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PBT chain mobility from the ESR saturation spectra studies

RAPID COMMUNICATION

Summary —  Temperature and microwave power dependence of ESR spectra 
of the spin probes in PBT has been studied. The observed changes of ESR 
signal allowed to determine the long correlation times (т = 10"4— 10^ s) as well 
as other parameters characterizing the saturation processes and involved 
relaxation processes. It was established that at low  temperature range 
(= 120— 200 K) the rotational mobility of used nitroxide radicals was related to 
local relaxation processes of the methylene sequences (3— 4 CH2 groups) in an 
amorphous region of PBT. The obtained results show the possibility of that 
type of investigation also for other polymers. Determination of polymer pro
perties via analysis of parameters obtained in saturation experiments is also 
raised.
Keywords: polyfbutylene terephtalate), electron spin resonance (ESR), spin 
probes, relaxation processes, ESR saturation effects.

In our previous paper the results of relaxation pro
cesses investigations in an amorphous part of polyfbuty- 
lene terephtalate) (PBT) have been presented [1]. ESR 
spin probe method [2— 4] has been used at 4—380 К 
temperature range and 107— 109 Hz frequency range. 
The possibility of extension of that work by studies of 
saturation effects has been also noted. The obtained re
sults indicated that the rotational mobility of small spin 
probes in PBT was related to у relaxation [1]. This relaxa
tion observed at low  temperature is not sufficiently stu
died so far and usually attributed to the methylene 
groups [3, 5]. However, the limitations of the spin probe 
method considered, as not a direct method of relaxation 
process investigations should be taken into considera
tion. Taking into account the dimensions of the used 
probe (= 3.5 A) [4] and the kinetic fragments of the PBT 
chain -(СНг-)4 or -(СНг-к-О-СО- the discussed relaxa
tion is probably the last one that could be studied by the 
conventional ESR, i.e. to the frequencies =104 H z in 
a mode of continuous saturation [2— 4, 6, 7]. This possi
bility could be verified by extrapolation of data from [1] 
on the relaxation diagram into the range of low tempera
ture and the comparison with the saturation study re
sults. In this paper an attempt to confirm this proposi
tion is described as well as the use of other parameters 
obtained in the saturation investigations in the process

of clarification of the polymer dynamics. Similar studies, 
although for a narrower temperature range, were carried 
out for the biological systems [8— 10]. Polymers have 
been rarely studied and some earlier results were pre
sented in [2— 4].

EXPERIMENTAL

PBT showing the molecular weight M  = 35 000 was 
synthesized according to [11] in the Department of 
Chemical Fibers and Physical Chemistry of Polymers, 
Technical University of Szczecin. Densities of amor
phous and crystalline phases were: pa = 1.26 g /cm 3 and 
pc = 1.33 g /cm 3 respectively, while crystalinity degree = 
55— 75%.

2,2,6,6-Tetramethylpiperidine-l-oksyl (C9H18NO; 
TEMPO) nitroxide radical (molecular weight M = 156) 
was used as a spin probe in a concentration < 0.01 wt. %.

ESR measurements were carried out in a standard 
"X-band Bruker E500" spectrometer with variable mi
crowave power in 0— 100 mW range. Conventional ESR 
registration mode, that is, the first derivative of absorp
tion signal was obtained in conditions of continuous 
saturation (CW) [2 ,6].

Oxford helium flow cryostat was used to study tem
perature dependence of ESR spectra at the 4— 263 К
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range. From the obtained three-line ESR spectrum the 
intensity of the central line (m = 0) was chosen and ana
lyzed [1].

RESULTS AND DISCUSION 

Saturation characteristics

Saturation characteristics presented previously 
(Fig. 5 in [1]) are redrawn in Fig.l by changing the axes.
On x-axis instead microwave power attenuation (in dB)

1 1/2now the square root of microwave power P ' is given.
These curves were simulated using the following 

equation:

Km = 0) = A ■ Pm [l+(21/e -  1)P/Pi/2] 'e (1)

where: I —  intensity, A —  the scaling factor, P ip and e — 
adjustable parameters.

Pi /2 is the power at which the first derivative ampli
tude is reduced to half of its unsaturated value, e is 
a measure of the homogeneity of saturation of the reso
nance line. For the homogenous and inhomogenous 
saturation limits, e = 1.5 and e = 0.5, respectively. Fig.l. 
suggests that our results correspond to an intermediate 
case between the hom ogenous and inhomogenous 
broadening. Satisfactory agreement between the experi
mental and simulated curves could be seen.

