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ABSTRACT: The nonradiative energy transfer (NRET) technique has been used to investigate the influ- 
ence of tacticity and molecular weight of poly(methy1 methacrylate) (PMMA) on its miscibility with poly- 
(vinyl chloride) (PVC). These investigations were carried out by labeling PVC with both naphthyl (fluo- 
rescence donor) and anthryl (fluorescence acceptor) chromophores assuming that the efficiency of energy 
transfer is dependent upon the extent of random dispersion of the PVC chains. Comparative measure- 
ments lead to the observation of differences of miscibility at a molecular level between different PVC/ 
PMMA blends prepared under identical conditions and all exhibiting a single glass transition temperature. 
These results indicate that an increase in isotactic content and molecular weight of PMMA results in more 
nonrandom dispersion of the PVC chains, i.e. reduces its miscibility with PVC. It is shown that this behav- 
ior can be related to a tacticity and molecular weight dependent lower critical solution temperature of these 
mixtures. 

Introduction transfer has to  be measured in the bulk instead of beine 

The nonradiative energy transfer (NRET) technique 
has been used as a tool of investigation of ion-pair inter- 
change in ionomer solutions,' chain interpenetration in 
bulk and solution,2 morphology of polymer  colloid^,^ mis- 
cibility of polymer blends,4p5 and formation of micelles 
in block copolymers,6 as reviewed recently by Morawe t~ .~  

Morawetz et  al. were the first to use this fluorescence 
technique to study the miscibility of polymer blends in 
the solid ~ ta t e ,~ l ' -~  which involves grafting fluorescent 
donor and acceptor molecules to the polymers. The effi- 
ciency of the nonradiative energy transfer, after the pho- 
toexcitation of the donor, depends upon the average dis- 
tance between the donor and acceptor molecules; mea- 
surements of the relative emission intensities of the donor 
and acceptor, characterized by their emission intensity 
ratio, indicate the extent of interpenetration of the chains, 
giving information about the miscibility of the poly- 
meric species. It has been demonstrated4t5 that a suit- 
able choice of the donor-acceptor pair, e.g. naphthalene- 
anthracene or carbazole-anthracene, leads to  an effi- 
cient energy transfer over a distance of about 3 nm. It 
is then assumed that changes of the energy transfer effi- 
ciency is related to the evolution of the miscibility of the 
donor- and acceptor-containing polymers at  this molec- 
ular level. 

However, in a previous investigation, using naphthyl 
(donor) and anthryl (acceptor) chromophores," we have 
critically examined this fluorescence method and shown 
that, in studies of the miscibility of polymer blends, the 
reference emission intensity ratio in the absence of energy 

made in organic solutions. This ratio is important to estabv- 
lish an energy transfer scale. Furthermore, the fluores- 
cence quenching effect of the polymers must be exam- 
ined because it can lead to a variation of the relative flu- 
orescence quantum yields of the donor and acceptor as 
a function of blend composition. In other words, if flu- 
orescence quenching occurs, a change of the emission inten- 
sity ratio of the donor to acceptor can be observed with- 
out changing the miscibility level of the blend. There- 
fore, the interpretation of energy transfer data must be 
done with caution. 

Nevertheless, in the present article, we will show that, 
under suitable conditions, the NRET technique pro- 
vides useful information about the miscibility of poly- 
mer blends. It is particularly sensitive to small differ- 
ences of polymer miscibility at  the molecular level, dif- 
ferences which cannot be detected by other conventional 
techniques such as, for example, differential scanning cal- 
orimetry (DSC). 

More specifically, the NRET technique will be used 
to investigate the influence of the tacticity and molecu- 
lar weight of poly(methy1 methacrylate) (PMMA) on its 
miscibility with poly(viny1 chloride) (PVC). Miscibility 
is generally observed in these blends, under suitable con- 
ditions of blend preparation."-13 The origin of this mis- 
cibility is attributed to the presence of hydrogen-bond- 
ing interactions involving the carbonyl group of PMMA 
and the a-hydrogen14 as well as the P-hydrogensll of PVC. 
It will be shown that the NRET technique allows direct 
measurements of small miscibility differences between 
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Films were cast from 2.5% butanone solutions onto quartz 
plates. The solvent was allowed to evaporate very slowly for 2 
days at room temperature under a nitrogen atmosphere. Then, 
the films were peeled off the quartz plates and dried under vac- 
uum at 60 "C for 48 h, ensuring the complete removal of the 
solvent. No evidence of residual solvent and impurity was found 
in the fluorescence spectra of nonlabeled polymer films pre- 
pared under these conditions. The films were kept under vac- 
uum before the measurements. 

