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ABSTRACT: To elucidate the effects of hydrogen bonds between polymer chains and small 
molecules on the mobility of small molecules, the mobilities of TEMPO (SPIV), TEMPOL 
containing a hydroxyl group (SPV), and TEMPONE containing a carbonyl group (SPVI) were 
investigated by means of electron spin resonance (ESR) measurements, and compared with the 
mobility of TEMPAMINE containing amino group (SPIii) examined previously. T50a, at which 
the extrema separation of ESR spectra becomes 5 mT (50 G) decreased in the order of 
SPVI > SPIii > SPV > SPIV, suggesting that the functional groups of the spin probes strongly affect 
the mobilities of the spin probes. For all the spin probes, T50a decreased with an increase in the 
methylene chain length of the nylon. However, the effects of drawing on the mobility were found 
only for SPIii. In the Arrhenius plots of rotational correlation times, one or two crossover points 
were defined. The crossover point at the lower temperature, T/, is considered to be the temperature 
at which the full rotation of a piperidine ring in the spin probes occurs, and that at the higher 
temperature, T0 , is presumed to be the temperature at which the rotational motion of the whole 
probe molecule becomes coupled with translational diffusion. For SPVI only, could T/ not be 
observed. The variation of the rotational behavior in the spin probes is due to the way in which 
hydrogen bonds form between their functional groups and the nylon chains. Such a variation was 
also found in the activation energies for rotation. The activation energy for rotation in the 
temperature region between T/ and T0 was greatly dependent on the structure of the spin probe. 

KEY WORDS Spin Probe / ESR / Nylon / Nitroxide / Hydrogen Bond / 
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It is well-known that the permeability of 

penetrants is dependent on their size. For 

solute permeation through membranes, the 

effects of the size on the permeability have 

been discussed by means of free volume theo

ries, 1 ·2 e.g., Wisniewski et al. explained the 

effects of apparent solute molecular size on the 

diffusion coefficient in poly(2-hydroxy

ethyl methacrylate) by using the free volume 

theory,3 and Peppas et al. developed a new 

theoretical model based on the free vol

ume theory to correlate the solute diffusion 

coefficient with the solute size.4 •5 In addition, 

for the membrane transport of alkali cations 

and halide anions, the effects of their size have 

been discussed.6 However, the fixation of 

crown ethers to the membrane makes it pos

sible to change the permeability of a partic

ular alkali cation. 7 In such a case, another 

factor, i.e., the interaction between the crown 

ethers and the cations must be considered. 

Thus the interaction between the penetrant 

molecule and the polymer matrix plays an 

important role in membrane transport. 

On the other hand, the effects of probe 

molecular size on the rotational motions of 

spin probes have been investigated.8 - 10 In 

these studies, the segmental volume concerned 
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in the molecular motion of the polymer is 
related to the molecular volume of the spin 
probe by using Bueche's free volume theory.11 
As some authors have pointed out, however, 
the interactions between polymers and probe 
molecules,9 and the free rotation around the 
single bonds in some probes10 make the use of 
this simple relation inappropriate. In our pre
vious papers, 12 • 13 we reported on the mobi
lities of three nonionic spin probes having 
different molecular volumes, in nylon films. It 
was shown that the mobilities of the spin 
probes were influenced not only by the molec
ular volumes of the spin probes, but also by 
the interactions between the probe molecules 
and the nylon chains. Also the mobilities of 
anionic spin probes in the nylon films reflected 
the mobility of the amino end groups of the 
nylons through electrostatic interactions. 14 • 15 

It was thus demonstrated that the interactions 
between probe molecules and polymer chains 
should not be ignored for the nylon films. 

In the present study, to elucidate the effects 
of the interactions on the mobilities of spin 
probes, the mobilities of spin probes having 
different functional groups with similar mole
cular volumes was investigated by means of 
electron spin resonance (ESR) measurements. 
The effects of the functional groups of the spin 
probes are discussed in detail, on the basis of 
the change of the mobility with methylene 
chain length, and on drawing. 

