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First, the NMR method proposed in our previous work was improved to provide more accurate mea-
surement of interphase thickness in multiphase polymers. Then the improved method, in combination
with other techniques, was applied to elucidate the phase behavior, miscibility, heterogeneous dy-
namics and microdomain structure in thermoset blends of unsaturated polyester resin (UPR) and
amphiphilic poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene oxide) (PEO–PPO–
PEO) triblock copolymer. The experimental results were compared with those of epoxy resin (ER)/PEO–
PPO–PEO blends to systematically elucidate the influence of binary polymer–polymer interaction on
the phase behavior, domain size and especially the interphase thickness in thermoset blends of UPR
and ER, respectively, with the same PEO–PPO–PEO triblock copolymer. It was found that UPR/PEO–
PPO–PEO exhibits strong phase separation with considerably small interphase, and only a small frac-
tion of PEO is mixed with UPR. Whereas ER/PEO–PPO–PEO exhibits weak phase separation with thick
interphase, and a large amount of PEO is intimately mixed with ER. It was suggested that the ther-
modynamic interaction between the block copolymer and cross-linked thermoset resin is one of the
key factors in controlling the phase behavior, domain size and interphase thickness in these blends.
These NMR results are qualitatively in good agreement with the previous theoretical prediction of
interphase properties between two immiscible polymers. Our NMR works on different thermoset blend
systems with weak and strong microphase separations clearly demonstrate that the improved NMR
method is a general and useful method for measuring the interphase thickness and elucidating the
phase behavior and subtle microdomain structure in multiphase polymers with detectable heteroge-
neous dynamics.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer blends by blending of different components with dif-
ferent properties have been widely employed to produce high
performance polymeric materials in the past decades [1,2]. Since
the motivating work of Bates and co-workers in 1997 [3,4],
toughening of the thermosetting resin by blending with self-as-
sembled amphiphilic block copolymers [5] has received consider-
able attention due to the unique nanostructured morphologies,
physical properties and potential industrial applications of the
blends [6–13]. Understanding the factors controlling phase sepa-
ration and the microdomain structure is crucial for tailoring the
nanostructure and developing advanced thermoset resin/block
: þ86 22 23494422.

All rights reserved.
copolymer blends with desired physical and chemical properties
[12], and also can shed light on the fundamental issues in phase
separation theory for these novel polymerization-induced [1,14,15]
and self-assembled thermoset blends. In thermoset resin/block
copolymer blends, the final structure and morphologies are de-
termined by several factors including the cross-linking reaction of
the thermosetting resin, the self-assembly of the block copolymers
and the phase separation of the blend [6–11]. By varying the vol-
ume fraction of one block or the chemical structure of the block
copolymer, different nanostructures and morphologies in thermo-
set blends have been observed [6–13]. It is also expected that the
thermodynamic interaction between the block copolymer and
cross-linked thermoset resin is another important factor control-
ling the phase behavior and microdomain structure of the blends.
By varying the binary component interaction, the mechanism of
phase separation in these novel thermoset blends can be well
elucidated. Blending of PEO-containing amphiphilic block
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Fig. 1. The 400 MHz liquid-state 1H NMR spectrum of the UPR prepolymer dissolved in
CDCl3. The assignment of the peaks and their corresponding chemical groups including
maleic anhydride, phthalic anhydride and propylene glycol are denoted in the figure.
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copolymers with epoxy resin (ER) have been widely employed to
prepare nanostructured thermosetting blends by several groups
[6–13,16]. Unsaturated polyester resin (UPR) is another important
thermosetting polymer and has been widely used in industrial field.
However, only few works were reported on preparing nano-
structured blends of unsaturated polyester resin with block co-
polymers [17–20]. It is expected that the different binary
component interactions in blends of UPR and ER, respectively, with
the same block copolymer should result in distinct phase behavior,
miscibility and microdomain structure.

The knowledge of interphase properties is crucial for un-
derstanding the phase behavior and structure–property relation-
ship in multiphase polymers, and studies in this field have attracted
significant attention in the past decades. On the basis of the self-
consistent mean-field theory, Helfand and co-workers predicted
a quantitative relationship between interphase thickness and the
thermodynamic interaction parameter c [21–23]. On the other
hand, experimentally quantitative determination of the nanoscale
interphase properties, such as interphase thickness and the
chemical composition in the interphase region, is still a challenge
due to the extremely small volume fraction of interphase in a typ-
ical polymer blend [1,24–27]. The nanoscale interphase properties
of thermoset blends containing amphiphilic block copolymers are
still far from being well understood [16], and further systematic
investigations are still needed. Solid-state NMR (SSNMR) spec-
troscopy is a powerful method for characterizing the structure and
dynamics of polymers [28–34]. A variety of novel solid-state NMR
techniques have been successfully applied in elucidating the
microdomain structure and dynamics in multiphase polymers in
the past decade [35–41]. In spite of these previous studies, little
NMR work has been reported on the systematic study of the evo-
lution of phase behavior and microdomain structure in a series of
polymer blends so far, especially the evolution of interphase under
different conditions. In our previous work [16], we proposed a NMR
method to quantitatively determine the interphase thickness in
multiphase polymers, and the method was successfully applied to
elucidate the influence of the volume fraction of PEO block on the
nanoscale interphase and microdomain structure in 60/40 (w/w)
ER/PEO–PPO–PEO blends. It was found that the interphase thick-
ness is insensitive to the volume fraction of PEO block, whereas the
domain size is sensitive, in these blends. However, the contribution
of the rigid component to the interphase thickness was not con-
sidered in our previous model, therefore, the determined in-
terphase thickness was slightly less than the actual value.

This study is a subsequent work of our previous SSNMR studies
on the thermoset blends with amphiphilic PEO-containing triblock
copolymers [16]. In this work, first, we improved the previously
proposed NMR method to provide more accurate quantitative de-
termination of interphase thickness and further verify the univer-
sality of this NMR method in different polymer blend systems. The
improved method, in combination with other techniques, was then
applied to elucidate the phase behavior, miscibility, heterogeneous
dynamics and microdomain structure in UPR/PEO–PPO–PEO
blends. The experimental results were compared with those of ER/
PEO–PPO–PEO blends to systematically elucidate the influence of
binary polymer–polymer interaction on the phase behavior, do-
main size and especially the interphase thickness in thermoset
blends of UPR and ER, respectively, with the same PEO–PPO–PEO
triblock copolymer at the same weight fraction. These NMR results
were further compared with the previous theoretical prediction of
interphase properties between two immiscible polymers proposed
by Helfand et al. Based on the present study and our previous work,
we proposed a model for the evolution of phase behavior and mi-
crostructure, especially the interphase properties, in thermoset
blends of UPR and ER, respectively, with the same PEO–PPO–PEO
triblock copolymer.
2. Experimental