Fluorescence emission and anisotropy measurements were made 
by using a Shimadzu RF-540 spectrofluorometer with a band- 
pass of 5 nm. The films were mounted between quartz plates 
with the incident excitation beam oriented at 60" and the axis 
of observation oriented at 30" with respect to the sample sur- 
face. The samples were excited at 288 nm which is near the 
maximum absorption of the naphthyl label in the labeled poly- 
mers." The efficiency of energy transfer was characterized by 
the ratio of the emission intensity of the naphthyl label to that 
of the anthryl label, I N / I A ,  measured at 340 nm for the former 
and 421 nm for the latter. The emission spectra were not cor- 
rected for the wavelength-dependent efficiency of the photo- 
multiplier tube. 

The fluorescence anisotropy of the anthryl label, r ,  was deter- 
mined at its wavelength of maximum emission using the sin- 
gel-channel method17 according to 

Table I 
Polymer Characteristics 

tacticity mol yo 
polymer sample kg/mol MJM, mm mr rr of label 

MU., 

PVC PVC 
PVC-N 
PVC-A 

PMMA a-PMMA1 
a-PMMA2 
a-PMMA3 
a-PMMA4 
a-PMMA5 
i-PMMA1 
i-PMMA2 
i-PMMA3 
i-PMMA4 
i-PMMA5 
s-PMMA1 

138 1.54 
123 1.56 
128 1.51 
30 1.09 
60 1.10 
98 1.08 

200 1.10 
350 1.15 

7 1.4 
14 2.0 
27.5 2.5 
31 2.2 
47 1.24 

117 1.17 

... 
7 
6 
5 
6 
88 
89 
93 
96 
98 
0 

... 
41 
43 
43 
44 
4 
4 
2 
2 
1 
18 

0.24 
0.50 

... 
52 
51 
52 
50 
8 
7 
5 
2 
1 
82 

these (miscible) blends, all exhibiting a single glass tran- 
sition temperature (T& 

In the present investigation, PVC was attached by naph- 
thyl and anthryl labels (none of the chromophores was 
grafted to PMMA). It is assumed that miscibility corre- 
sponds to a random dispersion of the PVC chains in those 
of PMMA, leading to the largest possible average dis- 
tance between donor and acceptor molecules and, there- 
fore, to the lowest energy transfer; any decrease in the 
degree of miscibility implies some nonrandom disper- 
sion of the PVC chains, leading to a decrease of the aver- 
age distance between donor and acceptor molecules and 
to an increase in the energy transfer efficiency. It should 
be noted that donor- and acceptor-labeled polystyrenes 
(PS) were previously used to study the interpenetration 
of this polymer in solution and in the bulk by Torkelson 
et  ale2 and that a PS labeled by two different chro- 
mophores was used to investigate its penetration into an 
unlabeled matrix by Liu et al.I5 

Finally, some measurements of the fluorescence anisot- 
ropy of the anthryl label in blends were performed. It 
will be shown that the nonradiative energy transfer from 
the naphthyl label to the anthryl label causes a fluores- 
cence depolarization. A correlation between the magni- 
tude of energy transfer and the fluorescence anisotropy 
of the anthryl label can be established. 

Experimental Section 
The preparation of the labeled PVC's was described pre- 

viously;lo the attachment of the naphthyl and anthryl moieties 
was achieved by the reaction of (wnaphthylmethy1)lithium and 
(9-anthrylmethyl)lithium, respectively, with PVC. The chro- 
mophores' content was determined by UV spectroscopy. 

The main characteristics of the polymers used in this study 
are given in Table I (N and A stand for the naphthyl label and 
anthryl label, respectively). Isotactic and syndiotactic PMMA's 
of different molecular weights were prepared by anionic poly- 
merization at the University of Li&ge.16 Atactic PMMA's were 
purchased from Polysciences (i-PMMA, s-PMMA, and a- 
PMMA mean respectively isotactic, syndiotactic, and atactic 
PMMA). Molecular weights were measured by size-exclusion 
chromatography. Tacticities were determined by 200-MHz NMR 
spectroscopy, in 10% o-dichlorobenzene solutions at 135 "C for 
isotactic and syndiotactic PMMA's and in 5% chloroform solu- 
tions at room temperature for atactic PMMA's. 

