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The mixing state in polyoxymethylene (POM) and terpenephenol (TPh) blends prepared by melt-blending 
has been studied by transmission electron microscopy (TEM), Fourier-transform infrared (FTi.r.) 
spectroscopy and high-resolution solid-state 13C n.m.r. spectroscopy. On the basis of these morphological 
and spectral measurements, the following facts have been revealed: (i) POM/TPh (5/5) blend is 
homogeneous on a scale of a pm; (ii) the intermolecular hydrogen-bonding interaction between POM 
and TPh makes their blends miscible; (iii) a level of this interaction exhibits a significant compositional 
dependence; (iv) the noncrystalline phase of POM is preferentially miscible with TPh, while a part of POM is 
still crystallizable; and (v) the size of the phase-separated domain for POM/TPh (5/5) blend is estimated to 
be ca. 1 nm in the noncrystalline phase by the ‘H spin diffusion analysis, suggesting the almost homogeneous 
mixing on a molecular level. Copyright 0 1996 Elsevier Science Ltd. 
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INTRODUCTION 

Polyoxymethylene (POM), which is a highly crystalline 
polymer, exhibits high mechanical strength and excellent 
resistivity against heat and solvents. From these charac- 
teristic properties, it is one of the commercially 
important materials in the field of engineering plastics. 
In spite of its potentially wide availability, POM has not 
been frequently applied to polymer blends due to its poor 
solubility in various solvents. Of the miscible polymers 
with POM, only novolak resin’ and polyvinylphenol 
(PVPh)2>3 have been reported at present. From a view- 
point of developing polymer blends with new function, a 
research of polymer blends including POM seems to be 
of great interest. 

French et al. reported that intermolecular hydrogen- 
bonding interaction between POM and other polymers is 
a driving force for miscible blends3. So, this suggests that 
polymers possessing phenolic OH groups could form the 
strong intermolecular hydrogen-bonding with POM. As 
a potentially miscible polymer with POM, we focus our 
attention on terpenephenol (TPh) which is composed of 
terpene and phenolic moieties as shown in Figure I. 

The major object of this paper is to characterize the 
miscibility of POM/TPh blends. We apply transmission 
electron microscopy (TEM), Fourier-transform infrared 
(FTi.r.) spectroscopy and high-resolution solid-state 
n.m.r. spectroscopy as tools for the evaluation of 
miscibility. In order to discriminate between the con- 
tributions from noncrystalline and crystalline phases in 
the blends, selective observations of these phases are 
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performed by using 13C spin-echo and CPT14 pulse 
sequences. The level of miscibility for POM/TPh blends 
is also estimated by the spin-diffusion experiment, 
including the Goldman-Shen pulse sequence5. 

EXPERIMENTAL 
Materials 

Polyoxymethylene (POM, Duracon M90-44) was 
supplied by Polyplastics Co., Inc. Terpenephenol (TPh, 
Mighty Ace K-125) was purchased from Yasuhara 
Chemical Co., Inc., a number-average molecular weight 
being cu. 600. An aliphatic and aromatic proton ratio of 
TPh was determined to be 91 : 9 by ‘H n.m.r. spectro- 
scopy. An X-ray diffraction analysis revealed TPh to be a 
noncrystalline polymer. Both materials were used with- 
out further purification. 

Preparation of samples 
Component ratios of POM/TPh blends range from 515 

to 9/l (w/w). These blends were prepared by means of 
melt-blending using Haake Brabender PL-3000 with a 
screw rotation speed of 50 rpm at 190°C for 5mir1, 
followed by a compression moulding into plaques of 
2mm thickness at 200°C. 

Measurements 
Transmission electron microscopic (TEM) observa- 

tions were performed on a HITACHI H-600 electron 
microscope at an accelerating voltage of 100 kV. Ultra- 
thin film slices (cu. 0.1 pm thickness) of the blends were 
prepared using a microtonomy technique for the 
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Figure 1 Structure of terpenephenol (TPh) 
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Figure 2 Pulse sequences employed in this work: (a) “C spin-echo 
pulse sequence: (b) pulse sequence combined with Goldman Shen 
pulse sequence and CP technique 

measurements. The staining with ruthenium tetraoxide 
(RuO,) vapour was performed according to the method 
described by Trent et al.h. 

Fourier-transform infrared (F7’i.r.) spectra were 
recorded on a Perkin Elmer 1600 FTi.r. spectrometer 
at room temperature. Scans of more than 100 and a peak 
resolution of 2 cm-’ were employed. Since cast films of 
POM/TPh blends were unable to be prepared due to their 
poor solubility, extra-thin film slices (l-2 pm thickness) of 
the blends were prepared in a similar way to the samples 
used on TEM observations described above. 