Fig. 1. Example of fitting of experimental curves to the eq. (1): 
1,2 ,3  —  experimental and calculated curves for 130,190 and 
263 K, respectively; 4, 5 —  calculated curves in the case of 
inhomogenous (e = 1.5) and homogenous (e = 0.5) saturation, 
respectively; the other parameters in eq. (1) are assumed to be 
the same as obtained for T = 263 К

In order to elucidate the role of these results in under
standing polymer dynamics the e(T) and Pip(T) depend
ences have been analyzed (Fig. 2). The parameter Pip(T) 
decreases linearly with the temperature decrease what 
makes the ESR signal easier to saturate. Extrapolating 
the straight line describing Pip(T) to zero, the tempera
ture around 98 К could be calculated what explains the 
lack of signal below this temperature even at low micro-
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Fig. 2. Temperature dependencies of P ip  and e

wave powers. This transition was also observed in NMR 
investigation [12]. As could be seen in Fig. 2, the value of 
e is around 1.0 what is an intermediate value between 
limiting values (0.5 and 1.5) and seems to be temperature 
independent. Whether this is an universal behavior is 
difficult to decide now due to the lack of such data for 
other polymers.

Calculations and analysis o f the correlation times

For a very slow rotation regime the saturation effects 
are used by studying the dependence of the line inten
sity and line width on the magnetic field of a microwave. 
The knowledge of Z(m) parameter, and particularly Z(0} 
enables the determination of long relaxation times in the 
range of typical (CW) saturation measurements (~ 105— 
106Hz) using the ESR method [2, 4, 7]. Z ®  is expressed 
by the following formula:

Z(°)= f ](sat)/ f°\nonsat) ■ B(nonsat)/ B(sat) (2)

where: f°\sat), f 0)(nonsat) —  intensities of the central line (m 
= 0); B(sat), and B(nonsat) —  magnetic field in conditions of 
saturation (large power of microwave) and without saturation 
(low power of microwave), respectively.

Our calculations involved the central line (m = 0) of 
the spectrum described in [1] and the value of correla
tion time (t) was determined from Z° values calculated 
from eq. (2) and Z°(t) dependence [7].

As it was done previously, change of variables, ac
cording to/=  l/(2nx) ( f— frequency), was made. Because 
of the relation В ~ P , the parameters of the experimen
tal spectrum are usually presented as a function of P1̂2 
(Fig. 1.) and difficult to determine absolute values of 
magnetic field В are not necessary to calculate the t or 
other parameters. The ESR signal allowed to determine 
long correlation times (т = 10’4— 10’5s). The location of 
such determined values at the relaxation diagram 
(Fig. 3) is consistent with the previous ESR results [1] 
and confirms that the observed spin probe mobility 
could be related to the relaxation of methylene se
quences (groups) in PBT, designated usually as у relaxa-
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tion. O ther exam p les o f relaxation o f this type cou ld  be  
fo u n d  in [ 1 ,3 ,4 ,1  2].

T h e p h ysica l m ean in g  o f  P1/2 param eter co u ld  be d e 
d u ced  from  co m p arison  o f the relaxation curves and  the 
Pi/2 param eter (see Fig. 3). T h e n on -zero  v a lu e  o f Pi/2 

seem s to van ish  at tem peratu re close to the tem perature  
o f the appearan ce o f  у relaxation at freq uen cy o f 104 H z . 
Based o n  this stu dy, the decrease in Pi/2 , an d  the d e 
crease or v a n ish in g  o f the ESR sign al (or som etim es  
tran sform ation  to the p o w d e r  spectru m ) cou ld  be re
lated to the appearan ce (or d isappearance) o f у  relaxa
tion.
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Fig. 3. Relaxation diagram for PBT and some results of the 
saturation investigations: dashed line —  relaxation run based 
on [1J, •  —  the results of earlier ESR investigations [1 ], ■  —  
the saturation ESR results (this work), dotted line —  common 
regression line ( •  and ■ ) ,  +  —  the temperature dependence of 
Pi/2 parameter

H o w e v e r , it sh o u ld  b e  a d d e d  that the spin  probe  
m e th o d  is n ot a direct m eth o d  o f investigation o f the 
relaxation processes in the p o ly m ers. A fter attributing  
the probe m o b ility  to a p o ly m er relaxation —  for exam 
p le  u sin g  the relaxation d iagram  —  often a qu estion  
arises abou t the m ech an ism  o f the spin  probe interaction  
w ith  the p o ly m er chain. T h e  qu estion  cou ld  be fo rm u 
lated in another w a y : w h at m obile  fragm ents o f the p o ly 
m er chain activate the probe rotations?