The concentrations of naphthyl and anthryl labels were both 
kept at mo1.L-l in each blend. It is worth noting that, 
with this concentration of the chromophores, the amount of 
labeled polymers diluted in the corresponding unlabeled poly- 
mer is very small. For example, in a PVC/PMMA blend of 
50/50 ratio, the total weight percent of donor- and acceptor-la- 
beled PVC's is about 6%. Only one blend composition, namely, 
50% in PVC, was investigated throughout this study. 

where I is the fluorescence emission intensity (the first and sec- 
ond subscripts indicate the orientation of the excitation and 
emission polarizers, respectively: V, vertical; H, horizontal) and 
G is the ratio of the sensitivities of the detection system of the 
fluorometer for vertically and horizontally polarized light. The 
G factor was calculated from 

Results and Discussion 
Method Used. Before discussing the results obtained 

about the miscibility of PVC/PMMA blends, it is impor- 
tant to emphasize the conditions of observation used in 
the present study to prevent any ambiguity in the inter- 
pretation of the experimental data. 

Generally, the fluorescence donor and acceptor labels 
are attached to the different polymers present in the 
blend.4'5,8-'0 As has been pointed out? some ambiguity 
arises in such energy transfer investigations from the fact 
that the efficiency of energy transfer depends not only 
upon the extent of interpenetration (miscibility) of the 
donor- and acceptor-labeled polymers but also upon the 
size and geometry of phase domains; energy transfer can. 
take place via the interface. This ambiguity has been 
eliminated in the present investigation by having the naph- 
thyl and anthryl labels attached to the same polymer (not 
to the same chains). It is obvious, in this case, that mis- 
cibility implies a random dispersion of the chains, hence 
the largest possible average distance between donor and 
acceptor molecules; any decrease in the degree of misci- 
bility results in an increased efficiency of energy trans- 
fer, with a maximum for the completely immiscible blend, 
whatever the size and geometry of phase domains. In 
other words, the increase of efficiency of energy transfer 
depends upon the extent of nonrandom dispersion of the 
fluorescence donor- and acceptor-labeled polymer chains, 
Le. the local concentration of the chromophores. 

The efficiency of energy transfer as a function of the 
concentration of chromophores was examined by using 
a PVC/PVC-A/PVC-N blend. The emission spectrum 
of a film of this sort containing 2 x mo1.L-l of donor 
and the same concentration of acceptor is given in Fig- 
ure 1. It shows a maximum emission intensity a t  340 
nm for the naphthyl label and at  421 nm for the anthryl 
label. As shown in Figure 2, the I N / I A  ratio of this mix- 
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Figure 1. Emission spectrum of a PVCIPVC-AIPVC-N blend 
containing 2 X mo1.L-' naphthyl label and 2 X IO9 mol-L-' 
anthryl labels (Aex = 288 nm). 
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Figure 2. Z / IA values as a function of the concentration of 
naphthyl a n i  anthryl labels in blends of PVC/PVC-N/PVC- 
A. 

ture decreases when the concentration of the naphthyl 
and anthryl labels increases, indicating an increase in 
energy transfer (in this figure, and, hereafter, each data 
point is the average value of a t  least five measurements 
with different samples); in particular, a change of con- 
centration for each chromophore from 
leads to an important variation of the ZN/ZA ratio, from 
0.48 to 0.27. This result indicates that, in the PVC/ 
PMMA 50/50 blends investigated in the present study, 
a change of the local concentration for each chro- 
mophore between and 2 X can be monitored, 
with reasonable precision, by measuring the ZN/ZA ratio. 
However, it must be realized that the ZN/ZA values mea- 
sured in a PVC/PVC-A/PVC-N blend are not equal to 
those found in a PVC/PMMA 50/50 blend, since the flu- 
orescence quenching effect of PVC,l0 particularly with 
naphthyl chromophores, will be more important in the 
former system than in the latter one. 

Another advantage of labeling the same polymer with 
both donor and acceptor molecules is that systematic inves- 
tigations can be performed with a chosen polymer with- 
out the need of labeling several samples. However, blends 
containing a large concentration of the labeled polymer 
cannot be investigated because, in this case, the differ- 
ence in local concentration of the fluorescence donor and 
acceptor is small, whatever the degree of miscibility of 
the system. 

