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Abstract

Structural changes in the Brill transitions of Nylon 10/10 and its model compounds have been investigated by carrying out the temperature-

dependent measurements of X-ray diffraction and infrared spectra along with the DSC measurement. The crystal structure at room

temperature was found to be the so-called a form with the all-trans zigzag methylene segments. When the samples were heated, the infrared

progression bands of the methylene segments, which are sensitive to the length of all-trans segmental parts, were found to change their

spectral patterns in the transition temperature region: the progression bands decreased in intensity and disappeared above the transition

region. At the same time several new bands were observed to appear, which were found to correspond to the progression bands of (CH2)7–

(CH2)5 trans-zigzag segments. These spectral changes indicate that the methylene segments were conformationally disordered by an

invasion of some gauche bonds and as a result the effective length of trans-zigzag segments became shorter. This conformational disordering

was found to occur more remarkably in the methylene segment of NH–(CH2)10–NH part than the CO–(CH2)8–CO part. At the same time

the infrared bands of amide groups, in particular the bands sensitive to the twisting angles about the CH2–amide bonds were found to show

the remarkable change, indicating the local conformational change from planar-zigzag to twisted form in the CH2–amide moiety. The

frequency shift of amide A band (NH stretching mode) indicated a weakening of intermolecular hydrogen bonds, which however, did not

disappear up to the melting region. From these data combined with the X-ray diffraction data, the structural disordering in the Brill transition

phenomena was deduced concretely.

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

When Nylon 66, for example, is heated up to 210 8C, the

triclinic crystal lattice is said to transform to the pseudo-

hexagonal lattice as being detected by the X-ray diffraction

measurement [1]. This phenomenon is called a Brill

transition and can be observed for many kinds of aliphatic

nylons. This transition was told to be a thermodynamically

1st-order phase transition. But it was also proposed that a

convergence of X-ray reflections into one peak is only

apparent and is rather due to the anisotropy of linear thermal

expansivity of the crystal lattice i.e. no phase transition

occurs substantially [2]. There have been published many

papers in which the changes in the crystal lattice parameters

were discussed mainly on the basis of X-ray diffraction data

[1–17]. But the concrete structural changes, in particular the

changes in conformation and packing mode of molecular

chains have not yet been revealed well enough because of

ambiguous X-ray diffraction data coming from small

crystallites. Rather the infrared spectroscopic data may be

useful to get more concrete information about the changes in

molecular conformation, chain packing structure, hydrogen

bonds and so on. By carrying out the analysis of infrared

progression bands, which are sensitive to the length of all-

trans methylene sequences [18–23], the conformation of

methylene sequences may be clarified also. But the

characterization of the progression bands has not yet been

established completely. Quite recently, we succeeded in

analyzing a series of progression bands observed for various

kinds of nylons and the model compounds [32]. As for

the temperature dependence of progression bands, the
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qualitative study has just started in recent years [6,23–26]

and no details have been revealed about the conformational

change. Similarly the amide bands are sensitive to the

conformational change of amide part or the twisting angle

around the amide–CH2 bond [33]. Therefore, by combining

all of these infrared spectroscopic information with the X-

ray diffraction data, the structural change in the whole

crystal lattice will be revealed clearly.

In such a trial, it is useful to employ a series of low-

molecular-weight model compounds of nylon and to collect

more detailed information on the structural changes in the

phase transitions, which should be fed back to the parent

polymers. However, the study of these model compounds

has been limited in number [12,24–31], and no detailed

description has not yet been made as to the concrete

structural change in the Brill transition phenomenon. In the

present paper, we will treat several model compounds of

Nylon 10/10 with the following formulae as well as Nylon

10/10 itself.

