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ABSTRACT Dynamic mechanical measurements have been used to study the a- and @-relaxation in blends 
of Phenoxy (PHI and poly(ecapro1actone (PCL). Single glass transition temperatures between those of the 
original polymers are obtained. The crystallinity causes a significant influence on the TB values, giving rise 
to a positive deviation from the Tg data obtained from DSC measurements. Regarding the &relaxation, it 
is observed that the two polymers relax independently of each other in the blend, although the shift of the 
Phenoxy @-relaxation to lower temperatures as PCL concentration increases is a symptom of the influence 
of this polymer on the secondary relaxation of Phenoxy. We discuss this influence by comparing the Phenoxy 
8-relaxations of PH/PCL blends with those of acetylated Phenoxy, PH/PEO blends, and antiplasticized 
Phenoxy and analyzing the effect of hydrogen-bonding interactions in the rotation of the hydroxy ether 
groups of Phenoxy. 

Introduction 
The degree of miscibility of the components in a blend 

is of crucial importance with respect to its morphology 
and physical properties. In thermodynamics terms, 
miscibility means homogeneity down to the molecular level. 
However, the techniques to  probe blend miscibility can 
only estimate an upper limit in the degree of dispersion, 
so, from an empirical point of view, the miscibility is a 
question of scale. 

Several studies have been carried out on the miscibility 
of poly(hydr0xy ether of Bisphenol A)/poly(e-caprolactone) 
(Phenoxy, PH/PCL) blends. From a thermodynamic point 
of view, the interaction energy density B23 between the 
two polymers, as determined from melting point depression 
(mpd) studies, inverse gas chromatography (IGC), and 
FTIR spectroscopy using a theoretical association model,' 
was in all cases negative, regardless of the method 
employed, indicating the miscible nature of this blend. 

A single Tg has been found by several techniques (DSC, 
torsion pendulum, DMA)2-4 which indicates that the 
domain sizes are, approximately, below 15 nm. FTIR 
spectroscopy probes miscibility a t  still smaller dimensions. 
Infrared spectral changes associated with the PCL carbonyl 
band and phenoxy hydroxyl band were observed. These 
changes were attributed to a hydrogen-bonding interaction 
between the PH pendant hydroxyl and the ester carbonyl 
of PCL.5 

Dynamic mechanical measurements have been widely 
usede?? to analyze the miscibility of two polymers at the 
level of the motions involved in a-relaxations. Often, the 
damping peaks in the intermediate composition are 
broader in the transition region, suggesting the existence 
of microheterogeneity due to the different segmental 
environments. The case of blends of poly(viny1 chloride) 
(PVC) and butadiene-acrylonitrile rubbers is a good 
example. Matsuo et a1.8 found that blends exhibited only 
one relaxation intermediate between those of the two 
components, although electron microscopy revealed rubber 
domains less than 10 nm in size. Within this framework, 
it should be noted that mechanical relaxations at lower 
temperatures, such as @-relaxations, can reveal information 
about the intimacy of mixing between compatible polymer 

* To whom correspondence should be addressed. 
a Abstract published in Advance ACS Abstracts, October 1,1994. 

molecules, since these secondary relaxations are more 
sensitive to the small-scale local environment. From a 
technological point of view, local motion is a factor 
contributing to  bulk polymer properties such as ductility 
and impact strength. Thus, studies looking into the effect 
of blending on the small-scale motions of polymers are 
interesting for both basic and applied re~earch .~- l~  

This paper investigates the a- and @-relaxations of PH/ 
PCL blends, with the aim of determining the effect of 
specific interactions on the local molecular motions of two 
polymers which are miscible a t  the level of motion involved 
in a-relaxation. 

Experimental Section 

Materials and Procedures. The blend involved in this 
investigation is that of poly(ecapro1actone) (PCL), supplied by 
Polysciences, with a weight-average molecular weight (M,) of 
17 600, and poly(hydroxy ether of Bisphenol A) (Phenoxy, PH), 
a condensation polymer resulting from the reaction of epichlo- 
rohydrin and Bisphenol A, provided by Union Carbide, of Mw 
50 700. The M,'s, in both cases, have been obtained by GPC 
using adequate Mark-Houwink18JS constants and tetrahydro- 
furan (THF) as a solvent. 

The pure polymers and their blends were first prepared by 
casting a 2 %  solution (w/v) in THF. The samples were finally 
dried in a vacuum oven at 130 "C in order to make sure that all 
residual solvent was eliminated. 