On the other hand, comparisons can be made between 
blends having the same concentration of PVC. Under 

to 2 X 

PVC/a-PMMA 

0.20 4 
3.50 4.00 4.50 5.00 5.50 6.00 

Log ( Kv ) 

Figure 3. Z Z values of PVC/i-PMMA, PVC/s-PMMA, and 
PVC/a-PMdA%lends of 50150 ratios as a function of the molec- 
ular weight of PMMA. 

this condition, the fluorescence quenching effect of PVC 
is necessarily the same and it cannot alter the relative 
quantum yields of the naphthyl and anthryl labels in dif- 
ferent blends. 

Influence of the Tacticity and Molecular Weight 
of PMMA on Its Miscibility with PVC. PVC was 
blended with one syndiotactic, five atactic, and five iso- 
tactic PMMA's of different molecular weights. Using the 
conditions of preparation described in the Experimental 
Section, DSC measurements do not indicate any differ- 
ence between these samples: each blend exhibits a sin- 
gle T , and no variation in the glass transition width (about 
18 'e) was observed from one sample to another. How- 
ever, energy transfer measurements indicate a differ- 
ence between these blends. As shown in Figure 3, where 
the ZN/ZA values are plotted as a function of the logarith- 
mic value of the molecular weight, the ZN/ZA ratio (ener- 
gy transfer efficiency) varies, with both the tacticity and 
molecular weight of PMMA. 

More specifically, the ZN/ZA values decrease with an 
increase of the molecular weight of both atactic and iso- 
tactic PMMA, indicating that, in the molecular weight 
range investigated, an increase of the molecular weight 
of PMMA decreases the extent of random dispersion of 
PVC chains in the blend, i.e. reduces the miscibility. No 
difference in the ZN/ZA ratio was found between two blends 
prepared from different high molecular weight atactic sam- 
ples (a-PMMA4 and a-PMMA5). On the other hand, the 
I N / I A  values of PVC/atactic PMMA blends are larger 
than those of PVC/isotactic PMMA blends of similar 
molecular weights (Figure 3), indicating a higher degree 
of miscibility in blends made with atactic PMMA's. Also, 
a PVC/syndiotactic PMMA blend (a PMMA containing 
82% syndiotactic triads) exhibits a still smaller energy 
transfer value than the PVC/atactic PMMA (a PMMA 
containing 50% syndiotactic triads) of similar molecular 
weight (Figure 3), indicating an increase of the blend mis- 
cibility with the syndiotactic content of PMMA. Finally, 
it is interesting to note, in Figure 3, that the smallest 
molecular weight isotactic PMMA (i-PMMA1) exhibits 
a larger ZN/ZA value than all atactic PMMA's investi- 
gated, indicating that the unfavorable PMMA isotactic- 
ity effect can be compensated by a decrease of molecu- 
lar weight. 

Qualitatively, the results obtained in the present inves- 
tigation using the NRET technique are in agreement with 
the DSC and light scattering obser~ations; '~J~ PVC is 
miscible with syndiotactic as well as with isotactic PMMA. 
However, the comparative NRET measurements indi- 
cate differences in the extent of random dispersion of 
PVC chains in blends made with PMMA's of different 
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tacticities and molecular weights, PVC chains being more 
randomly dispersed in syndiotactic and low molecular 
weight PMMA than in isotactic and high molecular weight 
PMMA. 

This behavior must be related to the presence of a tac- 
ticity and molecular weight dependent lower critical solu- 
tion temperature (LCST) in these mixtures. In a recent 
study, Lemieux et a1.l' pointed out to a difference of about 
65" between the LCST of PVC/i-PMMA blends and PVC/ 
s-PMMA blends, the former being found at  about 100 
"C and the latter a t  165 "C. Similarly, the influence of 
molecular weight on the phase diagram of polymer blends 
were predicted theoretically" and observed experimen- 
tally in several systems, such as chlorinated polyethylene/ 
PMMA," polystyrene/poly(vinyl methyl ether),20 and 
PVC/PMMA.I3 Generally, a decrease of the molecular 
weight of one component, the molecular weight of the 
second one being kept constant, leads to an increase of 
the LCST, resulting from the favorable combinatorial 
entropy contribution, and favoring miscibility. 