EXPERIMENT AL 

To compare with 4-amino-2,2,6,6-tetra
methyl-l-piperidinyloxy (TEMPAMINE, 
SPIii), which was investigated in our previous 
paper,13 three nonionic spin probes, 2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPO, SPIV), 
4-hydroxy-2,2,6,6-tetramethyl- l-piperidinyl
oxy (TEMPOL, SPV), and 4-oxo-2,2,6,6-
tetramethyl-1-piperidinyloxy (TEMPONE, 
SPVI) were used. SPVI was purchased from 
Aldrich Co., SPV and SPVI from Eastman 
Kodak Co., and they were used without 
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further purification. 
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Five nylon films were used. Undrawn nylon 
4 film (NY-4) was prepared as described in our 
previous papers. 13 •15 Biaxially drawn nylon 6 
film (NY-6(2D)) and undrawn nylon 6 film 
(NY-6(ND)) were kindly supplied by Unitika 
Co. Nylon 11 film (NY-11) and nylon 12 film 
(NY-12), both drawn by inflation, were cor
dially supplied by Daicell Co. The nylon films 
were pretreated in boiling water as reported in 
our previous paper. 13 

The spin probes were sorbed by the nylon 
films from the aqueous probe solutions at 
343 K for 2 days. The amount of the spin 
probes sorbed were about 5x 10-6 molg- 1 of 
the nylon. After sorption, the film was put into 
an ESR tube, dried in vacuo at 393 K for l 
day, and sealed in the presence of air. ESR 
spectra were measured under the same con
ditions as described in our previous 
papers_ 12 -14 

RESULTS AND DISCUSSION 

Extrema Separation 
The separation of the outer extrema of the 

ESR spectra, 2Az', which is a measure of the 
mobility of the spin probe, decreases with 
increasing mobility (see Figure 2 of ref 13). As 
shown in Figures 1 and 2, 2Az' decreased with 
increasing temperature in all the systems, in
dicating that the mobilities of the spin probes 
increased with an increase in temperature. For 
all the spin probes, 2Az' decreased with in
creasing methylene chain length of the nylons, 
i.e., the increase of the methylene chain length 
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Figure 1. 2Az' vs. temperature for SPV(-OH). D, NY-
4; e, NY-6(2D); 0, NY-6(ND); A, NY-II; l::,, NY-12. 
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Figure 2. 2Az' vs. temperature for NY-6(ND). 0, 
SPIII*(-NH2); e, SPIV(None); l::,, SPV(-0H); A, 
SPVl(=0). *Cf ref 13. 

resulted in an increase of the mobility of the 
probe molecules. However, no effect of draw
ing was observed for SPIV, SPV, and SPVI. 
On the other hand, the 2Az' values for SPIii in 
the drawn film were very different from those 
in the undrawn film. 13 This is thought to be 
explained as follows. The amino group of 
SPIii can form crosslinkage between the nylon 
chains through two hydrogen bonds (Figure 
3a), and higher orientation of the nylon chains 
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Figure 3. Model of the interaction between the spin 
probes and the nylon chains. 

makes it easier to form this crosslinkage. In the 
undrawn film the crosslinkage between the 
nylon chains through two hydrogen bonds is 
hardly formed, so that SPIii probably rotates 
less restrictedly than the drawn film. 

The change of 2Az' with temperature varied 
from probe to probe (Figure 2). Here it is 
convenient to use T50a, the temperature at 
which 2Az' becomes 5 mT (50 G), for dis
cussion (Table I). T50a decreased in the order 
of SPIII-SPVI > SPV > SPIV for all the films 
except NY-6(ND). In the case of NY-6(ND), 
T50a for SPVI was much larger than that 
for SPIii. The lower T50a value for SPIii in 
NY-6(ND) is probably due to the specific be
havior of the amino group of SPIii as men
tioned above. The difference of T50a in the 
spin probes may be explained by consider
ing the hydrogen bonding between the probe 
molecules and the nylon chains, and the ro
tation around a single bond in the spin 
probes. SPV and SPVI have a hydroxyl and a 
carbonyl group, respectively, so that hydrogen 
bonds between these functional groups and the 
nylon chains can be formed (Figures 3b and 
3c). SPVI has no single bond around which to 
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Table I. T,oa (K) 

Substituent NY-4 NY-6(2D) NY-6(ND) NY-II NY-12 

spm• -NH2 416 391 
SPIV None 340 316 
SPY -OH 370 350 
SPVI =0 409 396 

• Cf ref 13. 

rotate, resulting in a stronger restriction, i.e., a 
higher T50O value. SPV has single bonds 
around which to rotate, and this rotation is 
thought to decrease T50O . Naturally the ro
tation around the hydrogen bonds should be 
taken into consideration, but from these re
sults only, we can not reach definite con
clusions. On the other hand, SPIV has no 
additional functional group with which to 
form hydrogen bonds, leading to the lowest 
T50O value. 