N1010CC

CH3ðCH2Þ9 –NHCO– ðCH2Þ8 –CONH– ðCH2Þ9CH3

ð1Þ

N1010NN

CH3ðCH2Þ8 –CONH– ðCH2Þ10 –NHCO– ðCH2Þ8CH3

ð2Þ

N10 CH3ðCH2Þ8 –CONH– ðCH2Þ9CH3 ð3Þ

Nylon

10=10 – ½CO– ðCH2Þ8 –CONH– ðCH2Þ10 –NH�n –

ð4Þ

We have chosen these compounds as the representatives for

investigation of Brill transition of nylons, because they have

long methylene segments suitable for the study of the

conformational change. Besides the model compounds (1)

and (2) are not so simple as N10 (3) and are not so

complicated as those having more number of amide groups

(for example, CH3(CH2)9NHCO(CH2)8CONH(CH2)10-

NHCO(CH2)8CH3 and so on). As for the model compounds

(1) and (2), they are different in the orientation of amide

groups, allowing us to know the effects of amide group

orientation on the thermal motion and conformation of

methylene segments.

Nylon 10/10 was said to show no Brill transition below

the melting point [15,16]. As will be shown in a later

section, the two main X-ray (100) and (010,110) reflections

of the triclinic lattice start to change their positions already

about several tens degrees below the melting point and

come closer each other by further heating. They are almost

merging into one reflection several degrees just below the

melting point but disappear finally due to the melting. That

is to say, these two reflections do not merge perfectly into

one reflection of the pseudo-hexagonal lattice below the

melting point, although a further heating by only a few

degrees might bring the crystal to the pseudo-hexagonal

lattice perfectly if the crystallites could be kept unmelted. Is

it really suitable to define the Brill transition simply as one

unique temperature point where the perfect convergence of

X-ray reflections into one peak occurs? Rather is it

impossible to reconsider the Brill transition as an order-to-

disorder structural change occurring in a finite temperature

region? The structural disordering is found to occur in a

relatively wide temperature region even for the low-

molecular-weight model compounds as will be shown

later. Therefore, the transition in a wide temperature region

is not necessarily due to the broad crystallite size

distribution characteristic of the semicrystalline nylon

sample but maybe reflect any intrinsic behavior of the

crystal. The infrared spectra will give us some useful and

concrete information about the structural change in

molecular chain and packing mode of these chains as will

be described in a later section, and should answer us the

above-mentioned questions concerning the essential fea-

tures of the Brill transition.

2. Experimental section

2.1. Samples

Model compounds N1010CC and N1010NN were

synthesized by a condensation reaction of 1,8-octandicar-

boxylic chloride with 1-aminodecane in toluene solution

and n-decanoyl chloride with 1,10-diaminodecane in

cycrohexanone solution, respectively. The recrystallization

of these compounds was made from the hot ethanol solution

three times, from which the a form was obtained for both

the N1010CC and N1010NN. An elementary analysis was

made: for N1010CC, C 74.72% (prediction 74.94%), H

12.77% (12.58%), and N 5.81% (5.83%) and for N1010NN,

C 74.76% (74.94%), H 12.62% (12.58%), and N 5.89%

(5.83%). Nylon 10/10 was kindly supplied by the Shanghai

Cellulose Works, Shanghai, China. The preparation of N10

sample was described in a previous paper [25].

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.

For infrared spectral measurement, a thin film of Nylon

10/10 was prepared by pressing the molten sample between

a pair of KBr plates. The thus obtained film was found to be

almost the pure a crystalline phase as judged from the

infrared spectral patterns. The KBr disks were prepared for

the powder samples of model compounds, N1010CC and

N1010NN. Temperature dependence of the infrared spectra

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

form infrared spectrometer at the resolution power of

2 cm21. The temperature dependence of X-ray diffraction
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profile was measured by using a Rigaku RINT-Ultimaþ

X-ray diffractometer with a graphite-monochromatized

Cu Ka line at the scan speed of 1 8C/min.