Samples for dynamic mechanical testing were heated between 
two platens of a compression-molding press to 120-180 "C and 
then rapidly transferred to an oven at 42 "C. After maintaining 
that temperature for 1 day, the thicknesses of the resultant sheets, 
from which specimens were cut to proper size, were 0.7 mm 
approximately. The choice of that temperature was made as a 
criterion to give the same thermal history to the samples, as it 
is not possible to obtain amorphous samples by quenching them 
in liquid nitrogen. All blends prepared in this manner were 
opaque until 70 wt % PH, with the transparency depending on 
the level of PCL crystallinity developed. 

A Polymer Laboratories Ltd. DMTA was used for dynamic 
mechanical measurements from -140 "C to the end of the 
a-relaxation peak (Tu), when the samples were amorphous, or 
until the melting point of PCL (T& when the samples crystal- 
lized. The scanning rate used was 4 "C/rnin. 

For several compositions, scans at 50 Hz show two 0-relaxation 
peaks (Tb) and the T,  of the blend, while at 1 Hz, only the To 
corresponding to the higher temperature and the Tu of the blend 
could be seen. 
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Figure 1. (a) Loss tangent, at 50 Hz, as a function of temperature 
for pure poly(e-caprolactone). (b) Loss tangent, at 1 Hz, as a 
function of temperature for pure Phenoxy. 

All of the PH/PCL blends show a single or-relaxation. The 
temperature location of these peaks varies with blend composi- 
tion, giving higher temperatures as the amount of PH in the 
blend is increased. However, samples containing 60 and 70 w t  
% PH, measured at 1 Hz, and that having 50%, measured at 50 
Hz, have such close values of both the Tu of the blend and the 
T, of PCL that these peaks appear to split into two overlapping 
peaks and they can hardly be separated by DMTA measurements. 

Additionally, several PH/PEO blends were prepared in order 
to compare the results with those obtained from DMTA 
measurements for PH/PCL blends. The PEO was supplied by 
Polysciences and has a reported M, of 300 OOO. The samples 
were prepared by casting a 2 %  solution in chloroform. Both the 
drying conditions and the sample treatment for DMTA studies 
were identical to those employed for PH/PCL blends. Scans at 
a frequency of 50 Hz and at a scanning rate of 4 OC/min show 
a Tp close to that of pure PH and the single Tu of the PH/PEO 
blend. 

Results and Discussion 
In Figure 1, the loss tangent, tan 6, is presented as a 

function of temperature for both of the original polymers, 
Phenoxy and PCL. The amorphous nature of the Phenoxy 
is reflected in the high maximum value of tan 6 at  the 
a-relaxation which contrasts with the small peak observed 
for highly crystalline PCL. The Phenoxy and PCL 
a-relaxations located at  +lo3 and -31.5 "C, respectively, 
are regarded as the glass transition temperatures, whereas 
less prominent, lower temperature &relaxations are due 
to local molecular motions such as the motion of the 
methylene sequence in the case of PCL.9 The Phenoxy 
@relaxation a t  -57.5 "C is due to hydroxy ether groups 
only, since the diphenyl propane motion is resolved as a 
separate relaxation taking place a t  very low tempera- 
tures.20921 We will return to this subject later in the text. 
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Figure 2. or-Relaxations of PH/PCL blends at 1 Hz: (0) 0/1W 
(0) 10/90; (A) 30/70; (A) 50/50; (0) 90/10; (B) 100/0. 
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Figure 3. Overlapping of the melting peak of the crystalline 
phase of PCL with a-relaxation of a 40/60 PH/PCL blend. 
Temperature scans at frequencies (e) 0.3, (0) 3, (m) 30 Hz. 

In order to clarify the presentation of the dynamic 
mechanical data of the blends, we have separated the range 
of temperatures corresponding to the glass transition 
temperatures from that of @-relaxations. In Figure 2, we 
observe single glass transition temperatures between those 
of the original polymers, an experimental evidence of 
miscibility. Other compositions also studied have been 
omitted for clarity, except blends containing 60 and 70% 
Phenoxy, which have not been included due to the 
overlapping of the melting peak of the crystalline phase 
of PCL with the a-relaxations of the blends. This effect 
is observed in Figure 3, where we present the spectra of 
the blend 40/60 PH/PCL a t  various frequencies. Glass 
transition temperatures can be detected, although the 
increase of tan 6 as the crystalline phase melts tends to 
mask them, especially a t  high frequencies. 