The difference in LCST observed with PVC/PMMA 
blends as a function of the tacticity of PMMA can be 
ascribed both to the "chemical" difference between i- 
PMMA and s-PMMA and to the free volume differences 
between PVC and i-PMMA and PVC and s-PMMA. 
According to the equation-of-state theory, the thermo- 
dynamic interaction parameter x between two polymers 
is the sum of three contributions: an entropic (xJ, an 
enthalpic or interactional (xH), and a free volume (x,) 
contribution with 

x = xs + XH + xv (3) 
On the one hand, i-PMMA has been shown to be more 

flexible than s -PMMA.~~- '~  Assuming that the miscibil- 
ity of PMMA with a chlorinated polymer depends pri- 
marily on the specific interactions'' between the two sorts 
of chains, it can be postulated that these interactions are 
stronger or more numerous with s-PMMA than with i- 
PMMA24 since i-PMMA is found in a 10/1 helical chain 
conformation with a repeat distance of 2.11 nm whereas 
s-PMMA is in an all-trans conformation, in agreement 
with the observation of a weaker molar cohesion and closer 
packing of i-PMMA. This involves a more favorable inter- 
actional contribution, i.e. a more negative xH value with 
s-PMMA than with i-PMMA. 

On the other hand, the free volume contribution can 
be expressed by 

xv = (C,/2Rh2 (4) 
where C, is the heat capacity of the system, R the gas 
constant, and T the free volume difference between PMMA 
and PVC, which is given by 

(5) 
where Ti* is the characteristic temperature of polymer 
i. From the l i t e r a t ~ r e , ' ~ " ~ , ~ ~  it is known that T is equal 
to 0.066 and 0.116 with s-PMMA and i-PMMA, respec- 
tively, meaning a smaller positive xv with s-PMMA. There- 
fore, a larger favorable interactional contribution and a 
smaller unfavorable free volume effect in the PVC/s- 
PMMA mixture relative to the PVC/i-PMMA mixture 
(x, is assumed to be constant, and probably negligible, 
in both cases) lead to a larger LCST of the former. 

The differences of miscibility observed in the present 
study can be related to tacticity and molecular weight 
dependent LCST's. We have to keep in mind that all 
PVC/PMMA blends were prepared from solution with 
a very slow rate of evaporation of the solvent a t  room 

7 = 1 - (T1*/Tz*) 
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Figure 4. Phase diagrams of PVC/i-PMMA and PVC/s- 
PMMA blends, drawn from ref 11. Td is the temperature of 
phase separation and 2'. the annealing temperature. 

temperature for 2 days and then an annealing period of 
2 days a t  60 "C. We suggest that differences of misci- 
bility were induced during the removal of the solvent, 
when the T g  of the mixture was below the annealing tem- 
perature, i.e. before freezing in the mixture below its Tg. 
Indeed, as illustrated in Figure 4, at 60 "C, the mixture 
is a t  about 40 "C from its LCST with i-PMMA but at  
about 100 "C from its LCST with s-PMMA. Similarly, 
it is known13 that the LCST decreases, for a given mix- 
ture, with an increase of molecular weight. This means 
that, at  60 "C, a PVC/PMMA mixture is closer to its 
LCST if the molecular weight and isotactic content of 
PMMA is high. 

More precisely, when the PVC/PMMA mixtures were 
placed a t  60 "C, a large amount of solvent (>20%) 
remained during a certain period of time and made their 
Tg's below 60 "C. Assuming that the presence of solvent 
reduces the LCST's of the different PVC/PMMA mix- 
tures with the same magnitude, which was found to be 
the case for poly(styrene-co-acrylonitrile)/PMMA mix- 
ture with two different molecular weights of PMMA in 
the presence of up to about 50% dimethyl phthalate,26 
as mentioned above, mixtures with high molecular weights 
and high isotactic contents of PMMA were, a t  60 "C, 
closer to their LCST than those mixtures with low molec- 
ular weights and high syndiotactic contents of PMMA. 
Taking this factor into account, two possible interpreta- 
tions can be considered. 

