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Abstract 

The miscibility, phase behavior, and intermolecular interaction of novolac/poly(e-caprolactone) (PCL) blends, before and after curing, 
were investigated by the high resolution solid-state nuclear magnetic resonance (n.m.r.) technique. It was found that there exists hydrogen- 
bonding interaction between the carbonyl groups of PCL and the hydroxyl groups of novolac, which results in the downfield shift of carbonyl 
carbon resonance of PCL and the upfield shift of hydroxyl-substituted carbon resonance of novolac. The interaction also broadens the line 
width of carbonyl carbon resonance. After curing with 15 wt% hexamine (relative to novolac content), hydrogen-bonding interaction still 
exists between the components in the crosslinked blends. However, the relative amount of hydrogen bonds decreases significantly. Both the 
uncured and the cured novolac/PCL blends exhibit composition-dependent miscibility. The curing causes an increase of the domain size in 
the amorphous phase and a reaction of miscibility between the two components. 0 1998 Elsevier Science Ltd. All rights reserved. 
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1. Introduction 

For several decades, polymer blends have been studied 
quite extensively, and for certain systems, intensive studies 
have also been carried out. Considerable applications were 
witnessed in the 80s and 90s. In the process of utilization 
and development of polymer blends, a variety of techniques 
were used to study and characterize miscibility and phase 
behavior of polymer blends [l-4], among which, thermal 
analysis is the most widely used technique by researchers. 
Spectroscopic methods have also received more and more 
attention in recent years. One of the spectroscopic techni- 
ques that is frequently used in studying polymer blends is 
solid-state nuclear magnetic resonance (n.m.r.) [5-181. By 
examining n.m.r. spectra and parameters, such as the 
chemical shift, line width, and relaxation times, one can 
obtain detailed information about the miscibility, inter- 
molecular interaction, and morphology of polymer blends. 
Changes in chemical shift and/or line shape of the resonance 
Peaks in the 13C n.m.r. spectra of the blends, in comparison 
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to those of the pure components, were employed as evidence 
of interaction between the blend components [8-12,181. 
From n.m.r. relaxation time measurements, one can further 
estimate the scale of miscibility of a polymer blend. 

Polymer blends of novolac and poly(e-caprolactone) 
(PCL) have previously been studied by using differential 
scanning calorimetry (DSC) and Fourier transform infrared 
(FTIR) spectroscopy [19]. We have found that the uncured 
novolac/PCL blends were miscible as shown by the exis- 
tence of a single glass transition temperature (T,) in each 
blend. After being cured with 15 wt% hexamine (relative to 
novolac content), no Tg can be detected for novolac-rich 
compositions. The miscibility was judged from the melting 
and crystalline behavior of the blends, and composition- 
dependent miscibility was found. Our FYli.r. studies 
revealed that there exists hydrogen bonding interaction 
between the hydroxyl groups of novolac and the carbonyl 
groups of PCL in the uncured novolac/PCL blends, and 
the curing reduced the intermolecular hydrogen-bonding 
significantly. 

In this work, both the uncured and the cured novolac/PCL 
blends were further investigated by solid-state n.m.r. 
spectroscopy. The cross-polarization (CP) and magic 
angle spinning (MAS) technique together with the high- 
power dipolar decoupling (DD) technique was used to 
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obtain high resolution 13C spectra and to study the 
intermolecular interaction. In addition, the proton spin- 
lattice relaxation times were measured to determine the 
miscibility scale of the blends and the effect of curing on 
the miscibility of the blends. 

2. Experimental 

2.1. Materials and preparation of samples 

The poly(e-caprolactone) (PCL, Placcel H-7) was 
purchased from Daicel Chemical Ind., Ltd, Japan; it had a 
number-average molecular weight, Mn, of 70 000- 100 000. 
The novolac was obtained from Hefei Perfumery Factory, 
Hefei, China; it had a number-average molecular weight, 
Mn, of 565 determined by vapor phase osmometry. The 
novolac was used without further purification. Hexamine 
(hexamethylenetetramine, HMTA) was chemically pure 
and was used as crosslinking agent. 