3. Results and discussion

3.1. DSC thermograms

Fig. 1 shows the DSC thermograms measured for N10,

N1010CC, N1010NN and Nylon 10/10 in the heating

process from room temperature. In case of the model

compound N10 with one amide group, a small endothermic

peak was detected around 50 8C in addition to a larger

endothermic peak around 70 8C due to the melting. For

N1010CC, smaller and broader peaks corresponding to the

phase transitions were observed in the temperature regions

of 60 and 90 8C. Enthalpy changes DH of the two main

endothermic peaks and the melting peak were 88 J/g

(summation of the first two broad peaks) and 168 J/g,

respectively. The N1010NN showed a shoulder immedi-

ately below the melting peak, about 140 8C. The DH was

estimated ca. 169 J/g for this peak, where the contribution

from the shoulder was included. In quite broad region

starting from ca. 70 8C, a very small endothermic peak was

detected (DH ca. 10 J/g), where some thermal motion was

considered to occur as will be discussed later. Similar broad

change of thermal output was observed also for Nylon 10/10

in the region of 50–140 8C. The structural change in this

region will be discussed in a later section. A broad

endothermic peak was also observed in the region of

130–195 8C just below the melting peak at 202 8C: DH was

estimated ca. 46 and 29 J/g, respectively. As seen in Fig. 1,

the melting temperature was found to increase remarkably

by increasing the number of amide groups by only one from

N10 to N1010NN and N1010CC. From the DSC data it may

be speculated that the Brill transition occurs in the

temperature region of 70–110 8C for N1010CC, 140–

190 8C for Nylon 10/10 and immediately below the melting

point for N1010NN.

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 N1010CC, N1010NN and Nylon 10/10,

respectively. At room temperature Nylon 10/10 and the

model compounds showed the infrared bands typical of the

planar-zigzag structure of a form: around 580 cm21 [amide

VI (CyO out-of-plane mode)] and 680 cm21 [amide V (NH

out-of-plane mode)] [34–42]. The infrared bands charac-

teristic of the a form can be observed also around

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

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

(coupling of C–N stretching and N–H in-plane bending

modes)] and so on. As seen from Fig. 2, a slight difference in

peak position was detected for amides V and VI bands

among these compounds, reflecting probably a difference in

hydrogen bond strength. On heating up these samples, the

bands characteristic of the a form were found to shift the

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

of the vibrational frequencies of amide A, amide V and

amide VI bands estimated for N1010CC, N1010NN and

Nylon10/10, respectively. In the case of N1010CC, both the

amide V and VI bands shifted to higher frequency side with

increasing temperature. According to the normal modes

calculation [33], the amide V and VI modes are sensitive to

the slight change in the torsional angles about the amide–

CH2 bonds. The high frequency shifts of these bands

suggest, therefore, the N1010CC molecule experiences

larger twisting motion about the CH2–CO and CH2–NH

bonds in higher temperature region. In particular above

60 8C, this motion seems more drastic as seen from

remarkable frequency shift. In the case of N1010NN, such

a high frequency shift was observed only for the amide VI

band. The amide V band did not show very large frequency

shift even in the high temperature region, that is to say, the

twisting motion is speculated to occur mostly around the

CH2–CO bond, whereas the CH2–NH bond experiences a

small twisting motion only. In the case of Nylon 10/10, the

amide V and VI bands showed a higher frequency shift in a

wide temperature region of 50–140 8C and experienced

further shift above 140 8C or in the Brill transition region.

Fig. 4 shows the temperature dependence of infrared spectra

in the regions of CH2–CO bond stretching mode ðn½C–C

ðOÞ�Þ; CH2 – N bond stretching mode ½nðC–NÞ� and

methylene progression bands. The n½C–CðOÞ� and nðC–NÞ
Fig. 1. DSC thermograms of N10, N1010NN, N1010CC and Nylon 10/10

taken in the heating process.
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bands decreased in intensity remarkably with increasing

temperature, in particular above the transition region. Fig. 5

shows the half-width of n½C–CðOÞ� band plotted against

temperature. As the temperature increased the half-width

became larger for the three samples. In the Brill transition

region, the half-width increased furthermore in the cases of

N1010CC and Nylon 10/10. In case of N1010NN, such a

remarkable increase of half-width was difficult to detect

because the Brill transition was quite close to the melting

point. An increment of half-width is considered to indicate

an enhancement of torsional motion around the CH2–C(O)

bond, consistent with the observation made for the amide VI

band. The similar observation was made also for nðC–NÞ

band, which decreased in intensity drastically in the Brill

transition regions of N1010CC and Nylon 10/10. The

N1010NN showed smaller change in a wide temperature

region. The intensity reduction of nðC–NÞ band is

considered to reflect the enhanced torsional motion around

the CH2–NH bond, consistent with the behavior of amide V

band.

