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wavelength scale greater than the entanglement separation. 
The slow relaxation manifests itself a t  a concentration 
which appears to be related to the chain geometry. Thus, 
slow relaxations are observed in the PEO/H20 system at  
a concentration lower by an order of magnitude than that 
for polystyrene in benzene.12 There is good evidence30 for 
binding of water molecules to the PEO chain in the ratio 
2:l. Such hydrogen-bonding interactions with the chain 
are undoubtedly a factor determining the relatively high 
chain extension. PEO has, for example, a much greater 
intrinsic viscosity than polystyrene in good solvents; fur- 
thermore, the ratio (RG2/M) is reported32 to be 10 times 
larger than for polystyrene in toluene. However, the re- 
lationships between concentration, chain extension, poly- 
mer-solvent interaction and geometric entanglement still 
require elucidation. The present measurements only 
provide support for the view that these quantities are of 
central importance. It is noted that a model for the cou- 
pling between internal modes and anisotropic translational 
diffusion in congested solutions has been put forward by 
Lee et al.,35 who describe dynamic light scattering mea- 
surements on DNA. 

Registry No. Poly(ethy1ene oxide), 25322-68-3; polystyrene, 
9003-53-6. 
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ABSTRACT: Two aromatic-aliphatic polyesters -CO(p-CBH4)3COO(CH*CHzO),-, abbreviated TO11 and 
TO29 for n = 4 and n = 10, respectively, which form liquid crystalline phases, were investigated. The ESR 
spectra of these polyesters doped with various nitroxide radicals were recorded at 108-413 K and were given 
a preliminary interpretation with a model of isotropic rotational reorientation. Such an analysis argues for 
a glass transition temperature TgL at 223-263 K with a second Tg at 293-333 K. A more careful analysis 
of the spectra by using a model of anisotropic rotational reorientation &owed that below the crystal - mesophase 
transition (Le., the melting point) the axis z ’  of the rotational diffusion tensor describing this rotational 
reorientation was an axis perpendicular to that of the N-0 bond and that, depending on the length of the 
“ether” sequence, the rotational reorientation about this axis is 2-7 times faster than about the remaining 
two axes. The observed changes in the ESR spectra of probes as they pass through the crystal - mesophase 
transition are explained in terms of a change in the anisotropic rotation of probes. 

Introduction 
There is now a considerable body of literature dealing 

with thermotropic liquid crystalline polymers that melt 
to give fluid anisotropic phases whose textures and prop- 
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* Laboratoire de Physique de la Matiere Condensee, Coll6ge de 
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France. 
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erties appear similar to those observed with low molecular 
weight liquid crystals. So far, most of the work has focused 
on the search for newer and newer polymers and the study 
of their structures as liquid crystalline phases.’ By con- 
trast, only a few attempts have been made to give a de- 
tailed explanation of the relaxation processes in these 

Since the detection and evaluation of polymer 
motions may aid in correlating polymer structure with 
observed mechanical properties, it seems of interest t o  

0 1984 American Chemical Society 
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Figwe 1. Synthetic routs for the preparation of polyesters Tow 
and TOIL 

investigate the dynamics of such polymers on a molecular 
level. 

The ESR spin-probe technique  ha^ proved to be a 
powerful tool for  investigating t h e  translational and re- 
orientational motions of whole molecules or parta of 
molecules. An investigation of the ESR spectra of stable 
nitroxide radicals added to the  polymer matrix allows one 
to obtain information on the way in which the  rotational 
reorientation of t he  probe, characterized by a tempera- 
b e d e p e n d e n t  correlation time, is affected b y  the polymer 
motions.s Defining the exact relationship between ob- 
served relaxation times and intemal motions of a polymer 
can be quite complex, however. One way to increase the 
overall amount of relaxation information is to work with 
polymers whose structures are slightly different. To start 
such an investigation we used the two thermotropic liquid 
crystalline polyesters 

0 0 

abbreviated TOll and TO29 for  n = 4 and n = 10, re- 
spectively. The interesting feature of these two semi- 
crystalline polymers is that they exhibit several transitions 
when cooled from the isotropic liquid state." Taking into 
account all t h e  data of the different ESR spin-probe ex- 
periments and comparing experimental  spectra to those 
calculated under  certain assumptions, we want  to derive 
some mnclusions concerning the  dynamics of these phases. 
Some of our results were presented at the loth Europhysica 
Conference on  Macromolecular Physics: "Structure and 
Motion in Polymeric Glasses", Noordwijkerhout (21-25 
Apr 1980) 

Experimental Section 
Materials. The polyesters To11 and To29 were prepared at 

the Centre de Recherche8 des Carri6ren de Rhone-Poulenc 
(Saint-Fons, France) hy standard methoda ria the scheme given 
in Figure l).'c Details of the polyesters' properties are given in 
ref lg, 2,7,  and 8. To summarize: a t  room temperature, T O l l  
and TO29 have inherent vi-ities of 0.6 and 0.69 dL/g a t  a 
polymer concentration of 0.6 g/dL in dichloroacetic acid. DSC 
curves (Figure 2) show two marked endotherms. For polyester 
TOl l ,  the highest temperature peak (-250 "C) corresponds to 
a transition from a liquid crystalline to an isotropic phase. 
Changes in the X-ray diffraction patterns of Toll, commencing 
at 125 "C, were interpreted as a transition from the solid to a S. 
phase. Such a mesophase is usually described as a layered system 
made by the superposition of two-dimensional liquid layers. In 
these layers the molecules are tilted with respect to the normal 
to the layers. Besides, it can he seen from X-ray investigation' 

Figure 2. DSC CU~VBB of polyesters To29 and Toll. Samples 
were purified by dissolution in chloroform and precipitation in 
methanol before b e i  dried under vacuum at room temperature. 
The dashed lines are derivative curves. 