2.1. Materials and preparation of samples

Poly(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol) triblock copolymers (PEO–PPO–PEO), EO30 and
EO80 with average molecular weight (Mn) of 5800 and 8400, were
purchased from Aldrich Chemical Co., Inc. The calibrated contents
of ethylene glycol (EO) in EO30 and EO80 by 1H liquid-state NMR of
the two samples in CDCl3 were 36 wt% and 79 wt%, respectively.
The liquid uncured unsaturated polyester resin (UPR) was supplied
by Tianjin HECAI Resin Co., Ltd. (China). It contains unsaturated
polyester prepolymer and 35 wt% styrene as cross-linking mono-
mer. The prepolymer (Mw¼ 8700 and polydispersity index of 2.9 as
determined by gel permeation chromatography (GPC) (Waters)) is
made from maleic anhydride, phthalic anhydride and propylene
glycol at a molar ratio of 2:1:4 as determined by 1H liquid-state
NMR (Fig. 1). Benzoyl peroxide (BPO) (Aldrich Chemical Co., Inc.)
was used as initiator. To allow a direct comparison of UPR/PEO–
PPO–PEO with previous work on 60/40 (w/w) ER/PEO–PPO–PEO
[16], two UPR/PEO–PPO–PEO blends with 40 wt% PEO–PPO–PEO
block copolymers (EO30 and EO80) were used in this work. These
two blends were denoted as UPR/EO30 and UPR/EO80, respectively,
and prepared according to the following procedure. At 80 �C 40 wt%
EO30 or EO80 was first dissolved in unsaturated polyester with
continuous stir, then 0.5 wt % BPO initiator was added to the blend
with continuous stirring until a homogeneous ternary mixture was
obtained. The mixture was then immediately poured into an alu-
minum pan, degassed at 90 �C in vacuum, cured at 80 �C for 8 h,
and then post-cured successively at 120 �C for 2 h and 150 �C for
2 h. The samples were allowed to cool to room temperature for
study.

2.2. Differential scanning calorimetry (DSC) measurements

DSC Measurements were performed on a NETZSCH DSC 204
differential scanning calorimeter in a dry nitrogen atmosphere.
Samples of about 8 mg were placed in the DSC pan. All samples
were first heated to 100 �C from �60 �C at a rate of 20 �C/min (first
heating scan) and kept at that temperature for 2 min; subsequently,
they were cooled at a rate of �20 �C/min to detect crystallization



Fig. 2. Dipolar filtered Hahn spin echo pulse sequence to measure the T2 of the mobile
component.
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(cooling scan). Following the cooling scan, a second scan was
conducted with the same heating rate as the first. The midpoint of
the slope change of the heat capacity plot of the second heating
scan was taken as the glass transition temperature (Tg). The crys-
tallization temperature (Tc) was taken as the minimum of the
exothermic peak, whereas the melting temperature (Tm) was taken
as the maximum of the endothermic peak.

2.3. Transmission electron microscopy (TEM) experiment

TEM experiment was carried out on a FEI Tecnai-20 electron
microscopy instrument. The specimens for TEM observation were
prepared by microsectioning and were mounted on a copper grid,
then stained in the vapor of an aqueous solution of RuO4.

2.4 NMR experiments

NMR Experiments were performed on a Varian UNITYplus NMR
spectrometer at a proton frequency of 400.2 MHz and at room
temperature (25 �C). In the liquid-state NMR experiment, the
sample was dissolved in CDCl3. In the solid-state NMR experiments,
the samples were placed in a zirconia rotor and a 5 mm CP/MAS
probe was used. The magic angle spinning (MAS) frequencies were
8 kHz for dipolar filter experiments and 4.5 kHz for two-di-
mensional (2D) proton wide-line separation (WISE) NMR experi-
ments. The 1H and 13C chemical shifts were referenced to external
TMS and HMB (hexamethylbenzene), respectively. Solid-state NMR
experiments used in this work are briefly described below, detailed
experimental parameters and conditions for some of the pulse
sequences can be found in our previous work [16].

(1) 1H dipolar filter and spin diffusion NMR experiments were
used to characterize the heterogeneous dynamics, phase be-
havior and quantitative microdomain structure of the blends
[42,43]. Dipolar filter strength depends on the Ncycle, the times
of the 12-pulse dipolar filter, and the interpulse spacing used in
the experiments [16,44,45]. All spin diffusion experiments in
this work were performed under static conditions to avoid any
change of the spin diffusion coefficient under MAS.

(2) 1H-to-13C cross-polarization MAS NMR experiment (CP/MAS)
was used to detect the signals of rigid component with high CP
efficiency, and the recycle delay was 5 s. 13C direct-polarization
MAS NMR experiment (DP/MAS) with short recycle delay of
0.5 s was used to observe the signals of mobile component with
short spin–lattice relaxation time (T1) and suppress the rigid
component with long T1 [46]. The 90� pulse length was typi-
cally 4.5 ms and the CP contact time was 400 ms to minimize the
spin diffusion among protons during CP.

(3) 2D 1H-to-13C WISE NMR experiment was used to characterize
polymers with heterogeneous dynamics and complex mor-
phology that includes hard and soft domains, especially, the
degree of phase separation can be qualitatively determined
[28,47]. Domains are distinguished by the 1H wide-line spec-
trum (F1 dimension), broad if rigid and narrow if motionally
averaged. Corresponding observed 13C chemical shifts (F2 di-
mension) indicate the segmental composition of the regions.
The experimental parameters are the same as those used in 13C
CP/MAS NMR experiment.

(4) 1H dipolar filtered Hahn spin echo NMR experiments shown in
Fig. 2 were employed to measure the transverse relaxation
time (T2) [48], which can be directly used to determine the
proton spin diffusion coefficient for the mobile polymers as
proposed by Mellinger et al. [49]. The experimental conditions
of the dipolar filter sequence before Hahn spin echo are the
same as that used in corresponding 1H spin diffusion
experiments.
3. NMR method

In our previous work on ER/PEO–PPO–PEO blends [16], we de-
veloped a NMR method based on 1H spin diffusion experiments to
quantitatively determine the interphase thickness in multiphase
polymers containing rigid and mobile components. However, the
contribution of the rigid component to the interphase thickness
was not considered in that model, therefore, the determined in-
terphase thickness was slightly less than its actual value. In this
paper, we improved that method to provide a more accurate de-
termination of the interphase thickness by considering the contri-
butions of both the rigid and the mobile components. Detailed
discussions of this NMR method can be found in Appendix.

