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Abstract

The structural changes in the Brill transition of aliphatic Nylons m=n have been investigated by carrying out the temperature-dependent

infrared spectral measurement for Nylon 6/10 –[–NH–(CH2)6–NHCO–(CH2)8–CO–]n–, Nylon 6/12 –[–NH–(CH2)6–NHCO–

(CH2)10–CO–]n– and Nylon 10/10 –[–NH–(CH2)10–NHCO–(CH2)8–CO–]n–. They took the crystal structure of a-form at room

temperature. By heating the samples up to the Brill transition temperature region, the conformation of the methylene segments was found to

change remarkably from the all trans-zigzag form to the disordered conformation constructed by shorter trans-zigzag segments combined

with some gauche bonds. At the same time, the twisting motion was found to occur around the CH2–amide bonds. During this order-to-

disorder transition of molecular conformation, the intermolecular hydrogen bonds were kept alive although they were weaker gradually with

increasing temperature. The methylene segments sandwiched by NH groups [NH(CH2)mNH] were found to be disordered more remarkably

than those of CO(CH2)nCO sequence due to the difference in torsional energy barriers around the CH2–NH and CH2–CO bonds.

q 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Aliphatic nylons show the so-called Brill transition in a

high temperature region below the melting point [1]. The X-

ray diffraction profile of typical a-crystal form changes to

that of pseudohexagonal form above the transition tem-

perature. But, in some cases, this profile change is not

perfectly completed even when the sample is heated up to

the melting point. Many papers were published so far to

clarify the essential features of this Brill transition from the

structural point of view [1–21], but still we have many

unclear points about the concrete structural changes in the

methylene sequences and the amide group parts as well as

the hydrogen bond mode. For solving these problems, the

vibrational spectroscopy may be one of the useful methods,

which will give us concrete information about the chain

conformational change. But, because of the complicated-

ness of the spectral profiles, the infrared and Raman spectra

have not yet been interpreted enough clearly.

The infrared (and Raman) spectra of nylons are

characterized by a series of progression bands as well as

the bands coming from the amide groups. The progression

bands are originated from the vibrational modes of the finite

methylene sequences. Therefore the analysis of these

progression bands may help us to clarify the structural

change in the methylene segmental parts. For this purpose

we have to assign these bands to the concrete vibrational

modes. So far the several papers were reported to interpret

the infrared spectra of some nylon samples, but the analysis

was not necessarily consistent with each other [16,22–28].

In the previous paper, we proposed one new concept to

solve the problem concerning the assignment of progression

bands of nylons [29,30]. By utilizing this information the

temperature dependence of progression bands was investi-

gated for Nylon 10/10 and its model compounds, from

which the conformational changes occurring in the Brill
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transitions could be revealed concretely [31,32]. The

infrared bands characteristic of amide groups showed also

the remarkable temperature dependence: the peak positions

were shifted and the band intensities decreased remarkably

with increasing temperature. From this observation, we

could clarify the torsional motion of the amide groups in the

Brill transition region. By combining the thus-obtained

information on the amide groups with the conformational

disordering in the methylene segments, the structural

changes of molecular chains in the Brill transition were

clarified in detail.

In the present paper, the concept developed in the

vibrational analysis of Nylon 10/10 and its model

compounds will be applied to the temperature-dependent

infrared spectral data collected for Nylon 6/10 and Nylon

6/12 and the analyzed results will be compared with that of

Nylon 10/10. These polymer samples have the different

methylene sequential lengths, and therefore might be useful

for the clarification of concrete role of the methylene

segments in the Brill transition phenomenon of nylons.

2. Experimental

2.1. Samples

Nylon 6/10 and Nylon 6/12 were purchased from Aldrich

chemicals. Nylon 10/10 was kindly supplied by the

Shanghai Cellulose Works, Shanghai, China.

2.2. Measurements

The DSC thermograms were measured in the heating

process by using a differential scanning calorimeter SEIKO

DSC220CU under nitrogen gas atmosphere at the rate of

4 8C/min.