All the blend samples were prepared by solution casting 
using methylene chloride/ethanol (90/10 by volume) as 
common solvent for both polymers. The solvent was almost 
completely evaporated at ambient temperature, then the 
samples were dried at 50°C in a vacuum oven for 72 hr to 
remove the residual solvent. Novolac/PCL blends were 
cured with 15 wt% HMTA relative to the content of novolac 
in the blends, i.e., with HMTA/novolac = 0.15. The curing 
was performed successively at 100°C for 2 hr, at 150°C for 
2 hr, and finally at 190°C for 2 hr. 

2.2. High-resolution solid-state n.m.r. 

The 13C n.m.r. experiments were carried out at ambient 
temperature (27°C) with a JEOL EX-400 spectrometer 
operating at resonance frequencies of 399.65 MHz for ‘H 
and 100.40 MHz for i3C. The high-resolution solid-state 13C 
n.m.r. spectra were obtained by using CP/MAS/DD 
technique. The total sideband suppression (TOSS) pulse 
sequences were employed to suppress the spinning side 
bands when measuring 13C n.m.r. spectra. The 90” pulse 
with width of 5.5 ps was employed with free induction 
decay (FID) signal accumulation, and the CP Hartmann- 
Hahn contact time was set as 1000 ps for all experiments 
because this contact time was experimentally demonstrated 
as suitable for the detection of CP/MAS/DD n.m.r. spectra 
for both novolac, PCL and their blends. The Hartmann- 
Hahn CP matching and dipolar decoupling field strength 
was 40 kHz, and the rate of MAS was 5.5 kHz for 
measuring both 13C spectra and relaxation time. The 
recycle delay time was chosen in the range 5-10 s, 
depending on the relaxation behavior of the sample 
investigated. The 13C chemical shifts were calibrated by 
taking the 13C chemical shift of the methine carbon of 
solid adamantine (29.5 ppm relative to TMS) as an external 
reference standard. 
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Fig. 1. 13C CP/MAS/DD spectra of the uncured novolac/PCL blends. 

The proton spin-lattice relaxation times in the laboratory 
frame, T1(H), were measured by monitoring the decay of 
specific carbon resonance intensities after n-r-1rl2 pulse 
sequence using the inversion-recovery (i.r.) method. The 
proton spin-lattice relaxation times in the rotating frame, 
T1,(H), were determined by observing the carbon signal 
intensities with a ‘H matched spin-lock pulse sequence 
prior to cross polarization (spin-locking method). 

3. Results and discussion 

3.1. Uncured novolac/PCL blends 

The 13C CP/MAS/DD spectra of uncured novolac, PCL 
and their blends are shown in Fig. 1. Four peaks were 
observed for the uncured novolac. The resonance line at 
153 ppm is caused by the hydroxyl-substituted carbon in 
phenol ring (C-OH). The peaks at 116 ppm and 129 ppm 
are correspondent to the ortho-unsubstituted carbons and 
the other carbons in the phenol ring, respectively. The 
other resonance line at 33 ppm corresponds to the 
methylene carbons. The 13C n.m.r. spectra of PCL 
have five resonance lines and are assigned as the 
following: 
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Fig. 2. Composition dependence of chemical shifts of the carbonyl carbon 
and the hydroxyl-substituted carbon resonances in the uncured novolac/ 
PCL blends. 

It should be pointed out that the PCL spectra are better 
than those of novolac. One of the reasons is that novolac is a 
industrial product whereas PCL has higher purity. Addition- 
ally, for the purpose of comparing, the experimental 
conditions for both pure components and their blends 
were the same; the conditions may be more suitable for 
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Fig. 3. Plots of ln[(M, - M,)/(2Mm)] against delay time (at selected 
chemical shift (26 ppm) for the uncured novolac/PCL blends. Novolac/ 
PCL: O/100 (B), 30/70 (a,), 50/50 (A), and 70130 (V). 