First, let us consider the thermodynamic interaction 
parameter x which is known to vary, as a function of 
temperature, as 

x = A + B / T  (6) 
where A and B are two constants. Assuming the same 
variation of x with temperature for PVC/i-PMMA and 
PVC/s-PMMA, a x value much closer to the critical x 
value (x,) is found with PVC/i-PMMA blends than with 
PVC/s-PMMA blends; in other words, at  60 "C, x is larger 
in PVC/i-PMMA blends than in PVC/s-PMMA blends, 
meaning that the former system is less miscible than the 
latter. 

Secondly, from another point of view, it has been shown 
that thermal (and periodic) concentration fluctuations 
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are present in polymer liquid-liquid  mixture^.^^*^' These 
fluctuations are characterized by a wavenumber q( t )  and 
a wavelength h(t) (both depend upon time t ) .  They are 
present in the liquid-liquid mixtures in the disordered 
state and lead to phase separation a t  high temperatures 
when the q modes, those below a certain characteristic 
wavenumber qc, have the thermodynamic potential to grow; 
below the LCST, they are also present but do not grow. 
Their decay rate is much larger than their growth rate. 

I t  has been theoretically predicted2' and experimen- 
tally o b ~ e r v e d ~ ~ . ~ '  that the magnitude of these fluctua- 
tions increases when the temperature approaches the 
LCST, i.e. with an increase of the x value. Moreover, 
the wavenumber q also depends upon temperature. This 
dependence is given by27 

( 7 )  
where Td is the spinodal temperature. This means that 
the thermal fluctuations increase when getting close to 
Td. This phenomenon implies larger fluctuations for a 
system which is close to Td, like the PVC/i-PMMA blend, 
as compared to a system which is far from Td, like the 
PVC/s-PMMA blend. This could explain some nonran- 
domness in the dispersion of i-PMMA with PVC which 
is not seen in the dispersion of s-PMMA with PVC. With 
i-PMMA (close to Td), thermal fluctuations are charac- 
terized by a smaller wavenumber and decay rate but larger 
correlation length and relaxation time. This involves less 
random dispersion a t  the molecular level and a some- 
what smaller degree of miscibility, as seen in Figure 3. 

It  is then seen that both approaches (the variation of 
x with temperature and the theory of thermal fluctua- 
tions) lead to the conclusion that the PVC/s-PMMA sys- 
tem, which is far from its LCST, is more miscible than 
the PVC/i-PMMA, which is close to its LCST. Similar 
arguments can be drawn for two PVC/PMMA blends 
where the tacticity of PMMA is kept constant but its 
molecular weight varied. 

Finally, the influence of the solvent used in the prep- 
aration of the samples upon the miscibility of blends as 
a function of tacticity has been ignored. However, it  has 
been shown, by Chen and M~rawetz,~ '  through NRET 
measurements, that a preferential solvation of one com- 
ponent of the polymer blend by the casting solvent reduces 
the level of miscibility reached. Therefore, if stronger 
interactions exist between butanone and one specific 
PMMA, this effect could contribute to increase or decrease 
somewhat the differences observed herein. 

Measurements of Fluorescence Depolarization 
Resulting from the Nonradiative Energy Transfer. 
The nonradiative energy transfer from the naphthyl label 
to the anthryl label can result in fluorescence depolar- 
ization. An excitation with polarized light results in the 
emission of fluorescence which is also polarized due to 
the photoselection of the chromophores according to their 
orientation relative to the direction of the polarized exci- 
tation. Generally, the rotational diffusion of the chro- 
mophores and the nonradiative energy transfer between 
the chromophores are the primary causes of fluores- 
cence dep01arization.l~ 

In the present study, the samples containing the naph- 
thyl and anthryl labels were excited at 288 nm. At this 
wavelength, the naphthyl chromophore is excited to its 
second singlet state, assigned to be 'La;' and the anthryl 
chromophore to its first singlet state which is also 'La 
because its second excited state (lLb) is not observed at 
excitation wavelengths between 255 and 386 nm.32 Then, 
before the energy transfer, the excited naphthyl mole- 

q(T)  - (Td - T )  
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Figure 5. INJIA values of PVC/a-PMMA blends of 50150 ratios 
as a function of the fluorescence anisotropy of the anthryl label. 

cules relaxe rapidly to their lowest singlet state, 'Lb, which 
direction of dipole oscillation is perpendicular to that of 
'La. In this case, the excited naphthyl molecules trans- 
fer their energy preferably to the anthryl molecules which 
orientation is perpendicular to that of those molecules 
excited directly by the polarized excitation light. Hence, 
the nonradiative energy transfer from the naphthyl label 
to the anthryl label leads to  a randomnization of the emis- 
sion dipoles of the anthryl molecules, which should induce 
a fluorescence depolarization of the chromophores. 