Thin films for the infrared spectral measurement were

prepared by pressing the molten samples between a pair of

KBr plates. Temperature dependence of infrared spectra

was measured by using a Biorad FTS-60A/896 Fourier-

transform infrared spectrometer at the resolving power of

2 cm21.

3. Results and discussion

3.1. DSC thermograms

Fig. 1(a)–(c) show the DSC thermograms measured for

Nylon 10/10, Nylon 6/12 and Nylon 6/10, respectively, in

the heating process from 20 8C to the melting region. In case

of Nylon 6/10, a broad endothermic peak was detected in the

region of 130–210 8C below the melting peak around

224 8C. The enthalpy changes DH for these two endother-

mic peaks were 39 and 52 J/g, respectively. In case of Nylon

6/12, a broad endothermic peak was observed in the region

of 130–200 8C and the melting peak was at 218 8C. The

DHs were 24 and 50 J/g, respectively. In the case of Nylon

10/10, a broad endothermic peak was detected in the region

of 100–195 8C and a melting peak at 202 8C. The DHs were

46 and 29 J/g, respectively. Additionally a sharp exothermic

peak was detected below the melting peak: 193 8C for Nylon

10/10, 201 8C for Nylon 6/12, and 209 8C for Nylon 6/10. It

may correspond to the melt-recrystallization phenomenon

or any phase transition before the melting. The latter

possibility seems low as long as the infrared spectral data

are analyzed as described in the present paper.

When the melting point is compared between Nylon 6/12

and 6/10, the former gives lower melting point because the

CO(CH2)nCO segment is longer ðn ¼ 10 . 8Þ: On the other

hand, the melting point of Nylon 10/10 is much lower than

that of Nylon 6/10. The melting temperature gap between

Nylon 6/10 and Nylon 10/10, 22 8C, is larger than that

between Nylon 6/10 and Nylon 6/12, 6 8C. This difference is

much larger than that expected from the difference in

methylene sequence length between 6, 10 and 12. The

NH(CH2)mNH part is considered to have larger influence on

the melting point because this part has higher mobility than
Fig. 1. DSC thermograms measured for (a) Nylon 10/10, (b) Nylon 6/12 and

(c) Nylon 6/10 in the heating process.
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that of CO(CH2)nCO part, as will be discussed in a later

section.

3.2. Temperature dependence of infrared spectra

3.2.1. Amide group bands

Temperature dependence of infrared spectra in the

frequency region of 450–800 cm21 is shown in Fig.

2(a)–(c) for Nylon 10/10, Nylon 6/12 and Nylon 6/10,

respectively. The starting samples were obtained by slow

cooling from the melt. At room temperature these polymers

show the infrared bands typical of the planar–zigzag

structure of the a-form as known from the characteristic

bands at 580 cm21 [amide VI (CyO out-of-plane mode)]

and 690 cm21 [amide V (NH out-of-plane mode)]. The

infrared bands of the a-form were observed also at

3310 cm21 [amide A (NH stretching mode)], 1635 cm21

[amide I (CyO stretching mode)], 1535 cm21 [amide II (C–

N stretching mode)] and so on [26,33–41]. On heating up

the samples, these amide bands were found to shift the

positions. Fig. 3(a)–(c) show, respectively, the temperature

dependence of the peak position estimated for the amide A,

amide V and amide VI bands of Nylon 10/10, Nylon 6/12

and Nylon 6/10. The wavenumber of the amide A band is

related directly with the strength of the intermolecular

hydrogen bond. In the case of Nylon 6/12, for example, the

band position shifted gradually to the higher frequency side

with increasing temperature. Around 120–130 8C the slope

of the temperature dependence is slightly changed,

corresponding to the broad endothermic region in the DSC

thermogram (Fig. 1(b)). The frequency shifted largely

above 190 8C or in the melting region. These data indicated

that the hydrogen bond became weaker gradually and this

rate changed in the transition region. It became much

weaker in the melting temperature region. The similar

behavior of amide A band was observed for Nylon 6/10 and

10/10. Amide VI band shifted also to higher frequency side

with increasing temperature for all the three cases, while

Amide V band showed rather low-frequency shift or

remained almost constant. These bands are considered to

be affected also by the change in the hydrogen bonding

strength. But, at the same time we need to consider that the

Amide V and VI bands are sensitive to the twisting angles

around the NH–CH2 and CO–CH2 bonds, respectively

[26]. Broadening and slight peak position shift of these

bands may correspond to an occurrence of twisting motion

around the CH2–amide bonds as well as the effect of

hydrogen bonds. These various factors make the situation

Fig. 2. Temperature dependence of infrared spectra measured for (a) Nylon

10/10, (b) Nylon 6/12 and (c) Nylon 6/10 in the heating process. Asterisks

are the CO2 gas bands.