4. Results and discussion

In our previous work [16], a variety of solid-state NMR methods
were used to characterize nanostructured thermoset blends ER/
EO30 and ER/EO80, and detailed information about the heteroge-
neous dynamics, miscibility and microdomain structures in these
two blends were obtained. Because the chemical structure of UPR is
significantly different from ER, the binary polymer–polymer in-
teraction between thermoset resin and block copolymer should be
changed and different phase behavior and microdomain structure
could be observed in UPR/PEO–PPO–PEO and ER/PEO–PPO–PEO
thermoset blends. In the following section, similar techniques used
in Ref. [16] were employed here to elucidate the phase behavior,
miscibility, heterogeneous dynamics and microdomain structure in
UPR/PEO–PPO–PEO blends. We will closely compare the results of
UPR/PEO–PPO–PEO blends to those of ER/PEO–PPO–PEO blends
containing the same block copolymer.

4.1 PEO crystallinity, phase behavior, morphology and microdomain
structure characterized by DSC, TEM experiments

Compatible polymer blends are usually diagnosed as such by
their transparency and single Tgs from DSC experiment. These cri-
teria are practical and imply a homogeneity on a scale of tens of
nanometers or smaller [1]. However, it should be noted that there
are a number of systems which exhibit phase separation but still
have a single Tg. A single Tg does not always mean that the system is
homogeneous and consists of a single phase. The obvious difference
in transparency between 60/40 (w/w) cured UPR/EO30 and UPR/
EO80 blends as shown in Fig. 3 suggests that the phase behaviors
and miscibility in these two samples are quite different. The 60/40
UPR/EO30 is milk-white and opaque at even above the melting
point of EO30 (39 �C) [16], which indicates that macrophase sepa-
ration took place in this blend. On the contrary, the 60/40 UPR/
EO80 is completely clear and transparent even at room tempera-
ture far below the melting point of EO80 (63 �C) [16]. On the basis
of transparency, we can expect that the dispersed phase size in
UPR/EO80 should be smaller than that in UPR/EO30. Compared
with UPR/PEO–PPO–PEO blends, both ER/EO30 and ER/EO80 are
transparent at room temperature, indicating the presence of
microphase separation [9]. Since UPR/EO30 is macrophase



Fig. 3. Transparent property of the 60/40 (w/w) UPR/PEO–PPO–PEO blends: (left) UPR/
EO30 and (right) UPR/EO80. The sample thickness is 2 mm and the two lightening
words ‘‘NMR’’ are on the back of the two samples.
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separation, we will focus our attention on elucidating the nanoscale
microdomain structure of UPR/EO80 in the following sections.

Fig. 4 shows the DSC traces of the second heating scan and the
cooling scan for EO80, cured UPR/EO80 at different EO80 contents
and cured UPR. It is observed that the melt peak at Tm¼ 63 �C and
crystalline peak at Tc¼ 28 �C of pure EO80 in Fig. 4a and b, re-
spectively, gradually decrease and shift to low temperature with
decreasing EO80 content, and disappear at about 40 wt% EO80
content. On the other hand, the glass transition temperature (Tg) of
the blend, with a pure EO80 copolymer at �56 �C, increases with
decreasing EO80 content and is not well resolved, which could be
only roughly estimated by taking the midpoint of the slope change
of the heat capacity plot of the second heating scan. The above DSC
results indicate that there exists polymer–polymer interaction be-
tween EO80 and UPR network in the 60/40 UPR/EO80. It should be
also noted that although a small melting transition was still ob-
served in Fig. 4a, the fraction of crystalline PEO in the blend was
considerably small compared to that in pure EO80. Therefore, its
influence on the following discussions is negligible. Although the
blend could in reality be of microphase separation, it is hard to
confirm the existence of the microphase separation only on the
basis of the DSC results. In the following section, we will pay our
main attention to 60/40 UPR/EO80, and a direct comparison be-
tween nanostructured UPR/EO80 and 60/40 ER/EO80 reported in
our previous work [16] is made. Without special notation, the ab-
breviation of UPR/EO80 represents the 60/40 UPR/EO80 blend in
the following discussion.

The morphology of UPR/EO80 was further investigated by TEM
as shown in Fig. 5. The irregular nanoscale sphere-like morphology
was clearly observed. The dark areas are PPO domains, because the
PPO block was preferentially stained with RuO4 compared to the
cured UPR matrix. The size of the microdomain was of the order of
10–30 nm. Although TEM experiments can provide important in-
formation about the morphology and microdomain structure of
UPR/EO80, it is difficult for TEM to directly determine the in-
terphase thickness or chemical composition in the interphase re-
gion of such samples with irregular spherical-like morphology.
These informations will be further elucidated in the following NMR
experiments.
Fig. 4. DSC traces of EO80, cured UPR/EO80 at different EO80 contents and cured UPR:
(a) the second heating scan and (b) the cooling scan.
4.2. Heterogeneous dynamics, miscibility and phase behavior
determined by 1H MAS, dipolar filter and 13C MAS NMR experiments

1H NMR spectrum reflecting dipolar coupling among protons is
a convenient method to monitor the heterogeneous dynamics and
phase behavior of polymer blends [28,50,51]. Fig. 6 shows the static
1H spectra of UPR/EO80. Since the glass transition temperatures for
amorphous PEO and PPO are well below the ambient temperature,
the narrow peaks (w2 kHz fwhm) at the center and the relative
broad hump (w39 kHz fwhm) at the bottom of the spectra can be
assigned to the mobile (PEO and PPO) blocks in EO80 and rigid
cross-linked UPR network, respectively. The remarkable dynamic
difference between the UPR and the EO80 copolymers shown in



Fig. 7. The expanded 1H MAS NMR spectrum of (a) EO80, and (b) UPR/EO80 at 8 kHz
MAS. The side bands were out of this region.

Fig. 5. TEM micrograph of UPR/EO80. The specimen for TEM observation was stained
with RuO4 and the scale bar is 200 nm.
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Fig. 6 indicates the presence of phase separation in this blend. Fig. 7
shows the expanded 1H MAS NMR spectra of EO80 and UPR/EO80
acquired with 8 kHz MAS. The narrow peak at around 3.5 ppm was
assigned to the overlapped peaks of the methylene protons of PEO
and the methine and methylene protons of PPO blocks, and the
peak at 1.1 ppm was assigned to methyl protons of PPO block. It is
noteworthy that the intensity ratio of the peak at 3.5 and 1.1 ppm
for UPR/EO80 is much larger than that of EO80, indicating a much
larger amount of PEO is mobile in UPR/EO80 than in EO80. This
result is consistent with that from DSC experiments shown in Fig. 4
and confirms again that the formation of crystalline domains of PEO
block in UPR/EO80 is inhibited. On the contrary, a large fraction of
PEO block in pure EO80 is crystalline.