PCL. Therefore, the spectra of PCL have a relatively higher 

intensity and hence better signal-to-noise than those of 
novolac. 

For the spectra of the uncured novolac/PCL blends, it is 

noted that there are some overlaps of resonances at about 
33 ppm because both novolac and PCL have resonance 
signals in this chemical shift range. The intensities of the 

resonance peaks change regularly with the variation of com- 
position, and the peaks of novolac become rather weak for 
the 30/70 novolac/PCL composition. It can further been 
found that the chemical shifts of the carbonyl carbon 
(C=O) of PCL and the hydroxyl-substituted carbon of 
novolac also change monotonically with composition. The 
variation in chemical shift may indicate the intermolecular 
specific interaction between the components [8- 12,181. 
This phenomenon was therefore carefully studied and the 
results are plotted in Fig. 2. As shown in Fig. 2, the carbonyl 
carbon resonance of PCL component shifts downfield as 
novolac increases in the blends, and this indicates the 
existence of intermolecular hydrogen-bonding interaction. 
It is well known that bond angle and intrachain distance of 
nearest neighbour are expected to change after the forma- 
tion of specific interaction [20]. Therefore, the correlative 
carbon would experience a different chemical environment, 
which would change the magnetic shielding and hence the 
chemical shift. The shift of the carbonyl carbon in the 70/30 
novolac/PCL blend is 2.2 ppm relative to that of the pure 
PCL, which is comparable to that of other hydrogen-bonded 
miscible blends [9- 121. It can also be found from Fig. 1 that 
the line width of the C=O carbon broadens significantly 
with the increase of novolac content in the blends and this 
is caused by a distribution of both bonded and nonbonded 
C=O carbon resonances. Similar shift of resonance line was 
also found for the hydroxyl-substituted carbon of novolac. 
However, the C-OH resonance line shifts upfield, not 
downfield, as PCL increases its concentration in the blends. 
This is probably because the formation of hydrogen bonds 
between the carbonyl groups of PCL and the hydroxyl 
groups of novolac influences the electron density around 
the carbons bearing the specific interaction, and gives rise 
to the variation of weak magnetic shield to the hydrogen- 
bonded carbonyl carbon whilst a strong magnetic shield to 
the hydroxyl-substituted carbon remains. Therefore, the 
chemical shift changes in different directions for the C=O 
carbon and the C-OH carbon. The results presented here are 
consistent with our previous study on these blends using 
FZ?.r. technique [19]. The spectral changes caused by the 
blending also suggest an intimate mixing of polymer chains 
of the two components. 

Neighbouring protons in polymer chains usually relax at 
an identical rate because of dipolar coupling. In contrast, 
protons far apart or in different environments relax indepen- 
dently of one another. It is thus possible, from the relaxation 
rates of protons belonging to two different polymers, to 
determine the homogeneity of mixing in a polymer blend. 
In the T,(H) experiment, the inversion recovery method was 
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Table 1 
T,(H) values for uncured novolac, PCL, and their blends” (unit: s) 

PCL Novolac PCL PCLl PCL 
novolac 

PCL/ 174 152 129 116 66 34 29 26 

novolac ppm ppm ppm ppm ppm ppm ppm ppm 

100/o 1.50 1.45 1.43 1.42 1.46 
70/30 1.04 1.16 1.09 - 1.01 1.22 - 1.19 
50/50 0.83 0.87 0.80 - 0.73 0.77 - 0.71 
30/70 0.68 0.69 0.66 0.67 0.61 0.65 - 0.61 
o/100 0.59 0.53 0.52 0.53 

Yhe accuracy of the measurements is t 5% 

used, and the resonance intensities of novolac, PCL, and 
their blends were measured as functions of delay time. 
According to the method used, the magnetization of 
resonance relaxed at single exponential function should 
obey the following exponential equation: 