As shown in Fig. 3(a), amide A band originates from

the NH stretching mode and relates with the strength of

the intermolecular hydrogen bonds. For N1010CC, the

3320 cm21 band shifted largely to 3314 cm21 at ca. 60 8C,

almost the same position with those of N1010NN and Nylon

10/10. With increasing temperature this amide A band

Fig. 2. Temperature dependence of infrared spectra in the frequency region

of 450–800 cm21: (a) N1010CC, (b) N1010NN, and (c) Nylon 10/10.

Asterisks indicate the band of CO2 gas.

Fig. 3. Temperature dependence of the vibrational frequencies of (a) amide

A, (b) amide V and (c) amide VI bands estimated for N1010CC, N1010NN

and Nylon 10/10.
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shifted gradually to the higher frequency side, reflecting the

weakening of the intermolecular hydrogen bond strength. In

this way, the hydrogen bonds of N1010CC are considered to

become stronger once around 60 8C and then become

weaker gradually above 60 8C. In the case of N1010NN and

Nylon 10/10, amide A band shifted monotonically to higher

frequency side with increasing temperature and no deflec-

tion of the curve was observed even in the Brill transition

region. The band shifted more largely in the melting region,

indicating that the intermolecular hydrogen bonds became

much weaker in the melt. The new NH stretching band was

observed at 3450 cm21 in the melting region, which

corresponded to the hydrogen-bond-free amide group.

That is to say, the intermolecular hydrogen bonds were

broken partly as the temperature approached the melting

point.

3.2.2. Methylene progression bands

Relatively sharp band of methylene rocking mode was

observed at ca. 722 cm21 commonly in the spectra of Nylon

10/10 and model compounds as shown in Fig. 2(a)–(c). This

band is typical of the triclinic packing structure of n-alkane

[43–45]. Therefore, the subcell of methylene sequences of

Nylon 10/10 and model compounds is considered to take the

triclinic packing structure, which is consistent with the X-

ray diffraction data presented in a later section. With

increasing temperature, the band shifted gradually toward

the position characteristic of the hexagonal packing (ca.

721 cm21) [43–47] but this approach was not completed.

The similar phenomenon could be observed also in the

methylene scissoring region of 1460–1490 cm21, although

the spectra are not reproduced here. These spectral changes

indicate that the triclinic packing structure of methylene

segments approaches gradually the hexagonal packing

structure in higher temperature region.

In Fig. 4(a)–(c) many bands are assigned to the

progression bands of CH2 rocking and C–C stretching

modes of methylene sequences. The vibrational frequency is

dependent on the phase angle f between the neighboring

methylene groups (or oscillators), where f is determined by

an effective length of the planar-zigzag methylene segment:

f ¼ kp=ðm þ 1Þ [m is the number of methylene units and

k ¼ 1; 2;…;m]. It is possible to relate most of the observed

progression bands to the infrared bands observed for n-

alkanes of planar-zigzag conformation [48–52]. But, as

reported in the previous paper [32], not all the methylene

units of a segment can be included in this band assignment.

Rather the methylene group adjacent to the amide group is

needed to be distinct from the inner methylene segments. In

Fig. 4. Temperature dependence of infrared spectra in the frequency region

of 750–1170 cm21: (a) N1010CC, (b) N1010NN, and (c) Nylon 10/10. The

marks indicate the vibrational modes assigned to the methylene progression

bands: for example, 10P1N indicates the rocking-twisting mode (P) of the

methylene segment in the NH side (N) with k ¼ 1 or the phase angle

f ¼ p=9; which is equivalent to the normal mode of n-C10H22 chain. C7

and C9 indicate the bands corresponding to those of n-C7H16 and n-C9H20,

respectively. b indicates the rocking mode of the end methyl group.
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other words, the inner methylene segments form a standing

wave of vibrations almost independently of the methylene

groups connected directly to the amide groups. For example,

for the planar-zigzag methylene chain of Nylon 10/10, the

methylene sequence NH–(CH2)10–NH can be separated

to –(CH2)8– and two CH2–NH units from the viewpoint of

vibrational modes. The similar separation must be made

also for CO(CH2)8CO; –(CH2)6– and 2 CH2–CO units.