For all the spin probes, T50O decreased with 
increasing methylene chain length. The differ
ence between T50O for NY-4 and NY-12, 
was almost the same for SPIII (62 K), SPV 
(57 K), and SPVI (58 K), while that for 
SPIV (85 K) was much larger than the 
former values, suggesting that the spin 
probes forming no hydrogen bond mon
itors the mobility of the hydrophobic regions 
of the nylon chains more clearly. Effects of 
drawing on T50O were not found for SPIV, 
SPV, and SPVI, but were observed only for 
SPIII. A possible reason for this has already 
been mentioned. 

T50O has been empirically correlated with 
the glass transition temperature Tg. 8 •9 In these 
empirical correlations between T50O and Tg, 
only the molecular volumes of the spin probes 
were taken into account, i.e., T50O increases 
with increasing molecular volume of the probe 
molecule. However, the molecular volumes of 
the spin probes used in the present study are 
similar, so that the difference in T50O of the 
probe molecules can not be explained only by 
the molecular volumes. Thus the empirical 
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365 360 354 
317 260 255 
350 320 313 
397 361 351 

correlations between T50O and Tg can not be 
used for the systems where probe molecules 
interact with polymers. 

Rotational Correlation Times 
For further discussion, rotational corre

lation times 'R were determined from the ESR 
spectra. As was reported in our previous pa
pers,12· 13 the equations derived by Kivelson16 

and K uznetsov et al. 17 were used for the 
calculation of 'R· 'R used here was determined 
with the assumption of isotropic rotation, and 
it should be termed the "apparent rotational 
correlation time," so that it was used for the 
purpose of comparison. 

The Arrhenius plots of 'R are shown in 
Figures 4 and 5. Under the assumption that 
the plot is divided into two or three straight 
lines, the calculation for the individual cases is 
repeated by the least squares method until a 
correlation coefficient in each region is greater 
than 0.98, as described in our previous pa
per.15 Although 'R values below 283 K were 
not shown in Figure 5, all experimental points 
below 283 K lie on the straight lines in the 
lowest temperature region. For SPIV and SPV, 
two distinct crossover points were defined, but 
only one was defined for SPVI. As mentioned 
in our previous paper, 13 SPIII had a different 
number of crossover points in different nylons, 
i.e., NY-4 and NY-6(2D) had only one, while 
NY-6(ND), NY-11, and NY-12 had two dis
tinct crossover points in the temperature range 
investigated. This was explained as follows. 13 

In the case of NY-4, the second crossover 
point exists in a higher temperaure region than 
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Figure 4. Arrhenius plots of 'R for SPV(-OH). D, 
NY-4; e, NY-6(2D); 0, NY-6(ND); .&, NY-11; 6., 
NY-12. 
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Figure 5. Arrhenius plots of 'R for NY-6(ND). 0, 
SPIII*(-NHJ; e, SPIV(None); /':,., SPV(-OH); .&, 
SPVI( =0). * Cf ref 13. 
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the temperature range examined. For NY-
6(2D ), the slopes of the Arrhenius plots below 
and above the second crossover point were 
presumably quite similar, and consequently we 
could not find it. It is thus concluded that 
SPIii, SPIV, and SPV have two distinct 
crossover points, while SPVI has only one. 

The crossover point in the low temperature 
region for SPIii, SPIV, and SPV is designated 
as Tn' and that in the high temperature region 
as Tn. The crossover point for SPVI is also 
designated as Tn. The existence of these cross
over points may be explained as follows. For 
SPIii, T/ is thought to be the temperature at 
which the rotation around a single bond in the 
probe molecule occurs, because SPIii is bound 
to the nylon chains through hydrogen 
bonds. 12 • 13 Tn' for SPV is interpreted in the 
same way. However, SPIV can form hydro
gen bonds only with difficulty, and has no 
single bond around which to rotate, so that 
T/ for SPIV can not be explained in a similar 
way to SPIii and SPV. Full rotation of SPIV 
without translational diffusion probably oc
curs at T/. The other probe molecules have 
the possibility of such full rotation, but the 
restriction through the hydrogen bonds pre
vents them from rotating fully. Also the ap
pearance of T/ for the spin probes which 
interact weakly with the nylon chains is 
probably dependent on their molecular vol
umes. For the larger spin probe, SPII, which 
it is thought can hardly interact with the 
nylon chains, Tn' could not be observed. 13 