Figure 3. Photomicrograph of smectic C mesophase from po- 
lyester TOl l  at 240 "C. Focal conic texture (crwsed polarizers). 

that the relatively short flexible spacers adopt a single. entirely 
extended trans conformation. Such a behavior helps in estab 
lishing equal-length flexible spacers and favors the parallel 
alignment of rigid core parts of the molecules. Phenylene ringn 
play more than a purely geometrical role in stabilizing such an 
ordered arrangement of the molecules. It wms that the *electron 
system of aromatic rings. being polarizable and permitting con- 
jugative interactions, must give rise to suitably strong intermo- 
lecular attractions that are anisotropic and stabilize the S. phase 
of molecules with the centers of mass of the segments segregated 
into layers. The assignment of the Sc phase wan confirmed by 
polarized-light photomicrographs depicting the appearance of the 
TO1 1 mesophase in the temperature range 125-250 O C .  As il- 
lustrated in Figure 3 they exhibit characteristic features of So 
phasea. Miscibility studies were also consistent with the formation 
of a Sc phase. Indeed, the T O l l  mesophase was found to be 
miscible with the S, phase of the standard material tere- 
phthalidenebis(4-n-hutylaniline).8 By contrast, above the melting 
point (-70 "C), polyester TO29 shows distinct phases of liquid 
crystal and isotropic liquid (Figure 4). The mesophase is char- 
acterized by a d i N w  halo around q = 4r(sin B ) / X  - 1.4 A-'. which 
is cunsistent with a nematic structure (the mean feature of mo- 
lecular organization is the orientational order of the molecular 
long axes: the periodicity of mol& anangement in the smectic 
phase is absent in the nematic phase, and the centers of the rigid 
mesogenic groups are distributed at random as in the amorphous 
liquid). It should be pointed out now that long flexible spacers 
are not usually favorable m liquid crystal formation. This reflects 
the decreaing thermal stability of the mesophase with dwreasing 
polarity (dilution of the effective n w n k r  of aromatic mesogenic 
groups) and molecular rigidity. Indeed, such long segments are 
capable of adopting more or lesa coiled conformations and favor 
a nonparallel arrangement of the molecules. Thus, the cceaislence 
of a "nematic" phase and an isotropic phase in polyester TO29 
is probably due to the polydispersity of the low molecular weight 
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Figure 4. Liquid crystalline and isotropic phases of polyester 
TO29 at 90 OC. 

POLIISTEI I  T o l e  .OL"ISTTLI ,011 

Figure 5. Distribution of macromolecular chains in polyesters 
TO29 and Toll. 

(H400) fraction of PEO used for preparing polyester TO29. 
Optical observations and X-ray diffraction patterns reveal that 
in the temperature range 117-125 OC. the Liquid nystalline phase 
disappears. Polyester TO29 becomes completely isotropic. 

In Figure 5 we schematically illustrate how polyesters TO11 
and TO29 can adopt organizations compatible with the results 
obtained below 250 and 117-125 OC, respectively. This would 
be consistent for polyester TO29 with the formation at low tem- 
peratures of an amorphous isotropic  lass and an anisotropic glass 
with the long-range order of 'nematic" liquid crystals. Hence, 
it seems reasonable to associate the increases in heat capacity 
observed between -50 and -10 O C  and 2 M O  'C (Figure 2) with 
the glaps transitions of the isolated disordered structure (T,) and 
the ordered material under restraint by crystallites (Tm), re- 
spwtively. T", is not a definite. fixed value. I t  cam be Been from 
Figure 6 that on annealing, T appears always in the same tem- 
perature range. while T,, s l ighy  shifts to higher temperature. 
By contrast, because of the much hixher content of ordered 
S~NC~UR, one expecm only one glass tramition for polyester TOIL 
Thus. it ~eem reasonable to associate the marked increase in heat 
capacity evidenced between 20 and 60 O C  (Figure 21 with the 
Iceking in of the smectic phaw organization thrnugh moling. Only 
the samples that have been rapidly quenched from the isotropic 
state Le., T > 250 "C) exhibit a marked increase in heat capacity 
in the T, temperature range. From the temperature dependence 
of the proton-decoupled I3C solid-state NMR line shapes. Sergot 
et a12 have shown that the motion of some methylene carbons 
is already obvious at r w m  temperature while the spectra of the 
aromatic ear l"  are those of the rigid lattice until the melting 
point. 
ESR Me8surements. The spin probes chosen for this work 

were 2,2,6,6-tetramethyl-4-hydrox~iperidinyl. 1-oxy (A), two 
derivatives of 2,2,5,stetramethylpyrroline I-oxide (Band C), and 
one oxazolidine derivative (D) (Figure 7). The nitroxide spin 
probes A and D were prepared by standard methods."' Probe 
radicals R and C were obtained from Eastman Kodak. 