High-resolution solid-state n.m.r. measurements were 
carried out on a JEOL JNM-GX270WB spectrometer at 
a 13C frequency of 67.9 MHz at room temperature. ‘H 
90” pulse width of 4.5 ps was employed, corresponding to 
a radio frequency field strength of 56 kHz. ‘H irradiation 
frequency was 3ppm downfield from the resonance for 
tetramethylsilane (Me$i). Spectral width encompassed a 
range of 27 kHz and data points of 8 k were employed. 
13C chemical shifts were referenced externally to the CH 
resonance line of adamantane, 29.5ppm from Me4Si. 
Representative pulse sequences used in this work are 
shown in Fi ure 2. 

CP/MAS 53 C spectra were measured at a contact time 
of 2 ms, pulse delay of 5 s and MAS rate of 4 kHz. 13C 
spin-echo and CPT 1 4 pulse sequences were employed for 
selective observations of the noncrystalline and crystal- 
line components in POM or POM/TPh blends, respec- 
tively. Fixed delay times t, for the relaxations were 40 ps 
for the spin-echo pulse sequence and 3 s for the CPTl 
pulse sequence. Other conditions for these two pulse 
sequences were the same as used for the CP/MAS 
measurements. On measurement of ‘H spin-lattice 
relaxation time (TIN), ‘H spin-lattice relaxation time 
in the rotating frame ( TIpHI and ‘H spin-spin relaxation 

time ( TqH), ‘H magnetizations were indirectly detected 
as 13C s;gnalslsusi:g a contact time of 0.1 ms and pulse 
delay of 5 s. C- H cross-polarization relaxation time 
( TCH) values were obtained by varying a contact time. In 
the ’ H spin-diffusion experiment, a fixed delay time tl of 
40~s was employed in the Goldman-Shen pulse 
sequence. 

RESULTS AND DISCUSSION 

TEM observations 
A transmission electron microscopic (TEM) study was 

employed for morphological observation of POM and 
POM/TPh blends. TEM observations were carried out 
after staining with ruthenium tetraoxide (Ru04) vapour6. 
Figure 3a shows a TEM micrograph of POM. In Figure 
3u, orientation of POM crystals is observed, and also 
radially oriented lamellar striations, which are parts of a 
spherulite, are formed in agreement with the previous 
finding’. In contrast, the POM/TPh (7/3) blend is phase- 
separated, as seen in Figure 3b, where dark particles with 
a diameter smaller than 2pm are dispersed in a rather 
homogeneous matrix. Since TPh is more readily stained 
under the condition employed here, the dispersed 
particles should be the region composed of TPh. 
However, the apparent fraction of the TPh particles 
seems to be greatly lower compared to the real weight 
fraction (0.3) of TPh in this blend. Accordingly most of 
TPh may be included in the matrix, resulting in the 
morphology of the matrix evidently different from that 
for POM. Figure 3c shows a TEM micrograph of a 
POM/TPh (5/5) blend. Only a finely mixed matrix phase 
is observed without such dispersed particles for the 
POMjTPh (7/3) blend, indicating that the POM/TPh 
(S/S) blend is homogeneous on a scale of a pm. 

FTi.r. experiments 
Intermolecular interaction is considered to play a key 

role in the miscibility of polymer blends’. We have 
examined the intermolecular hydrogen-bonding between 
POM and TPh by Fourier-transform infrared (FTi.r.) 
spectroscopy. Figure 4 shows the i.r. absorption spectra 
in the OH stretching vibration region (3800-3000 cm-‘) 
for POM, TPh and the POM/TPh blends, which are 
recorded on the absorbance scale. In TPh (Figure 4e), the 
absorption band for the free OH group appears at 
3600 cm-‘, which is in good agreement with the previous 
result for phenol’. Moreover, two ambiguous broad 
absorptions are observed in the associated OH stretching 
region of 3520-3420 cm-’ 8. The OH band at 3520 cm-’ 
may be assigned to the self-associated OH group 
undergoing the dimeric interaction of TPh, on the 
analogy of the case for the POM/novolak resin blend’. 
Another OH band at 3420cm-’ may be ascribed to a 
different type of self-associated OH group possibly 
participating in the polymeric interaction of TPh. 
though there is no evidence for this assignment. When 
TPh is mixed with POM, these absorptions of TPh are 
somewhat changed in line shape as shown in Figures 4a-rt; 
a different absorption band with almost mono-peak 
appears around 3428 cm’ concomitantly with disappear- 
ance of two bands at 3600 and 3520 cm-‘. Such i.r. spectral 
change suggests that most of OH groups of TPh are 
associated with the intermolecular hydrogen-bonding with 
POM in the blend in accordance with the previous cases2’8. 
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Figure 3 Electron micrographs for different samples stained with Ru04 vapour: (a) POM; (b) POM/TPh = 7/3; (c) POM/TPh = 515 