CH, CH, 
~wO• 
!VlNM-CH, 

H CH, 

SPII 

Since SPVI is strongly restricted by the nylon 
chains, and has no single bond around 
which to rotate, it is thought that T/ did not 
appear. Here it is worthwhile to consider again 
the possibility of rotation around the hydrogen 
bonds. If this rotation occurs, Tn' would be 
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observed even for SPYI. The fact that T/ did 
not appear for SPYI suggests that this rotation 
scarcely takes place. It is thus concluded that 
the existence of T0 ' is dependent on the in
teraction between the spin probes and the 
nylon chains, the existence of single bonds 
around which to rotate, and the molecular 
volumes of the spin probes. On the other hand, 
T0 is believed to be the temperature at which 
the rotational motion of the whole probe 
molecule occurs with translational diffusion. 13 

T0 ' and T0 are given in Table II. 

decreased with increasing methylene chain 
length, but the effects of drawing were not 
found for SPIY and SPY. T/ decreased in 
the order of SPIii >SPY> SPIV, suggesting 
that the rotation of a piperidine ring be
comes easier in this order. The difference be
tween the T/ values for NY-4 and NY-12 
was 34, 52, and 77 K for SPIii, SPY, and 
SPIY, respectively. This indicates that the 
more easily the rotaion of a piperidine ring 
occurs, the more sensitively Tn' reflects the 
effects of the methylene chain length. Thus 
T/ is found to be a good measure to estimate 
the effects of a functional group in a spin 

The T0 ' values were very different for the 
different spin probes. As found for T50G, Tn' 

Table II. T/ and T" (K) 

Substituent NY-4 NY-6(2D) NY-6(ND) 

T/ 
SPIii• ~NH2 366 365 347 
SPIV None 314 290 288 
SPY -OH 345 330 326 

T" 
SPIii• -NH2 403 
SPIV None 398 390 386 
SPY -OH 406 395 392 
SPVI =0 405 389 394 

• Cf ref 13. 

Table III. E/ (kJmol- 1) 

Substituent NY-4 NY-6(2D) NY-6(ND) 

"low" 
SPIii• -NH2 7.9±0.4 6.8±0.3 6.77±0.09 
SPIV None 4.19±0.13 5.)±0.2 5.67±0.13 
SPY -OH 6.59±0.18 5.7±0.2 4.9±0.3 
SPVI =0 6.62±0.14 5.92±0.18 6.00±0.16 

"medium" 
SPIii• -NH2 26.1 ± 1.2 47.5±1.3 35.5±0.9 
SPIV None 15.1 ±0.5 11.1±0.8 11.6±0.8 
SPY -OH 25.0± I.I 24±2 24.0±0.8 

"high" 
spm• -NH2 53.2± 1.7 
SPIV None 53.8±0.6 64±2 60.3± 1.4 
SPY -OH 56.2± I.I 62.3± 1.5 61.6±1.9 
SPVI =0 56±2 65±5 56.0± 1.8 

• Cf ref 13. 
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NY-II NY-12 

333 332 
252 237 
302 293 

379 380 
375 365 
382 372 
366 359 

NY-II NY-12 

6.6±0.3 5.69±0.13 
6.0±0.5 4.4±0.4 
5.7±0.3 4.9±0.3 

4.98±0.12 5.26±0.12 

32±2 26±2 
8.92±0.13 7.7±0.2 
15.1±1.1 14.9±0.9 

68±3 73±4 
69±4 67.5±1.9 
73±2 71 ±2 

54.5± 1.6 62±4 
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probe. 
Tn scarcely varied from probe to probe, and 

was dependent on only the methylene chain 
length of the nylon. From this, it is thought 
that at Tn' the hydrogen bonds between the 
spin probes and the nylon chains are broken, 
and the spin probes start to diffuse trans
lationally. An azo dye type spin probe, SPI, 
has a larger molecular volume than the spin 
probes used here, and its Tn was about 30 K 
hihger. 13 In addition, an anionic spin probe 
containing a carboxylate group, whose molec
ular volume is similar to the spin probes used 
here, began to diffuse translationally at a 
temperature 30 K higher.15 (In ref 15 this 
temperature is designated as Tn".) In this case 
the anionic spin probe is thought to interact 
with the amino end group of the nylon below 
Tn'', but the electrostatic interaction is broken 
at Tn"· From the above results, we can con
clude that Tn depends not only on the molec
ular volumes of spin probes, but also on the 
strength of the interactions between the probe 
molecules and the polymer chains. 