A speck of nitmxide radical WBB mixed with the polyester, taking 
care that the concentration of spin probe did not exceed 0.01% 
by weight. The mixture was packed in ESH tubes, heated to the 

U 
Figure 6. Effect of the annealing temperature on T and T 
for polyester MB. with the exception of the "n& aampg 
(a), the samples used were annealed for 1 h a t  40 OC (b), 45 OC 
(c), and 50 OC (d). 
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Figore 7. Structure and molecular weight of nitroxide spin 
probes. 

corresponding isotropic temperature, and stirred continuously 
until the spin probe wan homogenewsly mixed with the polyester. 
Samples were sealed off under dynamic vacuum in ESR tubes 
after repeated freezepumpthaw cycles. 

ESR spectra were recorded with a Varian E-4 X-band spec- 
trometer. The temperature of the aamples wan controlled with 
a Varian E257 variable-temperature accessory and measured by 
a coppereonstantan tbermocouple lowed into the cavity before 
and after each series of measurements. 

In the case of low molecular weight compounds, aligned ne- 
matics or smectic8 can be obtained only by m l i n g  the sample 
from the isotropic to the nematic or amectic phase in the presence 
of a strong magnetic field (-10 kG).'* Such a field is sufficient 
to impose the character of a single crystal on the mesophase. The 
molecules are oriented such that only thermal vibrations occur 
and they are directed along one principal axis BS determined by 
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the direction of the field. Such aligned samples are required for 
determining the orientational order parameter E. In contrast 
to  conventional liquid crystals, only a few polymers containing 
mesogenic moities and flexible spacers in the main chain orient 
in a magnetic field.'"l6 The ease of orientation seems to depend 
on the chemical structure: the shorter the length of the flexible 
spacer, the easier the 0rientati0n.l~ We did not succeed in ob- 
taining macroscopically aligned polyesters either by applying a 
strong magnetic field (- 10 kG) or by using glass surface treat- 
ments. Both in the solid and liquid crystalline state the ESR 
spectra did not reveal any angular dependence, which is char- 
acteristic of polycrystalline and mesomorphic polydomah samples. 

Theory 
The dominant electron spin relaxation processes of a 

nitroxide radical diluted in a diamagnetic host are the 
motional modulation of the anisotropic electron Zeeman 
g and electron nuclear hyperfine A interactions. A general 
solution of the ESR line shape problem covering both the 
fast- and slow-tumbling regions has been presented by 
Freed and c~-workers.~*J~ It is based on the stochastic 
Liouville equation and assumes a Markoffian stochastic 
modulation of 7fl(t), the rotational-dependent perturba- 
tion in the spin Hamiltonian. A number of different 
models for rotational reorientation of the spin probe can 
be proposed. Some useful ones are Brownian rotational 
diffusion, simplified models of free diffusion, and diffusion 
by jumps of substantial angle. A computer program for 
line shape simulation is given in Appendix B, Chapter 3, 
of ref 19. 

The line shape theory developed by Freed is the most 
accurate method for analyzing ESR spectra in terms of 
spin-probe motion. However, under certain conditions, 
simplifying assumptions can be made. In this regard, it 
is of interest to distinguish the fast-motional region cor- 
responding to correlation times 7, in the range 5 X lo-" 
to s and the slow-tumbling one (lO+'s < 7, < s). 

(a) Fast-Motional Region. In the case of rapid re- 
orientations, the spectrum of a nitroxide spin probe has 
been shown to consist of three Lorentzian lines, corre- 
sponding to each value ( M  = +1,0, -1) of the 14N nuclear 
projection quantum number. 

In general, the dependence of the spectral line width 
upon M ,  the component of the nuclear spin along the 
direction of the applied magnetic field, is given by 
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T2-l(M) = A + BM + CW + x 
where x is the intrinsic line width, which takes into account 
other contributions to T<l(M) such as the spin-rotational 
interactions, the unresolved proton hyperfine splitting, and 
instrumental broadening. Reference should be made to 
the original literature20-21 and excellent r e v i e w ~ ~ ~ v ~ ~  for 
details of this analysis. 

For the case of anisotropic rotational diffusion, that is 
to say assuming that the spin-probe reorientation can be 
described by the diffusion equation of an axially symmetric 
ellipsoid with coefficients D,, and D ,  coincident with the 
g and A magnetic tensor axes and neglecting the nonse- 
cular Hamiltonian terms, A ,  B ,  and C are written as 

2 wo2 
A = - -{(Fg0)270 + 2(Fg2)272) + 15 g2 

with 

FAo,  FA^, FgO, F: are the irreducible components of the 
nitrogen hyperfine and g tensors calculated in the principal 
coordinate system of the diffusion tensor,B I is the nitrogen 
nuclear spin quantum number, and oo is the frequency of 
the microwave transitions. The two correlation times 70 
and 7 2  are defined by 

70-l = 6 D ,  72-l  = 2 0 ,  + a,, 
They are assumed to obey the following inequalities: 

w02702 >> 1 

whf2702 << 1 

Wo2722 >> 1 

Whf27t2 << 1 

where ow is the hyperfine splitting in angular frequency 
units. 