The rev iew  papers [3, 4] deal w ith this question . The  
an sw er is u su ally  expected in fin d in g  relation betw een  
the geom etrical size o f the spin  probe and the kinetic 
fragm en t o f the chain. A n oth er w a y  is to find a sim ilar  
relation b etw een  m asses o f the spin  probe and the p o ly 
m er fragm en ts. If the interaction o f sim ilar m asses w as a 
d ecid in g  factor, then for PBT it w o u ld  m ean  that the 
interaction o f the spin  probe (M  =  156) and  m eth ylen e- 
-ester fragm en ts (M  = 170) sh ou ld  be taken into consi
deration.

O n  the other h an d , from  N M R  investigations o f con 
form ation  structure o f olefines chains, for exam p le [3, 4 , 
1 2 ,1 3 ] , as w ell as from  the sim ilar analysis for poly(tetra-

m eth ylen oxid e) (P T M O ) [14] or for natural rubber (N R )  
[3, 4] it results that the sizes o f a 3— 4 m eth ylen e  se
quences (M  = 60) are com p arable w ith  the d im en sion s of 
spin  probe u sed . Based on  N M R  investigations it is as
su m ed  that the relaxation o f m eth ylen e grou p s w as real
ized  b y  the tw o  ju m p s m ech an ism  [13]. T h e m o st likely  
m otion s are three-bond m otion s in v o lv in g  either the re

location o f a gauche (g) b o n d  from  the sequ en ce ttg~ to 
g±tt or creation o f the sequ en ce g~tg~ con tain in g tw o  
gauche b o n d s from  all-trans (t) sequence ttt [13].

M o r e o v e r , the a g re e m e n t b e tw e e n  th e a ctivation  
energy o f m eth ylen e grou p s in the sy stem s not contain
ing the ester fragm ents and  the en ergy obtained b y  us 
from  ESR m e th o d  is n oted . T orm ala  [3] reported the 
valu e ~10  k j /m o l  for the sm a ll probes and 9 .5  k j /m o l  
fro m  N M R  m e a su rem e n ts for p o ly (iso b u ty le n e ) and  
sim ilar valu es (9— 12 k j /m o l)  for other p o ly m ers. Bow er
[13] g ives a v a lu e  o f 9 .7  k j /m o l  for m eth ylen e  grou p s (no  
se g m e n ta l m o tio n s) in isotactic p o ly p r o p y le n e  from  
N M R  investigations, w h ile  according to B ojanow ski [12] 
this valu e is 11.2 k j /m o l .  W e  h ave obtained the valu e  
11.6 k j /m o l .

Sim ilarity o f these results su ggests that the interac
tion o f the spin  probe w ith  (С Н г)з-4 g ro u p s p lays a deci
sive  role in the spin  probe m o b ility  an d  enables the ob 
servation o f this relaxation transition b y  the ESR m eth o d  
at lo w  tem perature.

CO NCLU SIO N S

—  The described saturation effects indicate the u se 
fu lness o f the saturation technique to stu d y  the relaxa
tion processes in the p olym ers.

—  In the sem icrystalline p o ly m ers the sp in  probe  
penetrates the am o rp h o u s regions an d  saturation in ves
tigations p ro vid e  inform ation  abou t the low -tem p era 
ture relaxation processes —  in case o f PBT it is у  relaxa
tio n , w h ich  is u su a lly  re lated  to th e m o v e m e n ts  o f  
m eth ylen e sequences.

—  D eeper u n d erstan d in g  o f the m ean in g  o f certain  
param eters determ in ed  in such m easu rem en ts requires 
investigation  o f a greater n u m b er o f other p olym ers. W e  
h op e that such a stu d y  m ig h t establish a m ore precise  
relation betw een  the param eters and the p o ly m er struc
ture. Such stu d y  has already been undertaken.
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