwaukee, WI, USA), with
M, = 80,000 g mol'. Poly (4-vinylphenol) (PVPh), with
an approximate M, = 22,000 gmolfl, was purchased
from Polysciences, Inc. (Warrington, PA, USA). The as-
received materials were free of additives and were used
without further purification.

The blends were prepared by casting 2.5% (w/v) THF
solution. The solvent evaporated slowly at room tempera-
ture for one week, followed by removal of residual solvent
in a vacuum oven for one more week at 50°C.

2.2. Differential scanning calorimetry

The calorimetric measurements were carried out by a
Perkin—Elmer Pyris 1 differential scanning calorimeter.
Sub-ambient temperatures were reached by using a mechan-
ical intra-cooler. The instrument was calibrated with indium
and zinc standards for low and high temperature regions,
respectively. The midpoint of the slope change of the heat
capacity was taken as glass transition temperature (7). The
melting point of each endotherm was located in the
maximum of their respective peaks.

All blend samples were heated from —65 to 180°C for the
first scan, and were maintained at 180°C for two minutes to
ensure complete melting of PCL crystals. After that, the
samples were quenched to —65°C at the rate of
100°C min~", and were heated again from —65 to 180°C.
A heating rate of 20°C min~' was used.

2.3. Fourier-transform infra-red spectroscopy

FTIR spectra were obtained using a Bio-rad FTS6000
spectrometer. Thin films of the blends were cast onto
NaCl windows from 0.5% (w/v) THF solutions. After
evaporating most of the solvent at room temperature, they
were transferred to a vacuum oven and kept at 50°C for 1
week to remove the residual solvent and then stored in a

desiccator to avoid moisture adsorption. All spectra were
recorded at room temperature. A minimum of 128 scans
at a resolution of 2 cm ™' was signal averaged. The films
used in this study were sufficiently thin to obey the Beer—
Lambert law.

2.4. Solid state NMR

High-resolution solid state NMR experiments were
carried out at ambient temperature (27°C) on a JEOL
JNM-EX400 FT NMR spectrometer at the resonance
frequencies of 399.65 MHz for 'H and 100.40 MHz for
C. The high-resolution "*C solid state NMR spectra were
obtained using the technique of CP with MAS and high-
power dipolar decoupling (DD). The 'H 90° pulse width
was 5.5 ps. The CP Hartmann—Hahn contact time was set
at 1.0 ms for all experiments since the experiments demon-
strated that the contact time is suitable for the detection of
CP/MAS/DD spectra for both the pure components and the
blends. The sample-spinning rate was 5.0-5.4 kHz for all
NMR measurements. C total sideband suppression
(TOSS) spectra were obtained using a scheme that is
depicted in Fig. 1(a). The °C chemical shift scale was set
with a solid external reference standard, adamantane
(ADM), which has two resonant peaks at 29.5 and
38.6 ppm, relative to tetramethylsilane (TMS).

The proton spin—lattice relaxation time in the laboratory
frame, T}(H), was measured by monitoring the protonated
carbon resonance intensities at different delay 7 in a 'H
m—7—7/2 inversion—recovery scheme before CP to "“C
(Fig. 1(b)). The proton spin—lattice relaxation time in the
rotating frame, T,(H), was measured by monitoring the
protonated carbon signal intensities at different 'H spin-lock
durations prior to CP (Fig. 1(c)).

3. Results and discussion
3.1. Differential scanning calorimetry (DSC)

The DSC thermograms (the second heating scan) are
shown in Figs. 2 and 3. PVPh has a glass transition tempera-
ture T, at 157°C. Fig. 3 shows that only blends containing
less than 60% PCL (w/w) can yield a single T,. Glass transi-
tion temperature varies with the overall blend composition
as indicated by the filled circles in Fig. 4. The existence of a
single and compositional dependent 7, implies that the
blend exhibits a homogeneous single amorphous phase;
i.e. the two polymers are miscible in the amorphous
phase. The T,—composition relationship can be evaluated
by the Gordon—Taylor equation [22]