For an isotropic rotation of the probe, 70 = 7 2  = 7c (which 
is defined as 7, = (6D)-', with D = (D,D1!1/2; D1 and D3 
are the principal Components of the diffusion tensor) and 
the following relation can be derived: 

= K  (2)  

K is a constant that only depends on the anisotropic 
components of the hyperfine tensor A and g tensor. 

With the ratios T2(0)/T2(+1) and T2(0)/T2(-l) defined 
as R,  and R- it is readily shown that 

(3) 

Making the assumption of axial symmetry in the hy- 

C 15 g [(FA')' + 2(pA2)'I - - -  E - 48 W o  FA~,: + ~FA'F; 

R+ + R- - 2 = 2CT2(0) 

perfine interaction tensor leads to 

where b = 2 / 3 ( A l l  - A , )  and T2-'(0) is the width of the 
central line that corresponds to M = 0. Experimental 
values T2(0)/T2(*1) are obtained from the square root of 
the ratios of the experimental derivative curve peak 
heights. The magnetic parameters of the spin probes are 
summarized in Table I. 

(b) Slow-Tumbling Region. Computer simulation of 
experimental spectra is the best method for treating an- 
isotropic rotational reorientation and slow tumbling, but 
it is sometimes impossible to apply the analysis developed 
by Freed and co-workers. Indeed, it needs (i) to make a 
sensible estimate of the direction cosines between the 
principal axes of the diffusion tensor and those of the 
hyperfine and g tensors and (ii) an accurate determination 
of the anisotropic components of the hyperfine and g 
tensors. For this reason, simplified methods for estimating 
the rotational correlation time 7, have been developed, 
based on quantities that can be directly obtained from 
experimental spectra. In particular, one needs only to 
measure S = A,'/A,, where A,' is half the separation of the 
outer hyperfine extrema and A, is the rigid-limit value for 
the same quantity.26 More precisely, Goldman et a1.26a 
have found that for spherical spin probes 



76 Meurisse et al. Macromolecules, Vol. 17, No. 1, 1984 

Table I 
Magnetic Parameters of Spin Probesa 

spin probe A,, G go All, G A i ,  G g I1 81 
Ab 1 5 . 6 6  2.0055 35.8 5 .6  2 .0022 2 .0072 

2 .0076 B 1 4 . 6  2 .0061 33.8 5 2 .0032 
C 14 .38  2 . 0 0 5 8  33 .62  4 .76  2 .0032 2 .0071 
D 1 4 . 5 5  2 .0059 34 4 . 8 2 5  2.0027 2 . 0 0 7 4  

a Magnetic parameters A 11 and gll and A, and g, were determined by an analysis of the spectra measured inp-chloronaph- 

The simulations were com- 
thalene at 1 1 3  and 393  K, respectively. Combining the value of A, with that of Ail and making the assumption of axial 
symmetry in the hyperfine interaction tensor leads t o  Al .  A similar situation applies to  gl. 
puted with the magnetic parameters of spin probe A, where A, = 35.8 ,  A, = 5 .5 ,  A, = 5 .7 ,  g, = 2.0022,  g, = 2.0084,  and 
g, = 2.0060,"325 in agreement with the experimental A, and A 11 values determined in this work. 

(b) 
I A 

Figure 8. ESR spectra of the probes B (a), C (b), and D (c) in polyester T029 .  

Figure 9. ESR spectra of the probes B (a), C (b), and D (c)  in polyester TOl l .  

The a and b coefficients depend on the intrinsic line width 
and the rotational diffusion model adopted. From an 
analysis of the rigid-limit spectra of TOl l  and TO29 it can 
be seen that the values of a and b given by Goldman et 
al.26a for an intrinsic line width of 3 G have to be used for 
estimating T ~ .  

Results 
Representative ESR spectra of polyesters TO29 and 

T O l l  are shown in Figures 8 and 9. Above the melting 

point, i.e., 70 " C  for TO29 and 125 O C  for TOll ,  the hy- 
perfine pattern is characteristic of rapidly tumbling nitr- 
oxides: the ESR spectrum consists of three sharp lines. 
In the ESR spectra of probes B and C dissolved in T029, 
the low-field and the center-field lines have approximately 
equal heights (Figure 8a,b). On the contrary, the spectra 
of probe D registered above 95 "C show the unusual feature 
that the low-field line is more intense than the center-field 
line (Figure 8c), which can be explained only if the effects 
on the line shape of an anisotropic rotational diffusion of 
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Figure 10. Plots of A, vs. reciprocal temperature in the ESR 
spectra of (0) A-, (0) B-, (0) C-, and (*) D-doped polyester TO29 
and (A) A-doped PEO. 

the probes are taken into acc0unt.~'7~~ The same behavior 
is observed at  high temperature for the probes dissolved 
in Toll. 

Around the crystal - mesophase transition, in all cases 
the experimental ratio 

(R+ + R- - 2 ) / ( R +  - R-) 

approaches the theoretical value of C / B  = K ,  which is 
indicative of radicals undergoing (at least temporarily) 
isotropic reorientation. 

As the temperature is decreased, the low-field line be- 
comes less intense than the center-field line and the spectra 
are markedly broadened and increasingly asymmetric. 
These features are characteristic of probes undergoing 
anisotropic reorientation. 