Glass transition temperatures are plotted as a function 
of blend composition in Figure 4, where literature data2** 
are also presented. For samples ranging from pure 
Phenoxy to 70% Phenoxy, the differences between the 
reported glass transition temperatures are not large and 
can be attributed to the use of different experimental 
techniques. We emphasize the fact that samples within 
this range of Phenoxy content do not show a melting peak 
(crystallization is completely inhibited), as has been shown 
in a previous work.2 The circumstances are different for 
blends with a content of PCL beyond 30 % , and the strong 
deviation of our dynamic mechanical data with respect to 
the Tg data obtained from DSC measurements after 
quenching must be interpreted on the basis of the effect 
of the thermal treatment on the crystallinity of the blends. 
In previous works213 i t  has been stated that, if samples are 
quenched, the crystallinity per unit mass of PCL in the 
blend is lower than that in the present case, where blends 
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Figure 4. Glass transition temperatures versus composition for 
PH/PCL blends: (0) this work (1 Hz); (A) DMTA data ref 4; 
(+-) DSC data of ref 2. 
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Figure 5. Variation of the values of the loss tangent at the 
maximum of the a peak, normalized with respect to the maximum 
of the a peak of pure Phenoxy, (tan 8 ) ~  Blsnd/(tan 6 ) ~  PH, with 
composition. 

have been annealed (see the Experimental Section), which 
gives rise to an increase of crystallinity; therefore, the PCL 
concentration of the amorphous phase of the blend is 
depleted. In our case, we have taken into account this 
fact, and the real PCL concentration of the amorphous 
phase of the blend has been calculated. However, we can 
explain the positive deviation observed in Figure 4 as a 
consequence of the restriction of the crystallites to the 
motion of amorphous sequences. Actually the glass 
transition is a manifestation of the amorphous state, and 
therefore the glass transition temperatures of the annealed 
blends are close to those of quenched blends of higher 
content in Phenoxy. Similar differences between the glass 
transition temperatures of annealed and quenched blends 
have been reported by Robeson et al. in the case of PBT/ 
Phenoxy22 and P E O / P h e n ~ x y ~ ~  blends. The effect of 
crystallization on the dynamic mechanical properties of 
the blends is also observed in Figure 5 which shows the 
variation of the relative peak intensities of the a-relaxation, 
(tan 6 ) ~  Blend(tan 6 ) ~  PH, with composition. The deviation 
with respect to the additive rule from 70% Phenoxy 
downward is a consequence of the reduction of the 
amorphous phase that, as is ~ ~ O W I I , ~  produces a decrease 
in the value of (tan 6 ) ~  ~l~nd/(tan 6 ) ~  PH. 

Regarding the secondary transitions, in Figure 6 it is 
seen that the two polymers relax independently of one 
another, so we can assert that these miscible blends behave 
like two phase systems at  the level of the motions involved 
in @-relaxations. In Figure 7, we note that, whereas the 
PCL @-relaxation temperature remains unchanged for all 
the compositions, the Phenoxy @-relaxation shifts to lower 
temperatures as the PCL concentration increases. These 
results suggest that the motions involved in the -110 "C 
transition, typical for polymers containing (-CH2-),, n > 
4, groups such as PCL, are not affected by Phenoxy chains, 
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Figure 6. (a) @-Relaxations of PCL at 50 Hz for PH/PCL 
blends: (0) 0/100; (0) 30/70; (A) 50/50; (A) 70/30. (b) &Re- 
laxations of PH at 50 Hz for PH/PCL blends: (0) 100/0; (0) 
90/1@ (A) 70/30; (A) 50/50; (m) 30/70. 
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Figure 7. j3-Relaxation temperatures, at 50 Hz, as a function of 
composition: (A) Phenoxy @-relaxation in PH/PCL blends; (0) 
PCL j3-relaxation in PH/PCL blends; (0) Phenoxy @-relaxation 
in PH/PEO blends. 

notwithstanding that the Phenoxy local chain motions 
are affected by PCL chains. 

In order to discuss this PCL influence on the secondary 
relaxation of Phenoxy, we have compared in Figures 7 
and 8 our experimental results with those of the following 
cases: Case I. Effect of the concentration of hydroxy ether 
groups upon the @-relaxation peak temperature of Phe- 
noxy.21 Case II. Binary blends of the miscible PH/PEO 
system.23 Case I l l .  Antiplasticization of Phenoxy by the 
polar diluent 4'-[(2-hydroxy-&Phenoxypropyl)oxy]aceta- 
nilide.24 