On the other hand, POM shows the characteristic i.r. 
absorptions in the region of 1200-900cm-’ (Figure 5). 

stretching vibration, respectively’. These bands are 
changed in shape with increasing TPh content in the 

Two complex i.r. bands appear around 1000-900 and blends. Especially, the bands at 990 cm-’ and 1130 cm-’ 
1150-1070cm-‘, which are assigned to the methylene evidently increase in intensity as the content of TPh 
rocking and skeletal stretching vibration, and C-O increases. Similar spectral changes around 990 cm-’ and 
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Figure 4 FTi.r. spectra for different samples m the OH stretching 
vibration region (3X00-3000cm ‘): (a) POM: (b) POM’TPh ~~ 9, I: (cl 
POM!TPh = 7’3: (d) POM/TPh: 5:5: (e) TPh 
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Figure 5 FTI r. spectra for dilferent samples in ether stretching 
vibration region (1250~800cm ‘): (a) POM: (b) POM:TPh = 9:l; (c) 
POM’TPh = 7’3: (d) POM.TPh: 5.5; (e) TPh 

1130cm- ’ have been observed for some POM specimens 
and various expanations for such spectral regions have 
been proposed”-” For example. those absorption 
bands have been assigned to the planar zig-zag confor- 
mations in the noncrystalline re 

B 
ion’“, to the conforma- 

tional defects in helical chains’ . or to the folded-chain 

(needle-like) crystals”, though no clear conclusion for 
those spectral changes has yet been obtained. In any 
event, based on the i.r. spectroscopic change depending 
on the content of TPh, it was assumed that the 
intermolecular interaction between the ether oxygen of 
POM and the OH group of TPh induces the structural 
change of POM. 

High-resolution solid-state n.m.r. spectroscopy 
Figure 6 shows CP/MAS 13C spectra for POM, TPh 

and their blends obtained at room temperature. The 
phenolic carbon signal of TPh is observed at 153.2 ppm 
in Figure 6e and significantly shifts downfield with 
increasing content of POM; for example, the correspond- 
ing line appears at 154.8ppm for the POM/TPh (9/l) 
blend as shown in Figure 6b. This means that the electron 
density around the phenolic carbon will decrease 
probably as a result of the intermolecular interaction 
between the phenolic OH group and the ether oxygen 
atom. 

In contrast to the phenolic carbon of TPh, the 
methylene carbon of POM seems to exhibit no clear 
change in line shape or chemical shift as shown in Figure 
6. However, since the mixing will be induced in different 
ways in the crystalline and noncrystalline phases13, we 
have done selective 13C n.m.r. observations of the 
respective phases by using 13C spin-echo and CPTI 
pulse sequences. In Figure 7 the spin-echo spectra for 
POM. TPh and their blends are displayed, where the 
noncrystalline phase of POM is emphasized due to its 
longer 13C spinspin relaxation time (T,c) in compar- 
ison with that of the crystalline phase’“.-The resonance 
line of the methylene carbon in the noncrystalline phase 

(a) 
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Figure 6 CP:‘MAS “C n.m.r. spectra measured at room temperature 
for different samples: (a) POM; (b) POM/TPh =9/l; (c) POM:TPh = 
7’3: (d) POM/TPh=5/5; (e) TPh 
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Figure 7 Solid-state ‘k n.m.r. spectra measured by 13C spin-echo 
pulse sequence shown in Figure 2~: (a) POM; (b) POM/TPh =9/l; (c) 
POM/TPh = 7/3; (d) POM/TPh = 5/5; (e) TPh 

is observed at 89.5ppm and broadened with increasing 
content of TPh possibly due to the intermolecular 
interaction with TPh. 

On the other hand, 13C n.m.r. spectra measured by the 
CPTI pulse sequence emphasize the methylene carbon 
resonance assigned to the crystalline phase in POM 
because of its longer 13C spin-lattice relaxation time 
(TIC)“. The resonance line of the crystalline phase in 
POM is observed at 88.2ppm, and this line is neither 
shifted nor broadened even after mixing with TPh. From 
these results, the mixing in this system is concluded 
to occur preferentially in the noncrystalline phase of 
POM. 