At a temperature that depends on the polyester struc- 
ture and the spin-probe nature, a subsequent overlapping 
of lines occurs, and a redistribution of the lines, charac- 
teristic of slowly tumbling nitroxides, is observed. The 
separation of the outer hyperfine extrema 2A,' increases 
with decreasing temperature until it becomes experimen- 
tally indistinguishable from the rigid-limit value 2A, 
(Figures 10 and 11). At the lowest temperature, the 
spectrum reflects the complete development of the an- 
isotropic hyperfine interaction and the anisotropic g factor. 

Such temperature changes in the ESR spectra can be 
attributed to changes in the rotational motion of the ni- 
troxide radicals. As a first step, we have estimated the 
correlation times by assuming that the different probes 
undergo an isotropic reorientation over the whole tem- 
perature range. Such an assumption has been usually done 
by authors who have studied the dynamics of spin labels 
and probes in polymeric solids and As pointed 
out by Smith28 and Kovarskii et al.,34 the value of T, cal- 
culated from the isotropic diffusion model accurately re- 

i o 3 /  T ( K )  
101 w 
2 2.5 3 3.5 4 4.5 5 5.5 6 

Figure 11. Plots of A, vs. reciprocal temperature in the ESR 
spectra of (0) A-, (0) B-, (0) C-, and (*) D-doped polyester Toll. 

R;%I 
A I i  + I  

3 1  rotational diffusion 

arbitrary jump tumbling '3 A H * l  i G  1 

Figure 12. Dependence of the parameter R on AH+l for polyester 
TO29 experimental values (0) for probe A, (0) for probe B, and 
(*) for probe D. 

flects in order of magnitude the correlation time of rota- 
tional diffusion of the probe. Indeed, it is close to the 
averqe T, for anisotropic motion that Freed defines as 7, 

= (SD)-l, with D = (D11D,)1/2. We will discuss this point 
later. 

The slow-motional correlation times were calculated by 
using the parameter S = A,'/A,. We have first analyzed 
the rotational diffusion character using the parameter R 
= AH-l/AH+l, where AH-1 is the shift of the absorption 
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Figure 13. Rotational correlation times calculated from the 
spectra of polyester TO29 using the method of Waggoner et al.= 
and the approach of Goldman et al:26a (0) probe A; (0) probe 
B; (0) probe C; (*) probe D. 

extremum in the high field with respect to the rigid limit 
and LLY+~ is the low-field shift. Figure 12 illustrates the 
theoretical dependences of the parameter R on AH+l for 
Brownian rotational diffusion and arbitrary jump tumbling 
models. From Kuznetsov's studies35 it appears that the 
nonsphericity of the radicals used causes only a small 
change in R: there is no correlation between the variation 
of R and the axial ratio of the probe. Only the character 
of the rotational motion (diffusional or jump tumbling) is 
adequate to account for the variation of R. For probes A 
and D, all the experimental R values are between 0.8 and 
1.2 and closely correspond to the theoretical values for an 
arbitrary jump tumbling model. For the two pyrroline 
derivatives B and C, R lies in the range 1.8 and 2, ap- 
proximately corresponding to the theoretical value of the 
Brownian rotational diffusion model. Thus, if the mo- 
lecular size of the probe is sufficiently large, the model of 
continuous rotational diffusion is valid. By decreasing the 
size of the probe, the probability of jump tumbling in- 
creases. Note that for probe D, only the size of the ring 
seems to be of importance in the definition of the motion; 
the flexible aliphatic chain does not seem to intervene. 
The fast-motional correlation times were estimated from 
eq 4. It can be seen from Figures 13 and 14 that correlation 
times do not fit an expression of the Arrhenius type over 
the whole temperature range. Although we are studying 
the dynamics of the spin probe, it is clear that it is sensitive 
to the dynamics of the surrounding environment and that 
TO29 and TOl l  display more than one relaxation process. 
The manner in which the spectrum shape, the extrema 
separation, and correlation times vary with temperature 
shows that there are only three regions of different mobility 
to be considered for TO29 in the temperature range -30 

150 130 110 90 70 60 30 10 0 .10 -20 -30 
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Figure 14. Rotational correlation times calculated from the 
spectra of polyester TOll using the method of Waggoner et al.36 
and the approach of Goldman et al.:26a (0 )  probe A; (0) probe 
B; (0) probe C; (*) probe D. 

Table I1 
Transition Temperatures Determined from the log r c  vs. 
1 /T Dependences for Probes A, B, C, and D Mixed with 

Either Polyester TO29 or TO1 1 
transition temperature, "C 

spin probe polyester TO29 polyester TO11 
A 0,' 7 0 b  0, 45,' 105b  
B 20,a 1 5 ;  10, 60,' 105b 
C 30,a 80 40, 77,' 105; 
D 40,' 100b 35, 85,' 110 

a These temperatures closely correspond to TsUG and, 
hence, are related to Tg. 
agreement with the crystal - mesophase transition. 

to +150 OC. Spectra obtained for spin probes added to 
TO11 are indicative of four relaxation processes. The 
transition temperatures are given in Table 11. 