The hypothesis of a plasticization due to PCL methylene 
sequences ought to be considered. A dilution effect leads 
to a decrease in the concentration of hydroxy ether groups, 
which according to case I (Figure 8) gives rise to a decrease 
in the Phenoxy @-relaxation temperature. Actually, it  is 
believed that hydrogen-bonding interaction between the 
pendant hydroxyl group plays an important role in pure 
Phenoxy @-relaxation, hindering the crankshaft type 
rotation of the -CH2CH(OH)CH20- group. Within this 
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Figure 8. Variation of the @-relaxation temperature, at 1 Hz, 
with composition or % hydroxy ether group: (A) Phenoxy 
@-relaxation in PH/PCL blends (this work); (0) Phenoxy 
(?-relaxation in PH/PEO blends (ref 23); (0) Phenoxy @-relaxation 
in pure and acetylated Phenoxy (ref 21). 

framework blending Phenoxy with PCL should have the 
same effect as decreasing the concentration of hydroxy 
ether groups. However, when we compare the data from 
the PH/PCL blends with those of the acetylated Phenoxy 
resin, we observe that, for the same hydroxy ether group 
concentration, the @-relaxation temperatures of the blends 
are higher than those of the acetylated Phenoxy. This 
means that the shift of Phenoxy @-relaxation in PH/PCL 
blends to lower temperatures is not a consequence of a 
shear dilution effect. Furthermore, cases I1 and I11 have 
in common a temperature-independent Phenoxy @ transi- 
tion with poly(ethy1ene oxide) and antiplasticizer contents, 
respectively (see our Figures 7 and 8 and Figure 2 of ref 
24). The antiplasticization of Phenoxy by 4’- [ (2-hydroxy- 
3-Phenoxypropyl)oxy]acetanilide (EPPHAA) is attributed 
by Stevenson et alez4 to interactions between the polymer 
and the solvent, probably through hydroxyl groups of the 
Phenoxy. For their part, Coleman and Moskala5 have 
shown that, in PH/PEO blends, hydrogen-bonding in- 
teractions are stronger than those occurring in pure 
Phenoxy. Thus, in both cases I1 and 111, the hindrance 
of -OH groups is increased as the second component (PEO 
or EPPHAA) increases, with the crankshaft type rotations 
being restricted. This can lead to the total suppression 
of the lower-temperature relaxation of the Phenoxy. 

Analyzing the results of Figures 7 and 8, we can see that 
the variation of Phenoxy TB in PH/PCL blends is 
intermediate between case I (shear dilution) and cases I1 
and I11 where hydrogen-bonding interactions restrict 
mobility. In fact Coleman and Moskala5 have demon- 
strated that there is also an intermolecular hydrogen- 
bonding interaction between the pendant hydroxyl group 
of Phenoxy and the PCL carbonyl group, although this is 
weaker than the interactions in the self-associated Phe- 
noxy. Consequently we envisage the hypothesis that the 
shift of Phenoxy @-relaxation in PH/PCL blends to lower 
temperatures is not a shear plasticization effect of the 
methylene group of the PCL but can be due to the weak 
hydrogen-bonding interactions between both polymers. 

Analysis of the @-relaxation peaks of both PH/PCL and 
PH/PEO blends allows us to study further the questions 
posed above. In Figure 9, we compare the relaxation peaks 
for 50/50 blends of both systems, the only difference being 
the shift to higher temperatures of Tp in PH/PEO blends. 
An appropriate measure of the size of the 0-relaxation 
peaks is given by the so-called “relaxation strength”,13J6 
which corresponds to the area under the tan 6 curves 
plotted against inverse absolute temperature: 

R = Speaktan 6 d(1/13 
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Figure 9. Phenoxy @-relaxations, at 50 Hz, for (A) 50/50 PH/ 
PCL and (0) 50/50 PH/PEO. 
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Figure 10. Normalized relaxation strength, defined in eq 1, at 
50 Hz, of Phenoxy @-relaxations as a function of composition: 
(0) PH/PEO blends; (A) PH/PCL blends. 

Measures of R were possible since 0 transitions for each 
component were plainly separated from other transitions 
not to have their areas affected. 

Figure 10 shows the relative relaxation strengths, i.e., 
the ratio of the relaxation strength in the blend to that of 
the corresponding homopolymer, of the Phenoxy 0 transi- 
tion in the PH/PCL and PH/PEO blends. Data of both 
blends can be adjusted to one curve which deviates 
negatively from the additive line. The Phenoxy 8-relax- 
ation is thus significantly suppressed relative to the 
additive rule of the simple dilution. This behavior of 
Phenoxy-based miscible blends involving hydrogen-bond- 
ing interactions between the polymers resembles the 
antiplasticization effect of the polar solvent EPPHAA 
which, added in a proportion of 30 pph to the Phenoxy, 
suppresses the @-relaxation.24 

Concluding Remarks on Secondary Relaxations 
Comparing the Phenoxy @-relaxations of PH/PCL 

blends with those of acetylated Phenoxy resin, PH/PEO 
blends and antiplasticized Phenoxy, the following features 
are observed: 

(a) The Phenoxy @-relaxation of PH/PCL blends shifts 
to lower temperatures as the proportion of PCL increases, 
following an intermediate trend between the dilution effect 
and the strong hindrance effect on local chain motions 
observed in PH/PEO blends and EPPHAA/Phenoxy 
systems. 