1H dipolar filter experiment is another powerful method to
provide more detailed information about the heterogeneous dy-
namics, miscibility and microdomain structure in polymer blends
composed of rigid and mobile phases [42,49,50]. By increasing the
dipolar filter strength, the broad peaks arising from protons in
immobilized and rigid region can be suppressed. Fig. 8 shows the
1H dipolar filtered NMR spectra of UPR/EO80 under 8 kHz MAS. A
Fig. 6. 1H static NMR spectrum of UPR/EO80.
superposition of broad and narrow lines is observed in MAS spec-
trum without dipolar filter (Ncycle¼ 0). The line width of the broad
component was far less than that of the rigid UPR phase (w39 kHz
fwhm), thus the broad line can be reasonably assigned to the pro-
tons of the ‘‘immobilized’’ interphase [16]. With increasing Ncycle,
the proton signal in the interphase region was obviously sup-
pressed and only the proton signal of the mobile phase with weak
dipolar coupling remained. In addition, we can also observe a weak
and broad peak at about 7–8 ppm in Fig. 8 without dipolar filter,
this peak can be remarkably suppressed with increasing dipolar
filter strength. We suggest that this peak should be attributed to the
partially cured UPR intimately mixing with the immobilized
amorphous PEO in the interphase region, and this result is very
similar to that found in ER/EO80 blend [16]. It should be mentioned
here that propylene glycol in UPR was total rigid (1H static NMR
spectrum of cured UPR is not shown here), therefore, the signal for
these short propylene glycol groups does not contribute to the
signal that we assign to the mobile phase.

Compared with 1H NMR, 13C NMR technique is another effective
way to study the dynamics and microstructure of polymers due to
its excellent resolution; thus it was applied to characterize the
Fig. 8. 1H dipolar filtered MAS spectra of UPR/EO80 at 8 kHz MAS. The filter strength is
increased by increasing Ncycle in dipolar filter pulse sequence [16].
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molecular mobility and phase behavior of UPR/EO80 blend. In
general, 1H-to-13C CP/MAS experiment can predominantly detect
the signals from the rigid component due to its high CP efficiency.
Whereas 13C DP/MAS experiment with a short recycle delay time
can detect signals from only the mobile component and suppress
the rigid one. Therefore, the rigid segments exhibit strong signals in
the 13C CP/MAS spectrum, while the mobile segments show narrow
and strong signals in the 13C DP/MAS spectrum. Fig. 9 shows the 13C
DP/MAS spectra of EO80 and UPR/EO80, and the 13C CP/MAS
spectrum of UPR/EO80 at 4.5 kHz MAS. In the 1H MAS NMR spec-
trum shown in Fig. 7, the peaks of the mobile PEO and PPO at
3.5 ppm are seriously overlapped and cannot be distinguished.
However, the methylene carbon of PEO at 70–72 ppm and methine,
methylene and methyl carbons of PPO at 72, 74, and 16 ppm, re-
spectively, can be well distinguished in 13C DP/MAS NMR spectra
shown in Fig. 9. On comparing the 13C DP/MAS spectra in Fig. 9a and
b, it is noteworthy that the relative intensity of the sharp peak of
amorphous PEO at 70 ppm in UPR/EO80 is remarkably stronger
than that in EO80, indicating that most of PEO in UPR is segregated
from the cured UPR network upon curing and forming the mobile
phase, whereas most of PEO in EO80 is in crystalline region. This
result is consistent with those obtained from DSC and 1H MAS NMR
experiments. Three narrow PPO peaks are also clearly seen, which
indicates that PPO block is also repelled from the rigid UPR net-
work. The strong signals with narrow line widths in the DP/MAS
spectrum of UPR/EO80 (Fig. 9b) indicate that these segments un-
dergo fast motions in the mobile phase. In addition, a small mobile
phenyl anhydride signal at 128 ppm in UPR is also observed in
Fig. 9b, which should be attributed to the partially cured UPR sig-
nals in the interphase region that was intimately mixed with PEO.
This signal also confirms the existence of the interphase in this
blend. In Fig. 9c, different groups of the rigid cured UPR phase can
be observed in the 13C CP/MAS spectrum due to the strong 1H–13C
dipolar coupling.
4.3. Correlation of mobility and microphase structure determined
by 2D 1H–13C WISE experiments

2D WISE NMR experiment has been widely used for de-
termining heterogeneous dynamics in solid polymers [28,47]. It can
be used to determine the degree of phase separation and allows
one to qualitatively characterize whether there is an extended in-
terphase between the two phases in phase-separated blends. In
Fig. 9. 13C DP/MAS spectra of (a) EO80, (b) UPR/EO80, and (c)13C CP/MAS spectrum of
UPR/EO80.
addition, the obtained line widths of individual components from
2D WISE spectroscopy can also be used to calculate the spin dif-
fusion coefficient needed for the determination of the domain size.
Fig. 10 shows the 1H slice projection of 2D 1H–13C WISE NMR
spectrum for different groups of UPR/EO80 blend. It was found that
the PEO peak at 70 ppm exhibits a strong and narrow peak at the
center and a small broad peak at the bottom of the spectrum. The
narrow peak should be assigned to the mobile PEO blocks segre-
gated from the cured UPR matrix, indicating that PEO block is only
weakly miscible with cured UPR network. Since PEO was almost
amorphous in this blend from DSC results, the small broad peak
should be reasonably attributed to the immobilized PEO in the in-
terphase region. In contrast with UPR/EO80, the slice projection of
PEO from WISE experiments for ER/EO80 and ER/EO30 clearly in-
dicates the presence of a thick interphase in these blends, and
a large percentage of PEO was intimately mixed with ER in the
interphase region [16]. In Fig. 10, the slice projection of PPO peak at
74 ppm in UPR/EO80 only shows a narrow peak, indicating that the
PPO block was immiscible with UPR and completely segregated
from the cured UPR network upon curing. In addition, from the slice
projection of UPR at 128 ppm, we can observe a superposition of
a broad line and a small narrow line. The narrow line should be
attributed to the immobilized UPR component in the interphase
region, while the broad line should be attributed to the cured UPR
network. The above WISE NMR results provide a direct evidence of
the existence of a small interphase containing PEO in UPR/EO80,
which is in good agreement with those obtained by 1D 1H and 13C
NMR experiments. A quantitative determination of the interphase
thickness will be performed from the 1H spin diffusion experiments
in the following section.
Fig. 10. 1H slice projections of 2D 1H–13C WISE NMR spectrum for different groups of
UPR/EO80 blend.