As mentioned above, these values for correlation times 
are only approximate because both the analysis based on 
Freed and co-workers' 5' parameter formalism and eq 4 
assume isotropic rotational reorientation. In fact, for the 
polyesters under investigation, the ratio CIB approaches 
the theoretical value K only around the melting point, i.e., 
70-80 O C  for TO29 and 105-125 OC for TOll .  A t  lower 
temperatures experimental data are indicative of radicals 
undergoing anisotropic reorientation. For probe A, such 
an anisotropic rotation is surprising in view of its small size 
and near-spherical shape (in comparison with probe C or 
D). As will be shown later, the medium in which it is 
rotating must show sufficient ordering and/or high vis- 
cosity to restrict totally isotropic rotation. 

The role of anisotropic rotation has not yet aroused 
much attention in ESR studies of condensed polymeric 
systems although one observes in some published spectra 
of polymers with high Tg a splitting of the high-field peak 
into two components, which may reflect an anisotropic 
rotation. In fact, such complex spectra have been usually 

These temperatures are in 
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Figure 15. Experimental (a) and simulated (b) spectra of probe A doped polyester T029. 

interpreted by considering that some radicals experience 
a different rate of tumbling than others in the polymeric 
environment and have been resolved into a solid-state 
component and a mobile ~omponent .3~~’ Such an analysis 
seems reasonable in the case of dimethylsiloxane 
(DMS)/bkphenol A carbonate (BPAC) block copolymers, 
for which there is evidence that the BPAC blocks associate 
into rigid domains that act as physical cross-links for the 
more mobile DMS blocks. These copolymers show a 
two-phase behavior in that the mechanical properties ex- 
hibit two major relaxations, which have been attributed 
to two glass transition temperatures. Using the methods 
of pulsed and CW electron paramagnetic resonance, 
Brown41 has shown that in the temperature range 220-380 
K the observed spectra are a superposition of a fast-phase 
spectrum ( T ~  < lo* s) and a slow-phase spectrum (7c > 
s). The fast phase corresponds to spin probes located in 
rubbery DMS block environments and the slow phase is 
identified with spin probes located in domains of associated 
BPAC blocks. However, Bullock et al.32 have shown that 
the polymer segment motions involved in the low-tem- 
perature relaxation processes may give rise to split spectra 
because of the anisotropic reorientation of the radicals. 
Moreover, Mason et have given an analysis for mo- 
tional effects on ESR spectra of spin labels undergoing very 
anisotropic rotational relaxation in isotropic liquids. This 
analysis examines the spectral consequences for cases 
where the nitroxide is undergoing rapid rotation about a 
single bond, while the macromolecule to which it is at- 
tached is reorienting slowly. This approach was found to 
be in good agreement with experiments of Wee and 
Miller43 on spin-labeled poly(benzy1 glutamate) in di- 
methylformamide. For the polyesters under investigation, 

the occurrence of a liquid crystalline phase evidently favors 
an anisotropic rotation of the nitroxide probes. In order 
to quantify the effects of an anisotropic rotation, experi- 
mental spectra of probe A in TO29 and T O l l  were ana- 
lyzed by comparing them with simulated line shapes. In 
calculations of the simulated spectra we used the program 
published by Freed.lg The values of the g tensor and 
nitrogen hyperfine tensor used in the calculation are given 
in Table I. 

The magnetic x axis is taken as being along the N-0 
bond, the z axis along the 2pa orbital of the nitrogen, and 
the y axis perpendicular to the other two. The principal 
axes of the diffusion tensor R are labeled x ’, y ’, and z ’. As 
well as for PD-tempone,2432S agreement between calculated 
and experimental spectra is obtained for z’ = y. In this 
way, it was possible to simulate quite satisfactorily the 
spectra of probe A in polyester TO29 (Figure 15) and TOl l  
(Figure 16). However, in the slow-motional region, certain 
computational limitations involved in the calculation of 
the simulated spectra hindered us from calculating line 
shapes for T > 7 X 

Discussion 
T < Melting Point. At a critical temperature that 

depends on the probe size and the polyester structure, the 
plot of the extrema separation in the ESR spectra vs. the 
reciprocal temperature (Figures 10 and 11) shows a sharp 
decrease, indicating the onset of rapid motion of the spin 
probe which averages the anisotropic components to pro- 
duce spectra characteristic of rapid nitroxide rotation, i.e., 
spectra presenting no more complex structure and varying 
only in line width. From a study of the temperature-de- 
pendent ESR spectra of a series of nitroxide-doped poly- 

s. 
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mers and copolymers, an empirical parameter TmG was 
selected.6 This parameter was defined as the temperature 
at which the peak-to-peak separation of the two extrema 
of the three-line nitroxide spectrum was equal to 50 G. 
Several authors have demonstrated that T50 G correlates 
with Tg if the probe is sufficiently large. As shown in 
Figure 17, T 5 0 G  is highly dependent on the spin probe 
molecular weight but tends to approach a limiting value 
of 36 and 81 "C for TO29 and TOl l ,  respectively. 