The –(CH2)8– and –(CH2)6– segments are assumed to be

equivalent to n-C10H22 [CH3–(CH2)8–CH3] and n-C8H18

[CH3–(CH2)6–CH3], respectively. The progression bands

assigned to the vibrational modes of equivalent n-alkanes

are indicated by small symbols in Fig. 4. For example,

10P1N means that this band is equivalent to the progression

band of CH2 rocking (P) mode with a phase angle between

the neighboring methylene groups f ¼ kp=ðm þ 1Þ ¼ 1 £

p=ð8 þ 1Þ ¼ p=9 [a total number of effective oscillators m ¼

8 and k ¼ 1]. A chain having eight methylene groups is

equivalent to n-C10H22 when two methyl groups are added

as end groups, corresponding to Fig. 10 at the head of

symbol. The ‘N’ indicates that it is a mode of the methylene

sequence of the NH group side [NH–(CH2)10–NH].

When the samples were heated the progression bands

decreased in intensity, reflecting a conformational fluctu-

ation or conformational disordering in higher temperature

region. These bands showed also the vibrational frequency

shifts. In the Brill transition region, some of the progression

bands continued to decrease in intensity but some bands

disappeared perfectly. At the same time new bands were

detected instead. Before analyzing these observations, it is

needed to know the physical meanings of these spectral

changes.

In the vibrational frequency-phase angle dispersion

curve of a particular mode, the vibrational frequency n is

determined uniquely when a phase angle f is given

[52–54]. As mentioned already, the f is determined by

the number of oscillators ðmÞ or the length of methylene

zigzag chain segment. Therefore, when the methylene chain

length becomes shorter, the f is modified and then the n is

changed. For example, when a large conformational

disordering occurs by an invasion of gauche bonds, the

effective length of planar-zigzag methylene segment is

shortened. Then, the progression bands corresponding to the

original segment disappear and the new progression bands

appear at different positions determined by the phase angles

predicted for the newly-attained trans segmental length.

However, even when such a large conformational change

does not occur but only small conformational fluctuation of

a chain occurs, the effective chain length may be changed

more or less. In this case the change of vibrational frequency

is quite small and so the band looks to shift its position

continuously. The conformational fluctuation causes an

orientational fluctuation of transition dipole, resulting in the

decrease in intensity of the corresponding infrared band

because the intensity is proportional to the square of the

transition dipole of the vibrational mode in question. In this

way, the thermal fluctuation of a regular chain segment

causes the apparent frequency shift and the decrease in

infrared band intensity, while the more remarkable

conformational disordering due to the trans–gauche

exchange causes the disappearance of the original pro-

gression bands and the appearance of new progression

bands. By taking these situations into consideration, we will

now investigate the observed behavior of the progression

bands concretely (Fig. 4).

In the case of N1010CC, most of the progression bands

decreased in intensity gradually with increasing temperature

(below 60 8C), suggesting an increasing conformational

fluctuation of the trans-zigzag methylene segmental parts.

Once the sample was heated up to the Brill transition region

of 70–110 8C, some of the progression bands disappeared

and some other bands still continued to decrease in intensity.

The formers are 10P7N (738 cm21), 10P3N (911 cm21),

10R4N (974 cm21), 10P1N (1028 cm21), 10R6N

(1045 cm21), 10R1N (1100 cm21), 10W1N (1207 cm21),

10T4N (1275 cm21) and so on, where R, W and T indicate

the CC stretching mode, the methylene wagging mode and

the methylene twisting mode, respectively. It is noticed here

that most of these bands come from the methylene segments

of the NH side [CH3–(CH2)9NH]. The progression bands

assigned to the CO side [CO–(CH2)8 –CO] did not

disappear but decreased in intensity even above the

transition point (e.g. 8P3C, 8R4C and 8R6C). Fig. 6(a)

shows the temperature dependence of the infrared intensity

Fig. 5. Temperature dependence of half-width of infrared n½C–CðOÞ� band

estimated for (a) N1010CC, (b) N1010NN, and (c) Nylon 10/10.
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estimated for several progression bands of N1010CC. The