Ty = (W Ty + kWyT)/(Wy + kW2) (1

where T, is the glass transition temperature of the blends, Ty,
and Ty, are those of pure components, PCL and PVPh,
respectively, and k is an adjustable fitting parameter that
semi-qualitatively describes the strength of inter-molecular
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Fig. 1. Pulse sequences used in NMR measurements: (a) sequence for °C
CP/MAS/DD spectra measurement with TOSS; (b) sequence for 7;(H)
measurement; (c) sequence for T),(H) measurement. Key: PW1, 90°
pulse of 'H; PW?2, contact time; PW4, 90° pulse of |3C; P12, delay time;
PS1-5, time interval.
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interactions. When k=1, T, would be a simple linear
weighted-average of T,; and T, indicative of good misci-
bility between the two components. W is the weight fraction.
The dash curve in Fig. 4 was drawn using the Gordon—
Taylor equation with a k value of 0.24, which indicates
that the inter-molecular interaction between PCL and
PVPh is relatively weak compared to other polymer blends
[23-26].

Fig. 2 clearly shows the melting endotherms for the
blends containing more than 60% PCL (w/w), and crystal-
lization exotherms for the blends containing 60—80% PCL.
The PCL90 sample exhibits an extra melting peak at a
relatively lower temperature (49°C), compared to that of
pure PCL (53°C), and PCL80 shows a shoulder peak at
around 47°C. The melting peaks of the PCL70 and PCL60
shift to even lower temperature to about 45°C. The compo-
sitional dependence of 7, and T, of the blends are shown in
Fig. 4. The above results indicate that the specific inter-
actions between the two polymers result in the polymer

—
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Fig. 2. Second heating scan of DSC thermograms of PCL/PVPh blends
containing =60% PCL.

chains diffusing into each other’s phase, which causes the
change of crystallization behaviours of PCL. Hence, the
melting transition changed as well. The crystallinity
index, X, was calculated from the following equation

X, = (AH; + AH,)/AH? )

where AH{ = 136 J/g is the heat of fusion of 100% crystal-
line PCL [27]. The obtained results for the second heating
scan are listed in Table 1. Because the NMR samples did not
undergo the heating and quenching process, DSC results
from the first heating scan are also presented in Table 2
and Fig. 5 for comparisons. Melting endotherms are
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Fig. 3. Second heating scan of DSC thermograms of PCL/PVPh blends
containing =50% PCL.
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Fig. 4. Thermal transition behavior of the PCL/PVPh blends: (®) 7|, versus
overall blend composition; (—) calculated 7, curve according to the
Gordon—Taylor equation with k = 0.24; (A) T,,,; (W) T...

observed for samples containing more than 50% PCL, but
no crystallization exotherms are observed for all samples
during the first heating scan. The crystallinity in the un-
quenched blend samples was calculated using Eq. (2), and
is listed in Table 2. It can be seen in Table 2 that samples
containing more than 50% PCL have a crystalline phase. In
contrast, based on the crystallinity data of quenched samples
listed in Table 1, obvious crystalline phase can only be
observed for the samples containing more than 80% PCL.

3.2. Fourier transform infrared spectroscopy (FTIR)

Fig. 6 shows FTIR spectra of PCL/PVPh blends in the
stretching region of the PVPh hydroxyl groups ranging from
4000 to 2600 cm™~'. As shown in curve A, pure PVPh is
composed of two vibration bands related to ‘free’ and
intra-associated O—H groups, which appear at 3510 and
3353 cm ', respectively. Free O—H groups refer to those
hydrogen atoms that are not involved in hydrogen bonding,
and therefore, they vibrate at a higher frequency than the

Table 1
Thermal properties of PCL/PVPh blends for the second heating
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Fig. 5. First heating scan of DSC thermograms of PCL/PVPh blends
containing =50% PCL.

intra-associated O—H groups. The FTIR absorption peak
position shifts from 3355 to 3437 cm ™' with increasing
PCL content, which indicates that there is inter-molecular
hydrogen bonding in the blends.