Polyester T029. It can be seen from Figure 10 that 
the temperature region -3 to +2 "C at which the outermost 
separation of the ESR spectrum changes most drastically 
is the same whether spin probe A is mixed with polyester 
TO29 or poly(ethy1ene oxide) (PEO). In the latter case, 
TmG has been previously assigned to the onset of the p-  
relaxation p r o c e ~ s , ~ ~ ~ ~ ~ ~  which is due to the diffusional 
segmental motion in the amorphous region. Because of 
the relatively high frequency of the ESR measurements, 
the fi  process of PEO appears at a temperature consider- 
ably above that determined by DSC (literature values 
range from -115 to -40 oC).31b On the other hand, it can 
be seen from Figure 13 that within the temperature range 
TUG to 80 "C, the log T vs. 1/T dependences for polyester 
TO29 are almost linear. The activation energies of rota- 
tional reorientation of the spin probes determined from 
these dependences lie in the range 7.5-9.5 kcal/mol. A 
virtually identical value of the activation energy also fol- 
lows for the fi  process of PEO from the ESR results ob- 
tained by Lang et al.33 assuming an isotropic rotational 
reorientation of the nitroxide radical. As reported by 
several a ~ t h o r s , ~ . ~ ~ ~ ~ ~ ~  the ESR measurements give for the 
@-relaxation process activation energies that usually appear 
lower than those found by other techniques. These dif- 
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Figure 17. Dependence of Tm c on the probe molecular weight. 

ferences may be explained by the high-temperature de- 
pendence of the activation energy for the 0-relaxation 
process: as the temperature or the frequency of the test 
increases, the "apparent" activation energy decreases. 
Hence, experimental data suggest that the relaxation 
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Figure 18. Rotational diffusion constants D,, and D, calculated for probe A mixed with either polyester TO29 or TOll. 

process, which is reflected a t  T M G  by the different spin 
probes mixed with polyester T029, is due to the diffusional 
segmental motion of the flexible "ether" sequences located 
in the amorphous isotropic regions. From a conformational 
energy point of view, one would expect only the central 
-CH,CH20- units, which are relatively free from restraints 
caused by the presence of the rigid mesogenic groups, to 
be involved in the diffusional segmental motion. Taking 
into account the timetemperature superposition principle, 
this relaxation process corresponds to T , the lower of the 
two glass transitions evidenced by DRC. The lack of 
discontinuity in the log T vs. 1/T dependences (Figure 13) 
from -3 to +2 "C up to 70-80 "C suggests that the radicals 
mixed with polyester TO29 are located predominantly in 
the amorphous isotropic regions and do not respond to TBv 

Polyester TOll .  Similar arguments based on the 
manner in which the ESR spectrum shape (Figure 9), the 
extrema separation (Figure 17), and correlation times 
(Figure 14) vary with temperature lead to the conclusion 
that a t  TM G, the rotational mobility of spin probes mixed 
with polyester TOl l  also reflects the p-relaxation process. 
However, it is related to the marked increase in heat ca- 
pacity that is observed by DSC between 20 and 50 "C, that 
is to say Tgv. 

From the data presented in Figures 2 and 14, it can be 
seen that there is another relaxation process a t  lower 
temperatures: a small increase in heat capacity extends 
from -40 to 10 "C and a slight increase in the nitroxide 
radical mobility occurs a t  a temperature that depends on 
the probe size but is in the range 0-40 "C (Table 11). It 
is noteworthy that DSC and ESR measurements have 
given the same temperatures for the TgL transition of po- 
lyester T029. Thus, it is tempting to associate the lower 
transition of polyester T O l l  with a low content of an 
isolated disordered structure. It would be of obvious value 
to have ESR spin probe data of a series of samples sub- 
mitted to different heat treatments. 

Computer simulations of the ESR spectra are of con- 
siderable help in quantifying the effects of an anisotropic 

rotational reorientation of the spin probe. The diffusion 
parameter N = DI1/D., where Dl, and D ,  are the compo- 
nents of the rotational diffusion about z' and about x ' ,  
respectively, is 1 for isotropic rotational motion and be- 
comes larger as anisotropy of motion increases. One would 
expect a small N value for probe A in view of its near- 
spherical shape. For example, theoretically N equals 1.35 
for 2,2,6,6-tetramethylpiperidonyl-l-oxy (Tempone),% the 
size and shape of which are very similar to those of Tem- 
pol. In the present experiments, however, N is larger. It 
can be seen from Figure 18 that, at low temperatures, N 
lies in the range 2-2.5 for probe A mixed with polyester 
T029, which indicates a slightly higher asymmetry in the 
rotational diffusion. This result may be explained by an 
interaction of nitroxide with the surrounding polymer. If 
probe A is hydrogen bonded to polyesters as observed, for 
example, by Veksli and Miller4 in the case of poly(methy1 
methacrylate), it may lead to anisotropic motion. By as- 
suming that the probe undergoes an isotropic reorientation, 
Veksli and Miller have calculated a rotational correlation 
time of 2.2 X s for the fast-motional component in the 
PMMA-probe A system at 100 "C. By contrast, tempone 
doped in PMMA, a case in which the spin probe cannot 
be hydrogen bonded to PMMA, has a correlation time of 
3 X at the same temperature. From Figure 13 it can 
be seen that we do not observe such a large difference in 
the correlation time between probes A and B, which may 
hydrogen bond with polyester T029, and non-hydrogen- 
bonding probes C and D. Taking into account the mo- 
lecular size of the probes, the difference in correlation time 
is similar to that observed with non-hydrogen-bonding 
polymem6 Besides, at about 70-80 "C, the representative 
ESR spectra in Figure 15, the value of the experimental 
ratio CIB = R,  + R- - 2 /R+  - R-, and the data obtained 
by careful simulation are indicative of radicals undergoing 
isotropic reorientation, which should be due to probes no 
longer remaining hydrogen bonded. Inasmuch as the 
chemical structure of polyesters TO11 and TO29 are vir- 
tually identical, except that TO29 contains longer flexible 
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Figure 19. Correlation times determined from simulated spectra for probe A mixed with either polyester TO29 or TOll. 