Fig. 3. Temperature dependence of vibrational frequency estimated for (a)

amide A, (b) amide V and (c) amide VI bands of Nylon 10/10, 6/12, and

6/10 samples.
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Fig. 4. Temperature dependence of infrared spectra measured for (a) Nylon 10/10, (b) Nylon 6/12 and (c) Nylon 6/10 in the heating process. The marks such as

8R4C are the progression bands of the methylene zigzag segments. C7, for example, indicates the band assigned to the progression band of n-C7H16. Shaded

bands appeared in the high-temperature regions.
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complicated and the temperature dependence of the Amide

V and VI bands shown in Fig. 3 is difficult to interpret

straightforwardly, different from the behavior of Amide A

band. Similar but more remarkable change is detected for

the bands of C–C(O) bond stretching mode (n[C–C(O)])

around 937 cm21 and C–N bond stretching mode [n(C–N)]

around 1120 cm21 as shown in Fig. 4. These bands showed

remarkable intensity decrement with increasing tempera-

ture. Besides, as shown in Fig. 5(a)–(c), the peak position

and the band width were found to show large change. For

example, in the case of Nylon 6/10, the peak position shift

was accelerated in the transition region above 130 8C, and

the band width also started to increase in this temperature

region. The similar phenomenon was observed also for

Nylon 6/12. In the case of Nylon 10/10 the essential

behavior was the same but the change was more remarkable

and the peak position of n[C–C(O)] band shifted to higher

frequency side. The similar higher frequency shift was

observed for the model compounds of this polymer,

CH3(CH2)9NHCO(CH2)8CONH–(CH2)9CH3 and CH3-

(CH2)8CONH(CH2)10NHCO(CH2)8CH3 [31,32]. It is diffi-

cult at present to know the reason for the different behavior

of n[C–C(O)] band between Nylons 6/12 and 6/10 and

Nylon 10/10. On the other hand, for all these samples of

polymers and model compounds commonly, the half-width

of n[C–C(O)] band increased gradually with increasing

temperature and remarkably in the transition region. The

band width is related generally with the activity of the

thermal motion of the corresponding chemical group. The

remarkable increase in half-width observed for n[C–C(O)]

band may reflect some enhancement of twisting motion

around the CH2–CO bond. The similar phenomenon is

considered to occur also for the n(C–N) band but was

difficult to detect because of the influence of the neighboring

intense bands (see Fig. 4). From all these results, we may

say that the twisting of the amide–CH2 bonds and the

weakening of intermolecular hydrogen bond strength are

accelerated in the broad endothermic peak region of DSC

thermogram or in the Brill transition region.

3.2.2. Methylene conformation

In Fig. 2(a)–(c), the band at 721 cm21 is assigned to the

most-in-phase methylene rocking mode [r(CH2)] character-

istic of the triclinic packing structure of n-alkane crystals. In

cases of Nylon 6/12 and 6/10 the two bands at 721 and

731 cm21 might be assumed as a pair due to the correlation

splitting of the r(CH2) mode in the orthorhombic packing

cell of the methylene segments [42]. But the temperature

dependence of the band intensity is different from that

observed typically for n-alkane and orthorhombic poly-

ethylene crystal. The band at 731 cm21 is rather considered

to correspond to one of the r(CH2) progression bands, as will

be discussed in a later section. When the sample was heated,

the 721 cm21 band decreased in intensity and was looked to

approach the pattern intrinsic of the hexagonal packing

structure of the methylene chains [43], but it was not clear

because of broad spectral profile. On the other hand, the

CH2 scissoring band was observed in the 1465 cm21 region

at room temperature, the profile of which reflected the

triclinic packing mode of methylene zigzag parts. With

increasing temperature, the band intensity decreased and the

profile became similar to that observed for the model

compounds of Nylon 10/10 in the Brill transition region [31,

32], suggesting an existence of pseudohexagonal packing

structure of conformationally disordered methylene seg-

ments [43–48]. But the definite conclusion was difficult to

give because of broad spectral profile compared with the

case of low-molecular-weight compounds.