Fig. 7 shows the FTIR spectra of the carbonyl (C=0)
absorbance peak for the PCL/PVPh blends in the region
from 1800 to 1640 cm ', It can be seen from curve A in
Fig. 7 that the crystalline C=0 absorption peak of pure PCL
at 1725 cm ™' remains at the same wavenumber for all blend
compositions. A shoulder peak can also be observed at
1736 cm ™! for pure PCL, which is attributed to the carbonyl
groups of the amorphous portion of PCL. Upon blending
with PVPh, a new absorption band appeared at 1705 cm ™',
corresponding to the hydrogen-bonded carbonyl groups
because its intensity increases with increasing PVPh content.

3.3. ¥C CP/MAS/DD solid state NMR spectra

The *C CP/MAS/DD spectra of PCL/PVPh blends are

PCL/PVPh T (°C) AH; (J/gpiena) AH; (J/gpeL) T. (°C) AH, (J/gpiena) AH, (J/gpcL) X. (blend)(%) X. (PCL)(%) T, (°C)
100/0 55 63.6 63.6 46.8 46.8 — 60
90/10 53 72.2 80.2 59.0 65.6

80/20 51 51.5 64.4 14 —43.7 —54.6 5.7 7.2

70/30 46 222 31.7 17 —21.7 - 31 0.4 0.5

60/40 45 10.2 17.0 22 —-9.7 —16.2 0.4 0.6

50/50 -6
40/60 25
30/70 47
20/80 83
10/90 113
0/100 157
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Table 2
Thermal properties of PCL/PVPh blends for the first heating

PCL/PVPh T, (°C) AH; (J/gpiena) AH; (J/gper) X. (blend)(%) X. (PCL)(%)
100/0 594 734 73.4 0.54 0.54
90/10 60.7 98.4 109.3 0.72 0.80
80/20 56.7 81.6 102 0.60 0.75
70/30 54.1 60.3 86.1 0.44 0.63
60/40 50.4 44.3 73.8 0.33 0.54
50/50 49.8 30.7 61.4 0.23 0.45

shown in Fig. 8. Relative broad resonance for PVPh and
sharp resonance for PCL reflect the difference in amorphous
and semi-crystalline polymers. Assignments of '*C spectra
of PCL and PVPh are shown in Table 3, according to earlier
reports in the literature [7,28].

Table 4 shows that the chemical shift of the phenolic C—
OH resonance of PVPh varies from 153.8 ppm for the pure
PVPh to 154.7 ppm for the PCL70 blend. The C=0
resonance of PCL varies from 173.9 ppm for the PCL30
blend to 175.0 ppm for the pure PCL. Together with the
observed FTIR absorption peak position changes, the 1 ppm
downfield shifting of C—OH resonance and C=O resonance
with increasing PCL content suggests that inter-molecular
hydrogen bonding occurs between the phenolic hydroxyl
proton of PVPh and the carbonyl oxygen of PCL. However,
it is important to note that the relatively narrow peak of the
PCL C=O0 resonance at 175 ppm splits into a doublet with
increasing PVPh content. The split is due to the difference in
relaxation times of the hydrogen-bonded and non-hydrogen-
bonded resonances. This doublet should also be realized while
examining the relaxation times in Table 6, as discussed next.

3.4. Proton spin—lattice relaxation time
According to the 7—7—7/2 inversion—recovery scheme, a
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Fig. 6. FTIR spectra in the hydroxyl region of the PCL/PVPh blends:
(A) 100, (B) 90, (C) 70, (D) 50, (E) 30 (F) 10 wt% PVPh.