spacers, it seems surprising that at the same temperature, 
the rotational diffusion constant D,, of probe A mixed with 
polyester TOl l  is approximately 7 times D, (Figure 18). 
More probably, the medium in which probe A is rotating 
below 70-80 “C may show sufficient ordering to restrict 
isotropic rotation. The value of 7, obtained for the dif- 
fusion parameter N for probe A mixed with polyester 
TOl l ,  reflects the much higher degree of order in this 
polyester. 

The correlation times determined by employing the 
simulation procedure are given in Figure 19. As follows 
from Figures 13, 14, and 19, correlation times calculated 
from the isotropic diffusion model are in good agreement 
with the average 7, for anisotropic motion at  high tem- 
perature but they become slightly larger in the slow- 
motional region. 

Crystal - Mesophase Transition. It is clear that the 
crystal - liquid crystal transition, which occurs a t  70-80 
and 105-125 O C  for polyesters T O l l  and T029, respec- 
tively, causes a real modification of the environment of the 
probe: 

First, it can be seen from Figures 18 and 19 that, ap- 
proximately 20 “C below the crystal - mesophase tran- 
sition, a “premelting” effect occurs. The observed values 
for N become smaller as the temperature increases. This 
result means that there is a decrease in the degree of an- 
isotropy with increasing temperature. At the crystal - 
mesophase transition, N equals 1, which indicates that the 
rotation of probes is temporarily isotropic. A further in- 
crease in temperature results in a marked change of the 
ESR spectrum shape: the relative intensities of the low- 
field and the center-field lines progressively change. For 
example, it can be seen from Figure 9 that the spectra of 
doped polyester T O l l  recorded above 130 “C show the 
unusual feature that the low-field line is sharper than the 
center-field line. Such a behavior has already been ob- 
~ e r v e d ~ ’ , ~ ~  and can be readily explained if the effects on 
the line shape of the anisotropic rotational diffusion of the 
spin probes are taken into account. It suggests that the 
orientation of the anisotropic diffusion axis with respect 

to the nitroxide radical axis changes upon passing through 
the cyrstal - liquid crystal transition. 

Secondly, at 70-80 and 105-125 OC for polyesters TOl l  
and T029, respectively, there is a break in the Arrhenius 
plot that corresponds to an increase in the spin-probe 
mobility (Figures 13 and 14). This may be due to a dy- 
namic process of the phenyl rings. Indeed, earlier pro- 
ton-decoupled 13C solid-state NMR studies of polyester 
Toll2 have shown that at the crystal - liquid crystal 
transition, the width of the aromatic carbons line strongly 
decreases and the line shape is modified. By comparing 
experimental spectra with simulated line shapes, the 
motional process of the phenyl rings above the crystal - 
liquid crystal transition has been associated with a rotation 
about the C1-CI axis. It should be noted that such a 
motion does not alter the mean orientation of the meso- 
genic groups. 
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Small- Angle Neutron Scattering and Light Spectroscopy 
Investigation of Polystyrene Gels under Osmotic Deswelling 
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ABSTRACT: Neutron scattering experiments on a partially labeled gel and quasi-elastic light scattering 
measurements are reported. The radius of gyration of the elementary mesh of the labeled network is shown 
to remain nearly constant when the gel is deswollen by a factor of 4 in volume. This result is in contradiction 
with the fundamental hypothesis of the classical theories of gel swelling; however, it  can be understood by 
considering a rearrangement of the network at a scale larger than the mesh. The cooperative diffusion constant 
D, of the osmotically deswollen gels was measured by using the quasi-elastic light scattering. The apparent 
scaling law of D, vs. 4, the polymer volume fraction of the gel, is shown to differ significantly from that 
corresponding to a series of gels swollen a t  equilibrium in a pure solvent. This result is interpreted in the 
framework of a phenomenological scaling approach, consistent with the neutron scattering results. This approach 
allows the calculation of the variation with $J of K ,  and G, the osmotic bulk modulus and the shear modulus 
of the gel, respectively, which appear in the expression for D,. 

Introduction 
In order to understand the thermodynamic behavior of 

polymeric networks, a knowledge of the relation between 
macroscopic and microscopic properties is required. Most 
of the available theories of polymer networks are based on 
some fundamental assumptions regarding the local de- 
formation of polymer chains as a function of the network 
state of strain or swelling. However, for a long time the 
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validity of these assumptions could not be directly checked. 
In this regard, important progress has been achieved re- 
cently through experiments with small-angle neutron 
scattering (SANS). SANS associated with partial deu- 
teration is a very efficient technique for characterizing the 
conformation of the elastic chains in a cross-linked poly- 
mer. The angular dependence of the neutron scattering 
intensity given by networks containing small amounts of 
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