This idea of conformational disordering in the

methylene segments can be checked more explicitly

when the infrared spectra in the frequency region of

760–1150 cm21 are analyzed in detail. Fig. 4(a)–(c)

show the temperature dependence of the infrared spectra

in this frequency region. Many bands observed are due to

the so-called progression bands of the methylene

segments. For the analysis of progression bands a simply

coupled oscillator model is used in general [49–53]. A

local methylene vibrational mode is represented by an

oscillator and these oscillators are coupled together with

a phase angle f: The f is given by

f ¼ kp=ðm þ 1Þ

Fig. 5. Temperature dependence of vibrational frequency and half-width

estimated for n[C–C(O)] band of (a) Nylon 10/10, (b) Nylon 6/12 and (c)

Nylon 6/10.
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where m is an effective number of oscillators and k ¼

1; 2;…;m: This simply coupled oscillator model was

applied to the interpretation of the progression bands of

nylons [22–27]. But, as reported in the previous papers

[29,30], we had some inconsistency in the band assign-

ments among a series of nylons and their model

compounds. In order to solve this problem, we proposed

one new concept. When we tried to assign the

progression bands of nylons, we found that we needed

to omit one methylene unit adjacent to the amide group,

by which for the first time we could correspond the

observed progression bands to the infrared bands of the

n-alkanes with planar– zigzag conformation [29,30,

49–53]. Erase of one methylene unit adjacent to the

amide group means a vibrational decoupling between the

inner methylene segment and the outer methylene unit in

the aliphatic nylon chain. For the planar – zigzag

methylene chain of Nylon 6/10, for example, the

methylene units included in the sequence NH–(CH2)6–

NH are separated to a central (CH2)4 and 2 outer CH2

parts. The vibrational bands coming from the (CH2)4 part

can be assigned reasonably by referring to the bands

observed for CH3–(CH2)4–CH3 (n-C6H14). Similarly, the

CO(CH2)8CO sequence is considered to give a series of

progression bands coming from (CH2)6 segment, which is

equivalent to CH3–(CH2)6–CH3 or n–C8H18. A methyl-

ene unit adjacent to the amide group gives a band at

about 937 cm21?(n[C–C(O)]), which is almost common

to the various nylons and shows remarkable temperature

dependence as discussed in the preceding section. In the

same way, the methylene segments NH–(CH2)6–NH and

CO–(CH2)10–CO of Nylon 6/12 are equivalent to those

of CH3–(CH2)4–CH3 (n-C6H14) and CH3–(CH2)8–CH3

(n-C10H22), respectively. For Nylon 10/10 the methylene

segments correspond to the CH3 –(CH2)8 – CH3 (n-

C10H22) and CH3–(CH2)6 –CH3 (n-C8H18) from the

vibrational spectroscopic point of view. The progression

bands assigned to the modes of equivalent n-alkanes are

indicated by small symbols in Fig. 4. For example, 8P3C

means that this band is equivalent to the progression

band of CH2 rocking (P) mode of n-C8H18 with a phase

angle between the neighboring methylene groups f ¼ k

p=ðm þ 1Þ ¼ 3p=ð6 þ 1Þ ¼ 3p=7 [a total number of effec-

Fig. 6. Temperature dependence of normalized absorbance estimated for

various methylene progression bands of (a) Nylon 10/10, (b) Nylon 6/12

and (c) Nylon 6/10. The meaning of the marks such as 8P3C is referred to in

the text. The absorbance of newly appeared progression band (C7/C9 and so

on) was estimated for the bands at 858 cm21 for Nylon 10/10 and 6/10 and

at 1000 cm21 for Nylon 6/12.