The activation energies for rotation Ea R were 
determined from the Arrhenius plots of 'R 
and are g.iven in Table III. Ea R in the "low" 
temperature region below Tn' (for SPVI, below 
Tn) was of the same order for all the systems. 
The spin probes probably undergo rotational 
vibrations in this region. Ea R in the "medium" 
temperature region between Tn' and Tn varied 
from system to system. For SPIV and SPV, no 
effect of drawing on Ea R in this region could be 
found. Only for SPIii could effects of drawing 
be found, presumably owing to the peculiar 
behavior of the amino group of SPIIl,13 as 
mentioned in the discussions of T50G and Tn'· 
The coupled effects of the methylene chain 
length and of drawing made the behavior of 
Ea R for SPIii very complicated, whereas Ea R 

for SPIV and SPV decreased monotonically 
with increasing methylene chain length of the 
nylon. This suggests that the longer methylene 
chains make it easier to form local free volume 
for the rotation of a piperidine ring. Also E/ 
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in the "medium" temperature region decreased 
in the order of SPIii > SPV > SPIV, supporting 
the idea that the restriction becomes weaker in 
this order. 

E/ in the "high" temperature region in
creased with increasing methylene chain length 
for SPIii, SPIV, and SPV, while remaining 
almost constant for SPVI. This result is op
posite to that in the "medium" temperature 
region, and can not be interpreted by consider
ing only the rotational motion of the spin 
probes. Here we should also consider the 
translational diffusion of the probe mole
cules. As was mentioned in our previous 
paper,13 the activation energy of translation
al diffusion is affected by a jumping distance 
and a barrier height. The molecular motion 
of the nylon chains becomes greater with an 
increase in the number of methylene groups, 
and the jumping distance becomes larger, re
sulting in the larger E/. For SPIii, SPIV, and 
SPV, the jumping distance and the barrier 
height are thought to be similar, because 
their activation energies were similar. Thus 
the consideration of the translational diffu
sion make it possible to interpret reason
ably the results in the "high" temperature 
region. On the other hand, Ea R for SPVI in 
this region was unusual. The reason for this 
is not clear, and it is dangerous to con
clude that the carbonyl group alone leads to 
this result. 

Anisotropy or Rotation 
The anisotropy parameter e was calculated 

from the ESR spectra, as described in our 
previous paper. 13 e reflects only the anisotropy 
of motion in the region of 'R < 1 x 10-9 s, but it 
also includes the mobility of the probe mol
ecules in the region ofrR> 1 x 10- 9 s, so that e 
in this latter region cannot be used for this 
discussion. Figure 6 shows the change of e with 
temperature for NY-12. The behavior of e for 
the other nylons was a similar pattern to that 
for NY-12. The e values for SPIV and SPVI 
became close to zero in the region of 
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Figure 6. B vs. temperature for NY-12. O, 
SPIII*(-NH2); e, SPIV(None); 6-, SPV(-OH); ., 
SPVI( = 0). * Cf ref 13. 

'R < 1 x 10- 9 s, while those for SPIii and SPV 
became negative in this region. This suggests 
that SPIV and SPVI rotate isotropically, and 
SPIii and SPV rotate anisotropically around 
the x axis,18 which corresponds to the N-O 
bond direction. However, the degree of the 
anisotropy was rather small, considering the 
absolute values of e. Such slight difference 
probably comes from the fine structures of the 
probe molecules. It is thus thought that the 
spin probes having an amino or a hydroxyl 
group rotate anisotropically around the x axis, 
because the existence of these functional 
groups makes the x axis to be a long axis 
around which to rotate more easily. 

CONCLUSION 

From the above results, we can conclude 
that the mobilities of the spin probes in the 
nylon films are influenced by the functional 
groups in the probe molecules, owing to the 
interactions between the functional groups and 
the nylon chains. lt was suggested in our 
previous study13 that an amino group in a spin 
probe formed a crosslinkage through two hy
drogen bonds, while spin probes with a hy
droxyl or a carbonyl group did not form such a 
crosslinkage. As a result, only for SPIii the 
effects of drawing could be observed. Also the 
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single bonds in the spin probes affected their 
mobilities. This effect was observed mainly in 
the "medium" temperature region, where the 
rotation of a piperidine ring probably occurs 
without extensive translational diffusion. In 
the "high" "temperature region, the hydrogen 
bonds were probably broken, and the effects of 
the functional groups were very small. It is 
thus concluded that the interactions between 
probe molecules and polymer chains are a 
main factor influencing the mobilities of the 
probe molecules in the temperature ranges 
where these interactions are maintained, and 
where extensive rotational motions of the pi
peridine ring occur. 
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