An investigation of fluorescence depolarization of the 
anthryl label was performed by measuring the fluores- 
cence anisotropy, r, which is defined as 

r = (Ill - 11)/(1,1 + 21,) (8) 
where I,, and I, are the fluorescence intensities with the 
emission polarizer oriented parallel and perpendicular, 
respectively, to the direction of the polarized excitation. 
The measurements were carried out by using the PVC/ 
a-PMMA blends that exhibit (Figure 3) the smallest error 
bars. 

The results are shown in Figure 5. Despite some scat- 
ter in the measurements, a decrease of the fluorescence 
anisotropy of the anthryl label is observed with a decrease 
of the I N / I A  ratio, Le., the larger the magnitude of energy 
transfer, the smaller the anisotropy. A value of about 
0.2 was obtained with a PVC/PVC-A blend prepared under 
identical conditions, in which there is no energy trans- 
fer. 

Conclusions 
The NRET technique can be used to study the misci- 

bility of polymer blends by labeling fluorescence donor 
and acceptor molecules to the same polymer component 
(but to different chains) instead of attaching the donor 
to one polymer and the acceptor to the other polymer as 
is usually done. Under suitable conditions of blend com- 
position and concentration of chromophores, the I N / I A  
ratio is sensitive to the extent of random dispersion of 
the chains; an increase of the extent of random disper- 
sion, corresponding to an increase of blend miscibility, 
leads to a decrease of the energy transfer efficiency. Please 
note that in a previous paper," the donor and acceptor 
were attached to the different polymers present in the 
blend, which led to an increase in the efficiency of energy 
transfer with blend miscibility, contrary to the situation 
found in the present article. 

With PVC/PMMA blends, using PMMA's of differ- 
ent molecular weights and tacticities, prepared in the sin- 
gle-phase regime, comparative measurements of the effi- 
ciency of energy transfer lead to the observation of dif- 
ferences of miscibility at a molecular level, which cannot 
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Figure 6. Temperature dependence of the fluorescence quench- 
ing of naphthyl and anthryl labels in PVC. Io and I are the 
fluorescence intensities measured at room temperature and tem- 
perature T, respectively. 

be detected by DSC. An increase of the molecular weight 
or isotactic content of PMMA results in more nonran- 
dom dispersion of the PVC chains. This behavior was 
related to the LCST observed with PVC/PMMA blends, 
which depends on both the molecular weight and tactic- 
ity of PMMA. Therefore, in agreement with expecta- 
tions, the NRET technique is more sensitive to small dif- 
ferences of miscibility a t  the molecular level than DSC 
because of differences in the scales of observation: 10- 
15 nm by DSC33,34 and about 3 nm by NRET.4,5*'0 

With an excitation wavelength of 288 nm, the nonra- 
diative energy transfer from the naphthyl label to the 
anthryl label results in fluorescence depolarization for 
the anthryl chromophore. A correlation was found between 
the fluorescence anisotropy of the anthryl label and the 
efficiency of energy transfer as given by the emission inten- 
sity ratio I N / I A .  

Finally, it  is worth while to mention that all attempts 
made so far to determine temperatures of phase separa- 
tion by NRET measurements have failed. As has been 
pointed out previously," the chlorine atoms in PVC are 
an important source of fluorescence quenching, which is 
highly temperature dependent. An example showing such 
a fluorescence quenching is given in Figure 6, with a PVC/ 
PVC-A/PVC-N blend examined under continuous illu- 
mination. In this figure, the fluorescence intensities of 
the naphthyl and anthryl labels, normalized to the val- 
ues measured a t  room temperature, are plotted as a func- 
tion of the temperature of measurement, at a heating 
rate of about 3 OC/min. I t  can be seen that the fluores- 
cence intensities of both naphthyl and anthryl chro- 
mophores drop between 70 and 100 "C, which corre- 
sponds to the glass transition of PVC. It  seems that the 
fluorescence quenching, under continuous illumination, 
is considerably enhanced by the chain mobility of PVC. 
Work is now in progress to solve these problems. 
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