single T(H) relaxation obeys the following equation
In[(M, — M)/(2M,)] = —/T,(H) 3)

where T(H) is the proton spin—Ilattice relaxation time in the
laboratory frame, 7 the delay time used in the experiment,
M . the corresponding resonance intensity, M, the intensity
at 7= 5T (H). Fig. 9 shows the plots of In[(M, — M,)/
(2M,)] versus T, for the OCH, site of PCL at 66 ppm.
T,(H) relaxations at other sites also follow the single expo-
nential relaxation of Eq. (3). Table 5 lists the 7|(H) values at
different sites and of different compositions. 7 (H) values of
the blends are intermediate to those of the pure polymers.
These results indicate that spin diffusion among the protons
within the 7,(H) time scale is sufficient to average out the
intrinsic spin-lattice relaxation of the different domains.
Thus, the domain size of these blends is smaller than the
diffusive path length within the Tj(H) time scale. The
following one-dimensional diffusion equation may be used
to approximate the upper limit of the mixing scale [29-31]:

(L*) = 6DT;(H) 4)

where D is the spin-diffusion coefficient, which depends on
the average proton to proton distance as well as on the
dipolar interaction. It has a typical value for polymeric
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1800 1780 1760 1740 1720 1700 1680 1660 1640
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Fig. 7. FTIR spectra in the carbonyl region of the PCL/PVPh blends:
(A) 100, (B) 90, (C) 70, (D) 50, (E) 30, (F) 10 (G) 0 wt% PCL.
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Fig. 8. °*C CP/MAS/DD spectra of the PCL/PVPh blends.

systems in the order of 4-6 X 1070 m?s7 !, T; is the relaxa-
tion time, Ty(H) or T),(H), according to the type of
relaxation measurement. On the basis of T;(H), it is
estimated that the two polymers are intimately mixed on a
scale of less than 50—80 nm.

3.5. Proton spin—lattice relaxation time in the rotating
frame

The spin—Ilattice relaxation time in the rotating frame
T\,(H) is measured to examine the heterogeneity of the
PCL/PVPh blends on the scale of 2—4 nm. A non-single
exponential T,(H) decay at the OCH, site of PCL is
observed in Fig. 10 because PCL is a semi-crystalline poly-
mer. A bi-exponential decay function is used to fit the data

M = Mo pase exp| - | + Mogowexp| o-——s | ()
ot ( T st (H) ) oo ( Tip 510w (H) )

Table 3
Assignment of C CP/MAS spectra of PCL, PVPh at 300 K

Table 4
13C chemical shifts (ppm) of PCL/PVPh blends

PCL/PVPh PCL C=0 PVPh COH
0/100 153.8

30/70 173.9 1539
50/50 174.0 154.3
70/30 173.9 154.7

100/0 175.0

The T),(H) values of the PCL/PVPh blends were
calculated from Eq. (5), and the results are listed in Table
6. T),(H) relaxation of PVPh is a single exponential because
PVPh is an amorphous polymer. The fraction of the
intensity of the slow decay component Mg, over the
total intensity M is calculated, and the results are listed in
Table 7. The fraction (M gow/M,) increases with increasing
PCL content, and shows the same trend as the crystallinity
in the un-quenched samples of Table 2. The PCL T;,(H)
values of the fast decay component are almost the same as
the PVPh T;,(H) values, which suggests that the amorphous
phase of PCL is miscible with PVPh. Therefore, it can be
concluded that the slow decay component corresponds to
the rigid crystalline phase of PCL, while the fast one
corresponds to the amorphous phase of PCL. Since the
amorphous PCL decays have relaxation times similar to
that of PVPh, the hydrogen bonds are expected from the
structure analysis. The occurrence of the doublet of C=0
resonance in Fig. 8 is most probably due to the hydrogen
bonding effect.

Both DSC (Table 2) and NMR data (Table 7) show that if
the PVPh content in the blend is less than 30%, the PCL
crystallinity is even higher than that of pure PCL. This is
probably because the phenolic groups of PVPh serve as
nucleation sites for the crystallization of PCL. The crystal-
linity listed in Table 2 is slightly different from that listed in
Table 7 because the value determined with DSC is based on
the quantity of heat energy needed to melt the crystals;
whereas, the crystallinity determined with NMR is based
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Table 5

T1(H) values (s) for PCL, PVPh and their blends (ND stands for not detected due to low single-to-noise ratio)