Fig. 7. Temperature dependence of infrared spectra measured for the model

compound of Nylon 10/10, CH3(CH2)9NHCO(CH2)8CONH–(CH2)9CH3,

in the frequency region of 750–1150 cm21. The meaning of the marks such

as 10P3N, etc. is referred to in the text. The shaded bands with the marks C7

and C9 are the progression bands assigned to the equivalent n-C7H16 and n-

C9H20, respectively. The original progression bands decreased in intensity

and the new progression bands (shaded bands) appeared in stead.
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tive oscillators m ¼ 6 and the coefficient k ¼ 3]. A

methylene chain consisting of 6 methylene units is

equivalent to n-C8H18 when two methyl groups are added

as end groups. The ‘C’ indicates the methylene sequence

of the carbonyl group side [CO–(CH2)m–CO]. In the

spectra shown in Fig. 4, we can classify the bands into

two species: the methylene sequence of NH side (N) and

the methylene sequence of CO side (C).

When the temperature was raised, some of the pro-

gression bands were found to decrease in intensity

remarkably. Some bands disappeared perfectly and new

bands appeared in high temperature region as shown in Fig.

4. For example, in the case of Nylon 6/10, the bands 6P1N

(988 cm21), 6R4N (1040 cm21), 8R1C (1100 cm21), 6T2N

(1274 cm21), 8W4C (1331 cm21), etc. disappeared per-

fectly in the transition region, where R, W and T indicate the

CC stretching mode, the CH2 wagging mode and the CH2

twisting mode, respectively. Fig. 6(c) shows the relative

intensity of some typical progression bands of Nylon 6/10

plotted against temperature. As the temperature increased,

the progression bands coming from the methylene segments

of the NH side decreased in intensity more remarkably than

those of the CO side, indicating higher chain flexibility or

easiness of conformational disordering in the methylene

segments of NH(CH2)mNH than the CO(CH2)nCO part.

These observations were made for all the nylons discussed

here.

When the progression bands of the methylene units

disappeared in the transition temperature region, new bands

were detected although they were broad and weak in

general. This phenomenon was observed clearly for the

model compounds of Nylon 10/10 as reproduced in Fig. 7

[31,32]. The bands at 981, 1022, 1038 and 1077 cm21, etc.

correspond to these newly appeared ones. But such an

observation was a little difficult for the polymers. In the case

of Nylon 6/10, for example, the new bands were detected at

790, 860, 1028, 1200 and 1245 cm21, etc. (see Fig. 4(c)). In

Fig. 6, the absorbance of a newly appeared band is plotted

against temperature. They are considered to correspond to

the progression bands of n-C7H16 and n-C5H12, indicating

that the fully extended trans-zigzag methylene sequence

changes to the shorter zigzag segment of (CH2)5–(CH2)3 by

an invasion of some gauche bonds. This conformational

disordering is considered to occur more remarkably in the

methylene segments of NH side than those of CO side, as

speculated from the results shown in Figs. 6 and 7. The

similar observations were made for Nylon 6/12 and Nylon

10/10. In the case of Nylon 6/12, the newly appeared bands

were assigned to the progression bands of n-C9H20–n-

C4H12. In the case of Nylon 10/10, they were assigned to

those of n-C9H20–n-C5H12.

Another important observation is that the decreasing rate

of the progression band intensity is almost the same when

the progression band of the same methylene sequential

Fig. 8. Temperature dependence of normalized absorbance estimated for

the progression band of the same methylene sequence compared between

Nylons 10/10, 6/12 and 6/10. The meaning of the marks such as 8P3C is

referred to in the text.