M, = M,[ 1 - 2exp( - dTl (H))] (1) 

where T,(H) is the proton spin-lattice relaxation time in the 
laboratory frame; r is the delay time used in the experiment 
and M, is the corresponding resonance intensity; M, is the 
intensity of the resonance at r 2 5T1(H). Taking the natural 
logarithm of both sides of Eq. (l), Eq. (2) can thus be 
obtained: 

ln[(M, - M,)/(2M,)] = - r/T1 (If) (2) 

Plotting ln[(M, - M,)/(2M,)l against r will yield Tl(H). 
The plots of ln[(M, - M,)l(2M,)] versus r for the 

selected carbon (at 26 ppm) of PCL and novolac/PCL 
blends are shown in Fig. 3. It can be found that the experi- 
mental data fit Eq. (2) quite well at the whole selected delay 
time range and only one straight line was obtained for each 
composition. From the slope, TI(H) was calculated. The 
values of TI(H) for the resonances of all carbons in novolac, 
PCL and their blends are summarized in Table 1. As 
expected, a single and composition-dependent of TI(H) 
was found for the uncured novolac/PCL blends, which is 
between those of the two pure components. In addition, the 
T,(H) values of all carbon resonances for each blend remain 
the same as far as experimental error is concerned. These 
results indicate that a fast spin-diffusion occurs among all 
protons in these blends, which averages out the whole 

Table 2 
T&V) values for uncured novolac, PCL, and their blends” (unit: ms) 
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Fig. 4. Proton T,,(H) relaxation behavior at the selected chemical shift 
(26 ppm) for the uncured novolac/PCL blends. Novolac/PCL: O/100 (m), 
30170 (O), 50/50 (A), and 70130 (V). 

relaxation process. Thus, the domain size of these blends 
is smaller than the spin-diffusion path length within T,(ll) 
time. For complete averaging over the time of relaxation, 
the upper limit of the spin-diffusion path length can be 
estimated using the following equation [21-231: 

L = (6DTi(H))1’2 (3) 

where D is the effective spin-diffusion coefficient depend- 
ing on the average proton to proton distance as well as 
dipolar interaction and it has a typical value of the order 
of lo-l6 m2 s-‘. T,(H) is relaxation time (T,(H) or TIP(H), 
whereas for T&Y), D is scaled by a factor of l/2 according 
to the relaxation experiment. On the basis of T,(H), it is 
believed that the uncured novolac and PCL are intimately 
mixed on a scale less than 20-30 nm. 

As to the T1,(H) experiment, some interesting results 
were found. Based on the spin-locking mode employed in 
this measurement, the magnetization of resonance is 
expected to decay according to the following exponential 

PCL Novolac PCL PCL/novolac PCL 

PCL/novolac 174 ppm 152 ppm 129 ppm 116ppm 66 ppm 34 ppm 29 ppm 26 ppm 

100/o 40.5165.6 34.5163.3 28.8162.1 26.8162.6 24.6164.5 
70/30 23.4145.8 - 1.55 - 19.8143.9 16.2140.1 15.7/41.0 16.2144.3 
50/50 13.5/58.5 2.44 2.28 - 11.1154.6 7.20/60.0 7.36154.2 7.80/48.0 
30/70 6.50 6.45 6.30 6.33 6.02 6.23 5.59 
o/100 6.50 664 6.59 6.62 

’ The accuracy of the measurements is k 5% 
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Fig. 5. 13C CPiMAS/DD spectra of the 15 wt% HMTA-cored novolac/PCL 
blends. 

function model: 

M, = MO exp( - TIT~JH)) (4) 

Rearranging IQ. (4) and then taking the natural logarithm, 
we have: 

ln(M,/Mu) = - r/Tip(H) (5) 