(b) The relaxation strengths of the Phenoxy 0 peaks for 
PH/PCL and PH/PEO blends show a negative deviation 
from the additive line, displaying a partial @-relaxation 
suppression effect. 

It is proposed that these features are the result of the 
effect of hydrogen-bonding interactions in the rotation of 
the hydroxy ether groups of Phenoxy. 



6984 de Juana et al. Macromolecules, Vol. 27, No. 23, 1994 

(10) Yee, A. F. Polym. Eng. Sci. 1983, 261, 193. 
(11) Bergman, G.; Bertilsson, H.; Shur, Y. J. J. Appl. Polym. Sei. 

1977,21, 2953. 
(12) Mohn, R. N.; Paul, D. R.; Barlow, J. W.; Cruz, C. A. J. Appl. 

Polym. Sci. 1979, 23, 575. 
(13) Fisher, E. W.; Hellmann, G. P.; Spiess, H. W.; Horth, F. J.; 

Ecarius,U.; Wehrle, M. Makromol. Chem. Suppl. 1985,12,189. 
(14) Landry, C. J. T.; Henrichs, P. M. Macromolecules 1989, 22, 

2157. 
(15) Runt, J. P.; Barros, C. A.; Zhang, X. F.; Kumar, S. K. 

Macromolecules 1991,24, 3466. 
(16) Kim, C. K.; Aguilar-Vega, M.;Paul, D. R. J. Polym. Sci.,Polym. 

Phys. 1992,30, 1131. 
(17) Katana, G.; Kremer, F.; Fischer, E. W.; Plaetschke, R. Mac- 

romolecules 1993,26, 3075. 
(18) Schindler, A.; Hibionda, Y. M.; Pitt, C. G. J. Polym. Sci.,Polym. 

Chem. 1982,20, 319. 
(19) Iribarren, J. I.; Iriarte, M.; Uriarte, C.; Iruin, J. J. J. AppLPolym. 

Sci. 1989, 37, 3459. 
(20) Pogany, G. A. Polymer 1970,11, 66. 
(21) Takahama, T.; Geil, P. H. J. Polym. Sci., Polym. Phys. 1982, 

20, 1979. 
(22) Robeson, L. M.; Furtek, A. B. J. Appl. Polym. Sci. 1979,23,645. 
(23) Robeson, L. M.; Hale, W. F.; Merrian, C. N. Macromolecules 

1981,14, 1644. 
(24) Stevenson, W. T. K.; Garton, A.; Wiles, D. M. J. Polym. Sci., 

Polym. Phys. 1986, 24, 717. 

Acknowledgment. We thank the UPV/EHU (PI UPV 
203 215-EB096/92) and Gobierno Vasco (PI GV 93.81) for 
financial support. R.J. thanks the Ministerio de Educacih 
y Ciencia for the Ph.D. grant that supported this study. 

References and Notes 
(1) Paul, D. R.; Barlow, J. W.; Keskkula, H. Encyclopedia of 

Polymer Science and Engineering, 2nd ed.; Mark, H. F., Bikales, 
N. M., Overberger, C. G., Menges, G., Eds.; John Wiley: New 
York, 1988; Vol. 12, p 399. 

(2) de Juana, R.; Cort&ar, M. Macromolecules 1993,26, 1170. 
(3) Brode, G. L.; Koleske, J. V. J. Macromol. Sci., Chem. 1972, A6 

(6), 1109. 
(4) Defieuw, G.; Groeninckx, G.; Reynaers, H. Polymer 1989, 30, 

2164. 
(5) Coleman, M. M.; Moskala, E. J. Polymer 1983,24, 251. 
(6) MacKnight, W. J.; Karasz, F. E.; Fried, J. R. Polymer Blends; 

Paul, D. R., Newman, S., Eds.; Academic Press: New York, 
1978, Vol. 1. 

(7) Murayama, T. Dynamic Mechanical Analysis of Polymeric 
Materials; Elsevier: New York, 1978. 

(8) Matsuo, M.; Nozaki, C.; Jyo, T. Polym. Eng. Sci. 1969, 9 (3), 
197. 

(9) Koleske, J. V.; Lundberg, R. V. J. Polym. Sei., Polym. Phys. 
1969, 7 ,  795. 