Fig. 9. Potential energy curves of a nylon segment CH3CH2CH2–NHCO–

CH2CH2CH3 calculated as functions of torsional angle around the CH2–

NH (solid line) and CH2–CO bonds (broken line). The calculation was

made with Cerius2 (Accelrys Inc.) on the basis of COMPASS force field

[Sun H. J Phys Chem 1998;B102:7338].
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length is compared, as shown in Fig. 8(a) and (b). In these

nylons, we have three kinds of methylene segments: (CH2)6,

(CH2)8 and (CH2)10. As seen in Fig. 8(a), the progression

band intensity of the NH(CH2)6NH part (6R4N) showed

essentially the same intensity change between Nylon 6/12

and Nylon 6/10. Similar observation was made for the bands

of CO(CH2)8CO (8P3C) of Nylon 6/10 and Nylon 10/10 as

shown in Fig. 8(b). The remarkable difference in the

intensity reduction rate was observed between the methyl-

ene progression bands of the NH and CO sides even when

the methylene segmental length was apparently the same

(see Fig. 8(c)). Therefore the effective methylene segments

are considered to show essentially the same temperature

dependence as long as the number of methylene units is the

same and these methylene units are sandwiched in between

the same side of amide group, i.e. the NH side (or the CO

side). It is emphasized here again that the methylene

progression bands of the NH side show more remarkable

intensity decrement than those of the CO side. This can be

observed in Figs. 6 and 8. The solid-state NMR reported the

higher mobility of NH(CH2)mNH segment than COðCH2Þn
CO segment in Nylon 6/6 [7,8]. The present infrared data

are consistent with it. When the conformational energy is

calculated as a function of torsional angle around the CH2–

amide bond, it is found that the energy barrier of the torsion

around the CH2–amide bond is lower for NH–CH2 bond

than for CH2–CO bond (see Fig. 9). This seems to be related

with the above-mentioned difference in thermal behavior of

the methylene progression bands. As pointed out already,

the inner methylene segments are vibrationally decoupled

with the terminal methylene unit adjacent to the amide

group. If the inner methylene units and terminal methylene

units are chemically separated, the thermal behavior of the

inner methylene segment should be the same between the

NH and CO sides. But, actually the methylene units are

connected by strong covalent bonds. Therefore, even when

the coupling is lost about the local vibrational modes at

higher frequencies, the twisting motion around the CH2–

amide bond is considered to relate strongly with the

segmental motion of the whole methylene sequence. Higher

Fig. 10. Temperature dependence of infrared data evaluated for (a) Nylon 10/10, (b) Nylon 6/12 and (c) Nylon 6/10 in comparison with the DSC thermograms

(heating process).
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activity of torsional motion around the CH2–NH bond may

cause easier thermal motion of the methylene segments of

NH side. The torsional motion around the CH2–CO bond

may be difficult to occur because of higher torsional barrier,

resulting in lower mobility of the methylene units of the CO

side. The difference in temperature dependence of the

methylene progression bands between the NH and CO sides,

shown in Figs. 6 and 8, may come from such a situation.

3.3. Structural disordering of Nylon m=n

As discussed above, the infrared spectral changes were

analyzed about the three different kinds of vibrational

groups. Fig. 10 shows the temperature dependence of the

infrared data evaluated for these different groups in

comparison with the DSC thermograms. In the temperature

region I below the Brill transition region, the slight changes

were observed for amide V, VI and amide A bands. The

methylene progression bands in the NH side already

decreased in intensity with increasing temperature. In the

region II or the Brill transition region, the intensity of the

NH side progression bands became zero and that of the CO-

side bands decreased gradually. At the same time the

progression bands of shorter zigzag chain segments

appeared. The gauche band intensity (at 1340 and

1459 cm21) increased in parallel. The amide V and VI

bands shifted and the amide A band frequency changed at

the same time. In the temperature region III the sample was

melted. The structural changes extracted from these

observations may be summarized as follows. (i) The

CH2–NH and CH2–CO bonds are twisted more or less in

the transition temperature region, as seen from the large

frequency shift of the amide V and VI bands as well as the

remarkable change of vibrational frequency, intensity and

half-width of the C–C(O) and C–N stretching bands. (ii) At

room temperature, the methylene segments are packed in a

triclinic subcell structure similar to that of n-alkanes [54]

and this packing mode changes gradually to the hexagonal

type, although the spectral change is broad and difficult to

detect explicitly compared with the case of low-molecular-

weight model compounds. (iii) The methylene segments

take the planar–zigzag conformation at room temperature

Fig. 10 (continued )
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and the corresponding progression bands are assigned