Composition (PCL wt%) PVPh PCL
COH 154 ppm CH 116 ppm OCH, 66 ppm CH, 27 ppm
0 1.48 1.32 - -

30 1.27 1.33 1.38 ND

50 1.24 1.23 1.30 1.21

70 1.14 1.18 1.06 1.11
100 - - 0.82 0.80
Table 6

T,(H) values (ms) for PCL, PVPh and their blends (ND stands for not detected due to low single-to-noise ratio)

Composition (PCL wt%) PVPh PCL
COH 154 ppm CH 116 ppm OCH, 66 ppm CH, 27 ppm
0 7.6 6.8 - -
30 9.2 8.3 8.6/98.1 7.9/108.0
50 4.9 5.8 6.0/55.0 4.8/47.5
70 3.7 4.7 6.0/50.7 4.6/47.8
100 14.0/47.6 8.9/43.7

on differences in chain mobility of the rigid crystalline
phase and of the mobile amorphous phase. Systematic errors
in curve fitting NMR data with Eq. (5) also contribute to the
differences in crystallinity determined by both methods.
Even though Eq. (5) is used for the PCL30 sample, the
fraction (M gow/M,) calculated for the OCH, (66 ppm) and
CH, (27 ppm) sites are 0.14 and 0.06, respectively.
Fractions that are below 0.15 are not reliable because base-
line noises would contribute significant errors to the slow
decay component. The slow T,(H) decay component of the
PCL30 sample is unlikely to be crystalline because DSC
thermograms show that the blends with less than 50%
PCL are amorphous.

Inf(M, - M)/(2M)]

4 1 I 1 1 1
0.0 0.5 1.0 1.5 2.0 25 3.0

Delay time (s)

Fig. 9. Logarithmic plot of resonance intensity (at 66 ppm) vs. delay time to
measure T;(H). PCL/PVPh: (A) 30/70, (OJ) 50/50, () 70/30 (V) 100/0.

4. Conclusions

DSC measurements reveal that the PCL/PVPh blends are
composed of a crystalline and an amorphous phase. The
blends containing less than 50% PCL are amorphous. The
glass transition temperature of the blends containing more
than 50% PCL cannot be detected, but their melting
transitions shift to lower temperatures with increasing
PVPh concentration. It is found that PVPh can enhance
PCL crystallinity in certain conditions.

FTIR results indicate that hydrogen bonding exists

10°
10°
>
5
2 PCL70
S PCL50
2
o
3
14
£ PCL30
10 3
105 1 1 1 1 1 1 1 1

0 20 40 60 80 100 120 140 160 180
Delay Time (ms)

Fig. 10. Logarithmic plot of resonance intensity (at 66 ppm) vs. delay time
to measure 7y,(H). PCL/PVPh: (@) 70/30, (A) 50/50, (H) 30/70.
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Table 7
Degree of PCL crystallinity measured from the fraction of the long 7',(H)
component My o, to that of the total decay M,

My, gow/My OCH, 66 ppm CH, 27 ppm
PCL50 0.56 0.44
PCL70 0.76 0.77
PCL100 0.62 0.57

between the phenolic hydroxyl groups and the carbonyl
groups of PCL. Significant vibrational frequency shifts of
the hydroxyl groups of PVPh, and a new absorption band
formed in the carbonyl group region of PCL support the idea
of hydrogen bonding formed in the blends.

1 ppm downfield shifting of the PVPh hydroxyl-substi-
tuted carbons and the PCL carbonyl carbons with increasing
PCL content are observed in the solid state *C CP/MAS/
DD spectra, which reveal specific inter-molecular inter-
action exists between the two polymers. A bi-exponential
decay of PCL component is observed in the 7',(H) measure-
ments, which indicates the presence of crystalline and
amorphous phases. From 7(H) and T',(H) measurements,
it can be concluded that PCL/PVPh blends are homo-
geneous on the scale of 50-80 nm, but are heterogeneous
on the scale of 2—4 nm. The doublet of the C=O resonance
was observed upon adding PVPh, and the carbonyl doublet
maybe caused by hydrogen bonding.
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