One of possible causes for the line-broadening for 
the methylene carbon in the noncrystalline phase may 
be the intermolecular hydrogen-bonding interaction 
between POM and TPh, which was confirmed by 
FTi.r. experiments as described above. Another cause 
of the broadening will be the onset of the molecular 
motion in the order of 104-lo5 Hz. When the methylene 
carbon is subjected to such a molecular motion, ‘H 
dipolar decoupling efficiency must be lowered resulting 
in the broadening of the resonance line. Moreover, the 
signal/noise ratio of CP/MAS spectra should be 
appreciably decreased as a result of the decrease in 
T which is also sensitive to the molecular motion in 
thyirder of 104-lo5 Hz. However, it has been found 
that there is no significant decrease in the signal/noise 
ratio or in TlpH in this blend system. Therefore, the 
intermolecular interaction must be closely associated 
with the line broadening for the methylene carbon of 
POM. 

’ H spin-dljiision experiments 
‘H spin-diffusion phenomenon is widely used for a 

quantitative evaluation of the miscibility of polymer 
blend systems. When strong dipolar coupling exists 
between protons belonging to two different polymers as a 
result of their intimate mixing, efficient spin-exchange is 
promoted and the protons show an identical spin 
relaxation time. In contrast, protons far apart or in 
different environments relax independently of one 
another or significantly depending on the size of the 
domains composed of the respective polymers. Thus it is 
possible to evaluate homogeneity or inhomogeneity of 
mixing in a polymer blend system by means of the spin 
relaxation times of protons belonging to two different 
polymers. 

A level of homogeneity of polymer blends is usually 
estimated in terms of TIH and TlpH on different 
scales13’16m24. When the T,, values are identical for two 
polymers, this blend system may be homogeneous on a 
scale of 20-30 nm. In contrast, the identical TlpH values 
for both polymers suggest their homogeneous mixing on 
a scale of 2-3 nm. First we have measured TIH and TIpH 
values of POM and TPh at room temperature by the 
pulse sequences conventionally used, which are summar- 
ized in Table 1. Unfortunately, TIH and TlpH values for 
POM and TPh are so close to each other in the pure state 
that these values are not suitable in evaluating the 
miscibility of POM/TPh blends. 

As an alternative method for evaluating the level of 
mixing, we have adopted the method combined with the 
Goldman-Shen pulse sequence’ and CP/MAS 13C 
n.m.r. technique. This method makes it possible to 
directly observe the ‘H spin-diffusion from one com- 
ponent polymer to another in a polymer blend system. 
As shown in Figure 2b, after the ‘H overall transverse 
magnetization is created by the first ‘H 90” pulse, a 
component with a shorter T2H is selectively allowed to 
relax to zero during a period of tl. The remaining ‘H 
magnetization with a longer T2, is set parallel to the 
static magnetic field by the second ‘H 90” pulse. During a 
mixing time T, the ‘H spins then diffuse from the longer 
T2” component to the shorter component through the 
‘H-‘H dipolar interaction. The resulting ‘H mag- 
netization is transferred to 13C spins by the cross- 
polarization technique. Thus the ‘H spin-diffusion pro- 
cess is able to be directly examined as a function of the 
mixing time T. 

Figure 8 shows CP/MAS 13C n.m.r. spectra for the 
POM/TPh (5/5) blend measured by the pulse sequence 
shown in Figure 2b. Since the T2H for the crystalline 
component of POM in this blend system is shorter than 

Table 1 TIH and TlpH values for POM and TPh measured at room 
temperature 

Resonance line (ppm) TIH (s) TlpH tms) 

POM 
88.5 1.0 24 

TPh 
21.6 1.0 20 
27.6 1.0 20 
38.0 1.1 19 
43.6 1.0 19 

153.2 1.4 19 
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Figure 8 Solid-state “C n.m.r. spectra for POM;TPh (5,5) blend 
measured by the pulse sequence shown in Figure 2h at mixing times T of 
0.05 ms to I.Oms 

Table 2 T7H and ru values for POM/TPh (5’5) blend estimated bq 
high-resolution solid-state ‘jC n.m.r. experiments 

Resonance line (ppm) T,H (/Lb) 

POM (noncrystalline component) 
89.5 35.5 

POM (crystalline component) 
88.2 7.9 

TPh 
21.5 4.4 
27.6 4.1 
38.0 4.2 
43.5 3.1 

153.5 4.5 

” Pseudoequilibrium values estimated in Figuw 10 

I, ” (ms) 

I .o 

33.6 

I .(I 

Sps, as shown in Tuhle 2, the delay time lI was set to 
40,~s in this case. 