Table 1
Proton fractions of EO80 in UPR/EO80, as well as the proton fractions of PPO in EO80
and UPR/EO80 determined by 1H liquid-state NMR in CDCl3

Samples UPR/EO80 EO80

Proton fraction of PEO–PPO–PEO copolymer
(stoichiometric proton ratio) (%)

54.4 –

Proton fraction of PPO in UPR/EO80 and EO80 (%) 10.9 21.4
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4.4. Determination of the interphase thickness and domain size
by 1H spin diffusion experiments

To get a better understanding of the phase separation in UPR/
EO80, we need to know detailed and quantitative structural in-
formation concerning the domain size and interphase thickness. On
the basis of the improved NMR method to measure the interphase
thickness (Eq. (11) in the Appendix), we can directly determine the
interphase thickness in UPR/EO80 by 1H spin diffusion NMR ex-
periments. Table 1 lists all the measured stoichiometric proton ratio
of the block copolymer EO80 in UPR/EO80 using 1H liquid-state
NMR, together with the proton fraction of PPO in EO80, which will
be used to determine the fraction of PEO in the mobile phase and
the interphase region.

Fig. 11a shows the 1H spin diffusion curves with increasing Ncycle

for UPR/EO80. On the basis of the strategy proposed by Spiess et al.
[28,49], the signal intensities were corrected to eliminate the effect
of spin–lattice relaxation (T1) on the measurement of spin diffusion
Fig. 11. 1H spin diffusion experiments for UPR/EO80: (a) static spin diffusion curves of
UPR/EO80 at different filter strengths (Ncycle); (b) selected 1H fraction of UPR/EO80 as
the function of filter strength (Ncycle).
using the multiplicative factor exp(þtm/T1). It should be emphasized
that the quantitative results depend on the accurate measure of the
signal intensity at zero mixing time (tm¼ 0) which can reliably be
linearly extrapolated from the initial data points within small mix-
ing times as reported in previous work [49]. The two dashed lines
denote the different end values, i.e., the selected fraction, of the spin
diffusion curves at Ncycle¼ 3 and 10, respectively. When Ncycle¼ 3,
the corresponding equilibrium value (54.4%) is just the stoichio-
metric proton ratio of EO80 in UPR/EO80. When Ncycle> 6, the
equilibrium value at different Ncycle is kept unchanged, which is
the final value (fm) we need. Fig. 11b shows the Ncycle dependence of
the selected fraction in spin diffusion experiments for UPR/EO80.
The final value fm (¼51.2% at Ncycle> 7) is slightly lower than that
expected from the stoichiometric proton ratio (54.4%). Comparing
Fig.11b with Fig.15, we obtain that about 7.3% (fi) immobilized PEO is
in the interphase region, while the rest 92.7% mobile PEO and all
PPOs are expelled from the cured UPR network. The above quanti-
tative NMR results confirm the existence of a small interphase region
in this blend. Since fm¼ 51.2% and fsm¼ 54.4%, we can obtain
lDFS¼ fm/fsm¼ 51.2/54.4¼ 0.94, which is very close to the value (1.0)
of ideal phase separation without interphase, therefore, we can
conclude that this blend exhibits strong phase separation.

If we neglect the slight difference of the proton density of PEO
and PPO in EO80, the interphase thickness in UPR/EO80 can be
directly estimated from Eq. (11). The dimensionality in Eq. (11) was
chosen as p¼ 3 (sphere-like) on the basis of the foregoing TEM
micrograph, thus we obtain ditp¼ 0.02ddis from Eq. (11). Since the
estimated domain size of the dispersed phase (ddis) from TEM mi-
crograph shown in Fig. 5 was in the range of 10–30 nm, we have
ditp¼ 0.2–0.6 nm. It is noteworthy that the interphase thickness
(ditp) measured here combining simple 1H spin diffusion experi-
ment with TEM technique does not require spin diffusion simula-
tion and the knowledge of the spin diffusion coefficients of the
sample which are needed in traditional NMR methods [28,49,51].

Alternatively, we can also use traditional NMR strategy to de-
termine ddis if SAXS and TEM cannot provide quantitative structural
information due to either lower electron density contrast or low
stain contrast between different phases, such as the case for ER/EO80
in our previous work [16]. By measuring the rate of proton spin
diffusion following the dipolar filter in spin diffusion experiment, the
domain size of the dispersed phase A in the two-phase A/B blend,
ddis, can be determined by the following equation [28,52,53]

ddis ¼
43

ffiffiffiffiffiffiffiffiffiffiffiffi
DADB

p
ffiffiffiffi
p
p ��

rH
A=rH

B

� ffiffiffiffiffiffi
DA

p
þ

ffiffiffiffiffiffi
DB

p � ffiffiffiffiffiffiffi
ts;0
m

q
(1)

where 3 (¼1–3) has the same meaning as p used in Eq. (11), and its
value depends on the morphology; ts;0

m is the characteristic mixing
time of spin diffusion introduced by Mellinger et al. [49], and it can
be determined by the intercept of the extrapolated linear initial
decay with the x-axis in spin diffusion curve as shown in Fig. 12;
and rH

A and rH
B are proton densities of the two phases, respectively.

The diffusion coefficient of the mobile phase (DA) can be calculated
from the following equations proposed by Mellinger et al. [49]
through transverse relaxation time (T2) measurements:

DA

�
T�1

2

�
¼
�

8:2� 10�6T�1:5
2 þ 0:007

�
nm2=ms;

0 < T�1
2 < 1000 Hz ð2Þ

�
�1
� �

�5 �1
�

2
DA T2 ¼ 4:4� 10 T2 þ 0:26 nm =ms;

1000 < T�1
2 < 3500 Hz ð3Þ

The diffusion coefficient of the rigid phase can be calculated from
the following equation that is valid for the Gaussian line shape [54]:



Fig. 12. Spin diffusion curve of UPR/EO80 at Ncycle¼ 3, plotted as the normalized
intensity I/I0 against the square root of the mixing time tm. The extrapolated value
ts;0
m is estimated and denoted in the figure. The value ts

m used in Ref. [49] is also
denoted.