reasonably. As seen in Fig. 10 the intensity of the

progression bands decreased largely with increasing tem-

perature. This intensity decrement is more remarkable for

the methylene segments of the N–H side and some

conformational disordering occurs already in the tempera-

ture region I. In the region II the progression bands of the

CO side decreased in intensity also and the bands of shorter

methylene segments increased in intensity. The gauche

bands were also observed in parallel. In this way the

methylene segments are conformationally disordered in the

Brill transition region II. (iv) The intermolecular hydrogen

bond strength is reduced at higher temperature as known

from the high frequency-shift of the amide A band, but the

hydrogen bond is kept even in the transition region. In the

melting region the bond strength becomes much weaker and

the number of hydrogen-bond-free amide groups is

increased as seen from the intensity increment of the

corresponding infrared bands (3345 cm21) [38].

The structural change occurring in the Brill transition

region of Nylon m=n is shown in Fig. 11. At room

temperature, the crystal structure is of the a-form. The all-

trans zigzag chains are packed to form a sheet structure

through the intermolecular hydrogen bonds. These sheets

are stacked together by weak van der Waals interactions.

When the temperature increases, the methylene segmental

parts start to disorder and the amide–CH2 bonds change the

twisting angles. The methylene segments of the NH side are

more highly disordered than those of the CO side. As

discussed in the previous section, the twisting motion

around the CH2–amide bond is considered to relate with the

segmental motion of the methylene units. Higher twisting

motion of the CH2–NH bond seems to result in the easier

conformational disordering of the NH-side methylene

segments. In parallel to these structural changes, the

hydrogen bonds become weaker gradually. In the Brill

transition region (region II in Fig. 10), these changes

become remarkable. The methylene segments are confor-

mationally disordered with an invasion of gauche bonds and

the effective lengths of trans-zigzag methylene parts

become shorter. The triclinic packing structure is kept in

average, but it approaches gradually to the pseudo-

hexagonal packing mode as seen from the X-ray diffraction

data [1–6,9–15,17–21].

4. Conclusions

In the present paper, the structural change in the Brill

transition was investigated for Nylons 10/10, 6/12 and 6/10 by

measuring the temperature dependence of infrared spectra as

well as the DSC thermograms. For all these samples, the

common structural features in the Brill transition were

extracted. The structural change is of the order-to-disorder

type. The conformation of all-trans zigzag methylene

segments is shortened by an invasion of gauche bonds. This

Fig. 11. An illustration of structural change in the Brill transition of Nylon m=n: The temperature regions I and II correspond to those shown in Fig. 10. The thick

solid lines indicate the methylene segments of all-trans zigzag conformation. The pictures shown in the lower side are the subcell structures of the methylene

chain segmental parts viewed along the chain axis.
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tendency is more remarkable for the NH(CH2)mNH part than

the CO(CH2)nCO part. Such a conformational disordering in

the methylene segment is related strongly with the twisting

motions about the amide–CH2 bonds. The intermolecular

hydrogen bonds are kept but become weaker.

So far the change of X-ray diffraction pattern from

triclinic to pseudo-hexagonal type was considered to be

useful for tracing the Brill transition phenomenon. It was

said that there occurred no Brill transition if the X-ray

diffraction did not change completely from the triclinic to

pseudohexagonal pattern. But the structural change is not a

real transformation of the triclinic packing to the pseudo-

hexagonal mode. The intermolecular hydrogen bonds are

kept in the transition region, making the real hexagonal

packing of the rotating chains impossible. Therefore the X-

ray diffraction profile change is not needed to complete in

the Brill transition [2]. More important and essential

structural feature is a conformational disordering in both

the methylene and CH2–amide parts of the molecular

chains. They spontaneously result in the change of the X-ray

diffraction pattern. The conformational disordering occurs

in a wide temperature region. This is not because of the

broad molecular weight distribution and many structural

defects. In fact, the broad transition behavior was detected

even for the low-molecular-weight model compounds with

explicitly defined chemical formulae. Therefore the Brill

transition of nylons may be assumed as a structural

disordering process which occurs in an appreciably wide

temperature region.
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