Fig. 4 shows the plots of ln(M,./M,,) versus spin-locking 
time, 7, for the selected carbon (at 26 ppm) of PCL and 
novolac/PCL blends. It can be found that, except for the 
70/30 novolac/PCL blend, the experimental data cannot be 
fitted by a straight line. In fact, the bi-exponential function 
should be used to simulate the relaxation process for these 
compositions. The thus obtained Ti,(H) values are listed in 
Table 2. From Table 2, two T&Y) components are observed 
for pure PCL and only one T&J) is found for pure novolac. 
This is because that PCL is a semicrystalline polymer while 
novolac is an amorphous polymer. For a semicrystalline 
polymer, the proton spin-lattice relaxation rate in the crys- 
talline phase will be different from that in the amorphous 
phase if the domain sizes of the crystalline/amorphous 
phases are larger than the spin-diffusion path length within 
relaxation time. In the PCL case, the shorter component 
corresponds to the crystalline phase and the longer one 
(cu. 64 ms) to the amorphous phase [24]. Therefore, from 
the results presented in Tables 1 and 2, the domain sizes of 
PCL crystalline/amorphous phases are less than the Ti(H) 
measurement scale of 20-30 mn, while larger than the 
T,,(H) measurement scale of 2-3 nm. It is interesting to 
find that the carbonyl carbon of PCL has a longer relaxation 

.I 
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Fig. 6. Composition dependence of T,,(H) for the HMTA-cured novolacl 
PCL blends. Novolac component at 129 ppm (m), amorphous PCL compo- 
nent at 26 ppm (O), and crystalline PCL component at 26 ppm (0). 

time than other carbons of PCL, and this phenomenon is 
more significant in the crystalline region of PCL. In our 
opinion, this discrepancy is a result of the experimental 
conditions and does signify actual different relaxation 
times of different PCL carbons because: (1) there is no 
hydrogen directly bonding with the carbonyl carbon and 
therefore the cross-polarization transition of energy is not 
very efficient for the carbonyl carbon; (2) at low spin-lock 
time, the experimental error increases (the T&Y) in the 
crystalline region is determined with data at low spin-lock 
time). 

For the 30170 and 50/50 novolac/PCL blends, two T,,(H) 
components were also observed for PCL carbons, indicating 
that these two blends are crystalline. It is interesting to find, 
in these two blends, that the novolac carbons exhibit another 
TI,,(H) which is different from neither that of PCL in the 
crystalline phase nor that of PCL in the amorphous phase. 
This result strongly suggests that novolac and PCL are 
immiscible on the scale of the spin-diffusion path length 
within T,,(H) time for these blends. However, for the 70/ 
30 novolac/PCL blends, only one T&Z) was detected, not 
only for novolac carbons but also for PCL carbons. Addi- 
tionally, the T,,(H) values of all carbon resonances are the 
same within the experimental error. Thus, this blend is still 
miscible on the scale over which spin-diffusion can take 
place in the time of T&f). 

3.2. HMTA-cured novolac/PCL blends 

Shown in Fig. 5 are the 13C CP/MAS/DD spectra of 15% 
HMTA-cured novolac, PCL and their blends. Significant 
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Table 3 
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T,(H) values for HMTA-cured novolac, PCL, and their blends” (unit: s) 

PCL Novolac PCL PCLinovolac PCL 

PCL/novolac 174 ppm 152 ppm 129 ppm 116ppm 66 ppm 34 ppm 29 ppm 26 ppm 

100/o 1.50 1.45 1.43 1.42 1.46 
70/30 0.72 0.72 - 0.71 0.69 0.71 0.73 
50/50 0.53 0.53 0.51 0.52 0.50 0.52 0.52 0.51 
30/70 0.40 0.36 0.38 0.39 0.38 0.42 0.42 
10/90 0.32 0.35 0.32 - 0.33 - 0.32 
O/100 0.25 0.27 0.25 0.27 