Table 3
Domain size (ddis), long periods (dlong) and interphase thickness (ditp) for UPR/EO80,
ER/EO80 and ER/EO30 measured by 1H spin diffusion experiments

Samplesa 3 ddis (nm) dlong (nm) ditp (nm)

UPR/EO80 3 14.2 16.2 0.3
ER/EO80 2 2.7 4.3 0.7
ER/EO30 2 8.9 14.4 1.1

a For ER/EO80 and ER/EO30, ddis and dlong were determined in our previous work
[16], while ditp was recalculated in this article using the improved Eq. (11).
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DB ¼
1

12

ffiffiffiffiffiffiffiffiffiffiffiffiffi
p

2 ln 2

r D
r2
E

DnB
1=2 (4)

where Cr2
D is the mean-square distance between the nearest spins

(typically of the order of 0.04–0.06 nm2 in polymer), DnB
1=2 is the

line width of proton wide-line signals obtained by either 2D WISE
experiment of rigid phase or deconvolution of the wide-line 1H
NMR spectrum [55].

To obtain the domain size of the dispersed phase for UPR/EO80,
we select the spin diffusion curve at Ncycle¼ 3 as shown in Fig. 12,
which gives the corresponding equilibrium (end) value at the
stoichiometric proton ratio (54.4%) of EO80 in UPR/EO80. The initial
linear portion of the curve is linearly extrapolated to give a value of
10.2 ms1/2 for ðts;0

m Þ1=2. Table 2 lists all the parameters required for
the spin diffusion calculations. The calculated spin diffusion co-
efficients for the mobile and rigid phases are 0.11 and 0.31 nm2/ms,
respectively, which are in good agreement with that reported in
previous literature [56,57]. It should be noted that the calculated
spin diffusion coefficient of the rigid phase (0.31 nm2/ms) is obvi-
ously lower than that reported in some literature for rigid systems
(0.8 nm2/ms); this disagreement is due to the difference in the full
line width at half height (compare DnB

1=2 ¼ 76 kHz from Ref. [47]
with the corresponding DnB

1=2 estimated for UPR/EO80). A similar
spin diffusion coefficient of the rigid phase for nylon-6 fibres was
also reported [58]. Using the values given in Table 2, the domain
size, interphase thickness and the long period for UPR/EO80 are
calculated and listed in Table 3. The calculated domain size and the
long period are about 14 and 16 nm, respectively, which are in
agreement with the corresponding TEM result. It should be noted
that the TEM only shows a wide dispersion of the domain size in the
Table 2
Volume fraction, line width, spin–spin and spin–lattice relaxation times, spin dif-
fusion coefficients, and equilibrium mixing time used to calculate the domain size
and interphase thickness

Parametersa fm T2 (ms) DnB
1=2

(kHz)
DA

(nm2/ms)
DB

(nm2/ms)
T1 (s) ðts;0

m Þ1=2

(ms1/2)

UPR/EO80 0.44 1.9 39 0.11 0.31 0.63 10.2

a fm is the volume fraction of EO80 in the blend, which can be calculated from the
60:40 weight ratio of UPR and EO80, as well as the density of UPR and EO80 of 1.23
and 1.05 g/cm3, respectively. T2 was measured by dipolar filtered Hahn spin echo
pulse sequence as shown in Fig. 2. T1 was measured by means of the inversion re-
covery method.
range of 10–30 nm and the extremely small interphase cannot be
clearly seen. However, the NMR method has the advantage of
yielding an average domain size of 14 nm for the sample, and the
interphase thickness can then be directly determined by
ditp¼ 0.02ddis¼ 0.3 nm. It should be emphasized here that the TEM
technique is difficult to directly detect such small interphase in
UPR/EO80, especially to provide the quantitative information on
the PEO block in the interphase region.

For the convenience of comparison between thermoset blends
of ER and UPR, respectively, with the same PEO–PPO–PEO block
copolymer in the following discussion, we also recalculated the
interphase thickness in ER/PEO–PPO–PEO thermoset blends
reported in our previous work [16] to give more accurate results. On
the basis of the definition of lDFS and our previous experimental
results, we obtained lDFS¼ 22.2/39.9¼ 0.56 and 30.9/41.4¼ 0.75
for ER/EO80 and ER/EO30, respectively. Since the domain sizes of
these two blends determined by NMR experiments were 2.7 and
8.9 nm, respectively [16], the corresponding corrected interphase
thicknesses (p¼ 2 in Eq. (11)) for these two blends were 0.7 and
1.1 nm, respectively. It is noteworthy that the interphase thick-
nesses in ER/EO30 and ER/EO80 are considerably larger than that in
UPR/EO80, indicating the phase separation in these two different
thermoset blend systems are quite different.
4.5. Comparison of the phase behavior and microdomain structure
between thermoset blends of UPR and ER, respectively, with the
same PEO–PPO–PEO triblock copolymer

One aim of this work is to gain better understanding on the
influence of different binary component interactions on the phase
behavior and microdomain structure in blends of UPR and ER, re-
spectively, with the same block copolymer. Therefore, it is impor-
tant to compare the experimental results between these two
different thermoset blend systems. The Flory–Huggins interaction
parameter, c, is widely used in the literature to describe the binary
interactions of polymer blends [59], and is known to be the key
factor controlling the final structure and properties of the phase-
separated blends [1,21,60]. On the basis of the self-consistent
mean-field theory, Helfand and co-workers predicted a quantita-
tive relationship between interphase thickness (ditp) and the ther-
modynamic interaction parameter c [21]:

ditp ¼
2b

ð6cÞ0:5
(5)

where b is the Kuhn segmental length (w0.8 nm) [1]. Although the
value of interaction parameter c between the cross-linked ther-
moset resin and PEO–PPO–PEO block copolymers cannot be di-
rectly determined by means of the traditional methods [59,61,62],
our NMR experimental results can provide qualitative supporting
of the above relationship in thermoset blends with block
copolymers.

First, it is expected that with increasing the thermodynamic
interaction between the block copolymer and the cured-thermo-
set resin in the blends (increasing c), the interphase thickness