As shown in Figure 8. the resonance line assignable to 
the noncrystalline component of POM is selectively 
observed at 89.5 ppm for 7 = 0.05 ms. With increasing 
mixing time 7. the intensity of the noncrystalline line is 
evidently decreased, while the resonance line assigned to 
TPh is increased in intensity. As 7 further increases, the 
resonance line at 88.2ppm assigned to the crystalline 
part of POM appears and is increased in intensity as 
shown in Fipre 9. These spectral changes are due to the 
‘H spin-diffusion from the noncrystalline component of 
POM to TPh and the crystalline component of POM. 

For the estimation of the domain size, an appropriate 
model should be assumed under consideration of the ‘H 

POM norwystalline component 

r=l Ills 

POM noncrystetline component 
- POM crystalline component 

r=lOOms \ 

\ 
Wd+Jkf- ,/ W-J 

rl,rlI ,,I I I,,,,,, 
150 100 50 

Ph 

Figure 9 Solid-state “C n.m.r. spectra for POM,‘TPh (5:5) blend 
measured by the pulse sequence shown in Figure 2h at mixing times 7 of 
I ms to 100ms 

2.0 h 
0 noncrystalline component of POM 

I A 0 ??TPh (43.5 ppm) 

-2.0 J 

fie = 5.8 rnsl’* 

\ 
0.0 AA* 

8.0 10.0 

J- 5 ms 112 

-0.5 - 

-l.O- 

A crystalline component of POM 

Figure 10 Plots ofthe reduced ‘H magnetization, (M(r) ~ M,,)/M,,. 
vs. the square root of the mixing time 7 for the POM/TPh (5;‘5) 
blend 
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spin diffusion process in the micro-phase separated 
system. The present POM/TPh blend system may be, 
however, a complicated phase-separated system. There- 
fore, we have adopted a one-dimensional lamellar 
structure model as is frequently used in different polymer 
blend systems’3922. When such a structure model is 
assumed, the following data treatment is availablei3: 
(M(T) - MP_,)I% is plotted against the square root of 
the mixing time T as shown in Figure 20. Here, M(r) is 
the 13C magnetization at the mixing time 7 and Meq is 
the pseudoequilibrium magnetization at time t,, where 
the corresponding magnetization is not further changed 
through the ‘H spin diffusion. As shown in Figure IO, 
t, can be determined as a cross-point of the straight 
line with a slope of 1.0 for the initial plot on the 
abscissa axis. In this estimation, the resonance line at 
43.5ppm was used as a representative of TPh because 
of its better signal/noise ratio. The t, values thus 
obtained for the noncrystalline component of POM is 
in good accord with the value for TPh (t, = l.Oms), 
whereas the crystalline component of POM has a 
longer t, value (t, = 33.6ms) as listed in Table 2. These 
results indicate that the ‘H spin-diffusion between TPh 
and the noncrystalline component of POM attains an 
equilibrated state quickly within one ms and then 
proceeds slowly further to the crystalline phase in POM. 
In other words, the noncrystalline component of POM 
is more closely mixed with TPh than the crystalline 
component. 

By also assuming the one-dimensional spin-diffusion 
process, the effective diffusive path length x may be given 
as mean square form byr3 

(x2) = 4DtJ3 (1) 

where the parameter D is the spin-diffusion coefficient 
expressed as 

D = 2&T,, (2) 

and r. is the proton van der Waals radius of 0.117 nm. 
The (x2) value is determined to be 1.03 nm* for the 
noncrystalline phase in the POM/TPh (5/5) blend, using 
the T2H value of 35.5 ps and t, value of l.Oms. This 
indicates that the average size for the domains, which are 
composed of the noncrystalline POM and TPh in this 
blend, is of the order of 1 nm. 

CONCLUSIONS 

TEM observations provided information about the 
homogeneity on a scale of a pm for the POM/TPh 
blend system. FTi.r. experiments revealed that the inter- 
molecular hydrogen-bonding interaction exists between 
POM and TPh in their blend systems. On the other hand, 
selective high-resolution solid-state i3C n.m.r. measure- 
ments, which were based on the spin-echo and CPTl 

pulse sequences, were found to be very useful in 
examining the mixing states in the noncrystalline and 
crystalline phases separately: TPh was preferentially 
mixed with POM in the noncrystalline phase probably 
through the intermolecular hydrogen-bonding interac- 
tion, which was confirmed by the 13C spectra of the 
methylene and phenolic carbons. In contrast, there was 
no spectroscopic evidence for the association of TPh in 
the crystalline phase of POM. Separate ‘H spin-diffusion 
analysis revealed that the phase-separated domain size is 
of the order of 1 nm in the noncrystalline phase in this 
blend system. 
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