a The accuracy of the measurements is 5 5% 

changes were noticed in the 13C spectra. Firstly, the relative 
intensity of the un-substituted ortho-carbon in the phenolic 
rings decreased after curing because partial curing reactions 
occur at this ortho-position of the phenolic rings [25-271. 
Secondly, a slight upfield shift (about 1 ppm) was observed 
for the C-OH carbon of the cured novolac, indicating that 
there still exists considerable hydrogen bonding interaction 
between the C=O groups of PCL and C-OH groups of 
cured novolac. However, no significant shift was found 
for the C=O carbon resonance of the PCL component, and 
this is probably because the shift is too small to be detected 
under the experimental conditions. At the same time, this 
also indicates that the relative amount of intermolecular 
hydrogen bonds has greatly decreased. Finally, the reaction 
of novolac with crosslinker (HMTA) produces methylene 
linker between two phenyl ring of novolac. Therefore, no 
carbon with a different magnetic environment appeared 
after curing of novolac, and hence no additional resonance 
line was found in the spectra of cured novolac. 

The curing effect on the novolac/PCL blends was further 
studied by measuring the proton spin-lattice relaxation 
times. As for the uncured novolac/PCL blends, the Ti(H) 
magnetization of all resonances decays with delay time by a 
single-exponential function, thus only one T,(H) can be 
obtained for all resonances. The T,(H) values of the 
HMTA-cured novolac/PCL blends were calculated through 
Eq. (2), and the results are listed in Table 3. It is clear that 
the T1(H) values of both components are effectively the 
same for each blend and the value increases monotonically 
from ca. 0.26 s for the pure cured novolac to ca. 1.45 s for 
the pure PCL. This indicates homogeneous mixing on the 

Table 4 
T,,(H) values for HMTA-cured novolac, PCL, and their blends” (unit: ms) 

time-scale over which diffusion can take place in Tl(H), i.e. 
20-30 nm (from Eq. (3)). 

The results of the T&Y) experiment for the HMTA-cured 
novolac/PCL blends are summarized in Table 4 and Fig. 6. 
As shown in Fig. 6, the PCL has two TIP(H) values; one is 
for carbons in the crystalline phase and the other for those in 
the amorphous phase. After blending with cured novolac, 
three T,,(H) were obtained for the 30170, 50150 and 70130 
compositions. The third T,,(H) is for the carbons of the 
cured novolac component. When the content of PCL 
decreases to 10 wt%, all the carbons in the blends relax at 
an identical rate. Therefore, homogeneous mixing on the 
scale where the spin-diffusion occurs within the time 
T&l) can only take place in the 90/10 cured novolac/ 
PCL blend, and not in the other blends. In addition, from 
Table 4 and Fig. 6, it can be seen that PCL is still crystalline 
until the content of PCL in the blend reduces to 30 wt% 
whereas it is not crystalline in the 90/10 cured novolac/ 
PCL blend. These results are consistent with our previous 
DSC study (191. 

From this n.m.r. study and the previous d.s.c. study on the 
blends of novolac and PCL, the scales of domain sizes of 
amorphous phase for the novolac/PCL blends before and 
after curing with 15 wt% HMTA are summarized in 
Table 5. It can be seen clearly that the curing causes an 
increase of the domain sizes in the amorphous phase, and 
a reduction of miscibility between the two components. The 
crosslinking reaction between novolac and HMTA resulted 
in the formation of crosslinked novolac network, which is 
more stable in the isolated state than in the form of a 
homogeneous blend. 

PCL Novolac PCL PCL/novolac PCL 

PCL/novolac 174 ppm 152 ppm 129 ppm 116ppm 66 ppm 34 ppm 29 ppm 26 ppm 

100/o 40.5165.6 34.5163.3 28.fY62.1 26.8162.6 24.61645 
70130 24.9146.3 5.08 7.19 25.0153.2 19.5f44.4 19.5149.8 19.2/50.0 
50/50 17.9139.5 7.64 8.88 17.2144.4 12.7135.1 12.7/38.0 12.8/39.8 
30/70 11.4/24.8 12.5 11.3 12.6 8.12/24.0 8.42/17.0 - 8.30/26.0 
10/90 9.15 8.97 9.11 8.88 - 9.15 
o/100 10.2 9.76 10.5 9.98 

’ The accuracy of the measurements is 2 5% 
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