Fig. 13. Schematic illustration for typical strong and weak phase separations with
small and large interphases in UPR/EO80 and ER/EO80 [16] thermoset blends, re-
spectively, as determined by solid-state NMR experiments.
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should decrease. Due to different chemical structures of the UPR
and ER, we can expect that the value of c in these two different
blend systems should be different. It is well known that there are
strong hydrogen bonding interaction between the hydroxyl (–OH)
of ER and the ether group (–O–) of PEO [59,61]. However, besides
the end hydroxyl groups of UPR, there are less specific interaction
groups between UPR and PEO than that between ER and the PEO
block. Therefore, we can reasonably infer that the interaction
parameter c in UPR/PEO–PPO–PEO should be larger than that in
ER/PEO–PPO–PEO. On the basis of Helfand’s theory, it is expected
that the interphase thickness in ER/PEO–PPO–PEO should be
larger than that in UPR/PEO–PPO–PEO. Compared with ER/PEO–
PPO–PEO blends, different phase behavior, miscibility, morphol-
ogies, domain size and interphase thickness were observed in
UPR/PEO–PPO–PEO blends containing the same block copolymer.
It was found that macroscopic phase separation took place in UPR/
EO30, which was obviously different with the phase behavior of
ER/EO30, where microphase separation took place. Due to the
much higher PEO content in EO80, UPR/EO80 blend is not mac-
roscopically phase-separated and exhibits nanostructure spheri-
cal-like morphology with large domain size of 14 nm. All NMR
experiments including 1H dipolar filter, WISE and spin diffusion
experiments indicate that only a small fraction of PEO was mixed
with UPR which forms the interphase region, and the calculated
interface thickness is considerably small (w0.3 nm). Nearly most
of the PEO block (93%) was repelled from the UPR matrix, which
indicates that PEO is only weakly miscible with the cross-linked
UPR network, and the UPR/PEO–PPO–PEO blends exhibit strong
phase separation. On the contrary, due to the strong hydrogen
bonding interaction between PEO block and cured ER network
[63], PEO block is well miscible with ER network, therefore, both
ER/EO30 and ER/EO80 exhibit weak phase separation. The in-
terphase contains large amount of PEO block and the determined
interphase thicknesses of ER/EO80 and ER/EO30 are 0.7 and
1.1 nm, respectively, which is considerably larger than that in UPR/
EO80 (0.3 nm), while their domain sizes are obviously small of
about 3 and 9 nm, respectively. It is also noted that the phase-
separated morphology was changed from cylinder in ER/PEO–
PPO–PEO [16] to sphere-like in UPR/PEO–PPO–PEO due to the
increase of the binary component interaction.

Second, from Helfand’s theory (Eq. (5)), it is also expected that
the interphase thicknesses should kept unchanged if the thermo-
dynamic interaction between the block copolymer and cured-
thermoset resin remains unchanged. It was found in our previous
work [16] that although the domain size increases from 3 nm in ER/
EO80 to 9 nm in ER/EO30 with decreasing the PEO content in the
PEO–PPO–PEO block copolymers, the interphase thicknesses (0.7
and 1.1 nm) are only slightly changed in these blends; this can be
understood considering that the interaction parameter c between
the PEO block and cross-linked ER almost keeps unchanged. Our
NMR results also demonstrate that the domain sizes depend
strongly on the PEO fraction of the block copolymer in both ER/
PEO–PPO–PEO and UPR/PEO–PPO–PEO blends. From the above
discussion, we can reasonably suggest that the different thermo-
dynamic interactions between the block copolymer and cross-
linked thermoset resin and the PEO fraction of the block copolymer
are the two key factors that control the phase behavior, miscibility,
domain size and interphase thickness of these blends. Our sys-
tematic NMR results on UPR and ER thermoset blends are quali-
tatively in good agreement with the theoretical prediction of
Helfand and Tagami [21].

It was mentioned in the foregoing discussion that the parameter
lDFS as determined by 1H spin diffusion NMR experiments can be
used to characterize the extent of the phase separation in multi-
phase polymers. lDFS¼ 1 means strong phase separation in the
blend, whereas lDFS¼ 0 means complete miscibility of the two
components; if lDFS is obviously less than 1, this indicates that weak
phase separation takes place in the blend. Since the obtained lDFS

for ER/EO80 and UPR/EO80 were 0.56 and 0.94, respectively, these
two samples are obviously the two typical model systems with
weak and strong phase separations as shown in Fig. 13. These
model systems enable us not only to obtain an overall un-
derstanding of the phase behavior, miscibility and structure evo-
lution under different polymer–polymer interactions in thermoset
blends with block copolymers, but also to verify the universality of
the improved NMR methods proposed in our work in determining
the interphase thickness in multiphase polymers. Our systematic
NMR work on thermoset blends of UPR and ER, respectively, with
PEO–PPO–PEO block copolymers clearly demonstrates that our
method is robust even for multiphase polymer systems having
strong phase separation with extremely small interphase region.
On the basis of the above discussion, a possible model for the in-
fluence of binary component interaction (c) and volume fraction of
PEO (fPEO) on the phase behavior, miscibility, morphology, domain
size and interphase thickness in thermoset blends of UPR and ER,
respectively, with PEO–PPO–PEO triblock copolymer could be
suggested as shown in Fig. 14, and a clear physical picture about
evolution of phase behavior and microdomain structure in these
thermoset blends with PEO-containing block copolymers can be
achieved.
5. Conclusions

In this work, first, we improved the NMR method proposed in
our previous work to provide more accurate determination of in-
terphase thickness in multiphase polymers. In combination with
other techniques, this improved NMR method was then applied to
elucidate the phase behavior, miscibility, heterogeneous dynamics
and microdomain structure in UPR/PEO–PPO–PEO thermoset
blends. The experimental results were compared with those of ER/
PEO–PPO–PEO blends to systematically elucidate the influence of
different binary polymer–polymer interactions on the phase be-
havior, domain size and especially the interphase thickness in
thermoset blends of UPR and ER, respectively, with the same PEO–
PPO–PEO triblock copolymer. For UPR/EO80 blend, 1D and 2D NMR
experiments show a distinct dynamic difference between UPR and
EO80, indicating that the presence of phase separation and the
formation of crystalline domains in PEO block were inhibited.



Fig. 14. Schematic illustration of the suggested model for the influence of binary
component interaction (c) and volume fraction of PEO block (fPEO) on the phase be-
havior and microdomain structure in blends of UPR and ER with PEO–PPO–PEO tri-
block copolymer. Yellow region with dotted line border represents the interphase
region, and the interphase thickness and domain size (d) are also denoted in this figure
(for interpretation of the references to colour in this figure legend, the reader is re-
ferred to the web version of this article).
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Quantitative 1H spin diffusion experiments reveals that only 7.3%
PEO were immobilized and mixed with partially cured UPR that
formed the interphase region, and the calculated interphase
thickness and domain size were about 0.3 and 14 nm, respectively.
These results indicate that PEO blocks were only weakly miscible
with cured UPR matrix and the blend exhibits strong microphase
separation. Upon curing, the cross-linked rigid UPR formed
a separated microphase, while a large amount of mobile PEO was
locally expelled from the cured UPR matrix and formed another
microphase with mobile PPO. On the contrary, macrophase sep-
aration took place in UPR/EO30 due to the lower PEO content in
EO30 compared to EO80. The observed phase behavior, mor-
phologies and microdomain structure in blends of UPR and ER,
respectively, with the same triblock copolymer are obviously
different. The later has a larger interphase region containing
Fig. 15. Schematic curve of the selected fraction (end value) in spin diffusion experi-
ment with increasing filter strength (Ncycle). The interphase, as well as the extent of
phase separation in blends containing rigid and mobile domains can be determined
from the curves.
considerable amount of PEO intimately mixing with cured ER
network, indicating the presence of weak microphase separation
and good miscibility between PEO block and cured ER network. It
is suggested that the thermodynamic interaction between the
block copolymer and cross-linked thermoset resin is the key
factor that controls the phase behavior, morphology, domain size
and interphase thickness of these thermoset blends. The NMR
results are qualitatively in good agreement with the theoretical
prediction of the interphase properties between two immiscible
polymers proposed by Helfand et al. To our knowledge, this is the
first systematic NMR study on the evolution of the phase behavior
and detailed microstructure on the basis of determined in-
terphase thickness by controlling the binary thermodynamic in-
teractions. Our NMR works on different thermoset blend systems
with weak and strong microphase separations clearly demon-
strate that the improved NMR method is a general and useful tool
to elucidate the phase behavior and subtle microdomain structure
in multiphase polymers, and these information are of great im-
portance for guideline of tailoring the nanostructure and mor-
phologies in thermoset blends and therefore developing
advanced polymer blends with desired physical and chemical
properties.
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Appendix

Concerning the improvement of our previous NMR method to
quantitatively determine the interphase thickness in multiphase
polymers, we first briefly review the main features of the method
proposed in our previous work [16]. Fig. 15 shows the schematic
curves of the selected proton fraction (end value) in 1H spin
diffusion experiment with increasing filter strength (Ncycle) in two
different polymer blends having weak (blend B) and ideal (blend
A) phase separations, respectively. These two blends all contain
a rigid (blue) and a mobile (orange) components, which are il-
lustrated in Fig. 15, (for interpretation of the references to colour
in this text, the reader is referred to the web version of this ar-
ticle) and the interphase with dynamic gradient is also illustrated.
The most important significance of the curves in Fig. 15 is that
the proton fraction of the interphase (fi) can be directly de-
termined from the difference of the stoichiometric proton ratio
(dash line) of the dispersed phase (mobile component) with the
final equilibrium value (fm) of the selected mobile component at
large Ncycle. On the basis of the measured interphase thickness,
the extent of phase separation in polymer blends can be well
evaluated.

Because the proton fraction of the interphase (fi) and the mobile
phase (fm) can be quantitatively determined from the curves shown
in Fig. 15, the interphase thickness (ditp) for blend B in Fig. 15 can be
directly estimated as the following formula on the basis of the
geometrical relationship of the interphase and the dispersed phase
[16]

ditp ¼ 0:5�
�

1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm=fsm

p
q �

ddis (6)

where fsm¼ fiþ fm represents the stoichiometric proton ratio of the
dispersed phase (mobile component B including those in the in-
terphase); p represents the dimension and its value depends on the



Fig. 16. Schematic diagram of the relationship of dm, ddis, d0dis and ditp for a cylindrical
(p¼ 2) domain. Here, the length of the cylinder is considered to be far greater than ddis.
The contributions of both the rigid (blue) and the mobile (gray) components to the
interphase are considered (for interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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morphology: p¼ 1 for lamellar phase, 2 for cylinder with the length
of the cylinder considered to be far greater than its diameter, and 3
for discrete phase, such as spheres in a matrix. It should be noted
that only the immobilized component of the dispersed (mobile)
phase (fi) was considered to calculate the interphase thickness in
Eq. (6). However, if we consider the intimate mixing and a contin-
uous distribution of both the rigid and the mobile components in
the interfacial region, the total proton fraction in the interphase
region should be corrected to be 2fi instead of fi. Therefore, we can
improve Eq. (6) to provide more accurate measurement of in-
terphase thickness. Fig. 16 shows the schematic diagram of the
improved geometrical relationship of ditp, dm, ddis and d0dis for p¼ 2
on the basis of the old model [16], where the dispersed phase ddis

corresponds to the diameter of dispersed phase having the stoi-
chiometric 1H ratio, and d0dis denotes the diameter of the volume
including total interphase region (2fi) and the mobile phase (fm).
For easy comparison with the old model [16], the contribution of
the rigid and the mobile components to the immobilized in-
terphase was separately illustrated as blue and gray regions in
Fig. 16, respectively, although they are actually mixed in interphase
region.

On the basis of the geometry relationship obtained in our
previous work [16] and improved model shown in Fig. 16, we
can obtain the relationship between dm and ddis, as well as dm

and d0dis:

dm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm

fi þ fm

p

s
ddis (7)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffis

dm ¼

fm
2fi þ fm

p
d0dis (8)

It should be noted that the difference of the proton density of the
two components was neglected in Eq. (8), and this condition is
usually satisfied for most of the polymers. Thus the actual in-
terphase thickness ditp, including the two components at in-
terphase region, should be written as:
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Generally, we can directly obtain the selected fraction of the mobile
phase (fm) under strong dipolar filter strength. Therefore, it is
convenient to calculate the interphase thickness from the following
formula:

ditp ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� ðfm=fsmÞp
q

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
fm=fsm

p
q �

ddis=2 (10)

If we define a parameter lDFS¼ fm/fsm, then Eq. (10) can be written
as:

ditp ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2� lDFS
p
q

�
ffiffiffiffiffiffiffiffiffi
lDFS

p
q �

ddis=2 (11)

where lDFS can be directly measured from 1H dipolar filter spin
diffusion NMR experiments (see Fig. 15) and can be used to char-
acterize the extent of the phase separation (see the following
discussion).

On the basis of Eq. (11), the interphase thickness, ddis, can be
determined from the following two steps: (1) measuring lDFS by 1H
spin diffusion NMR experiments as shown in Fig. 15; (2) measuring
ddis by different techniques including NMR, TEM or SAXS etc. If ddis

can be measured by SAXS or TEM, then ditp can be determined from
Eq. (11). The advantage of this method is that it does not require the
knowledge of the spin diffusion coefficients of the sample [28,49]. If
SAXS and TEM cannot provide quantitative structural information
due to either lower electron density contrast or low stain contrast
between different phases (e.g. ER/EO80 in our previous work [16]),
ddis can be alternatively determined using the traditional initial
slope approximation of the NMR spin diffusion curve as reported in
previous literature [28], then ditp can be directly obtained from Eq.
(11). It should be mentioned here that Eq. (11) is a strict mathe-
matical relationship between ditp and ddis, and has the advantage of
avoiding any spin diffusion model and adjustable parameters
which are needed in traditional NMR spin diffusion simulation. This
is important for samples with extremely small interphase region,
such as the case for UPR/EO80 in the present work. In principle, this
method for measuring interphase thickness should be applicable to
any multiphase polymers with detectable dynamic differences
between different phases.
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