intensity of the progression bands coming from the

methylene segment of NH side (10R1N in this figure)

decreased with increasing temperature and the decreasing

rate was higher above 60 8C and disappeared perfectly

above 100 8C. The intensity of the methylene bands of the

CO side (8R6C) decreased gradually in a wide temperature

region but did not disappear up to the melting point. In

addition to these changes, new bands were observed to

appear in the high-temperature region (Fig. 4(a)). These new

bands were corresponded relatively well to the bands of n-

C9H20 and n-C7H16 [51–54]. That is to say, the fully trans-

zigzag methylene sequence of the NH side changed to the

shorter zigzag segments of (CH2)7–(CH2)5. The generation

of gauche bands could be also detected around 1454 cm21

above 100 8C [44–47]. From these observations it may be

said that the long zigzag methylene segments change the

conformation to the disordered structure consisting of

shorter trans segments combined with the gauche bonds.

As mentioned above, the bands assigned to the

methylene segments of NH side showed more remarkable

intensity change than those of CO side in the Brill transition

region. This observation is consistent with the solid-state

NMR data measured for Nylon 6/6 [55,56]: the methylene

segments of the NH side change their thermal mobility more

remarkably than those of the CO side. The methylene

segments of the NH side are considered to experience a

drastic conformational change to the disordered form above

100 8C.

The similar phenomenon was observed for Nylon 10/10,

although it was difficult to detect the new bands because of

their broadness. Fig. 6(c) shows the temperature dependence

of the infrared intensity estimated for some progression

bands of Nylon 10/10. The band (10R4N at 988 cm21)

decreased in intensity in the wide temperature range of 40–

140 8C and disappeared in the Brill transition region. The

bands of 10R6N (1040 cm21), 10R2N (1062 cm21),

10W1N (1203 cm21), 10T4N (1273 cm21) and so on were

found also to disappear. The 8P3C band decreased in

intensity but did not disappear up to melting. New bands

were observed above 140 8C at 858, 1012 and 1196 cm21,

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

n-C7H16. In this way, Nylon 10/10 is considered to

transform to the conformationally-disordered form consist-

ing of shorter zigzag segments of (CH2)7–(CH2)5 above

140 8C. Even in lower temperature region of 40–140 8C,

however, the progression bands decreased in intensity with

increasing temperature, indicating an occurrence of thermal

fluctuation or small degree of conformational disordering of

the methylene segments. A broad endothermic output in the

DSC (Fig. 1) may correspond to this structural change.

In the case of N1010NN shown in Fig. 6(b), the behavior

of the methylene progression bands was essentially the same

for both the NH and CO sides and did not disappear even at

a high temperature. But, some conformational disordering is

considered to occur more or less in a wide temperature

region of 70–130 8C as understood from the gradual

decrease in intensity of the progression bands. The broad

DSC peak detected in Fig. 1 corresponds to this change. In a

quite narrow temperature region immediately below the

melting point these bands showed more rapid decrease in

intensity and disappeared finally in the melting region. At

the same time some new bands were detected at the

positions corresponding to the bands of n-C7H16–n-C9H20

but they were quite broad and overlapped with the bands of

the melt. Therefore, the quantitative evaluation of intensity

was not made. Anyway it may be said that some drastic

conformational disordering occurs just below the melting

region.

3.3. Temperature dependence of X-ray diffraction pattern

Fig. 7(a) shows the temperature dependence of X-ray

diffraction profile measured for N1010CC. The diffraction

profile is too complicated to analyze straightforwardly for

getting the concrete crystal structure. But some character-

istic peaks can be picked up which are considered to reflect a

packing mode of methylene segments. At room temperature

the main three peaks detected at 2u ¼ 20:0; 23.8 and 25.08

seem to correspond to the (010)s, (100)s and ð1�10Þs peaks,

Fig. 6. Temperature dependence of infrared band intensity of several

progression bands: (a) N1010CC, (b) N1010NN, and (c) Nylon 10/10 (refer

to Fig. 4). The absorbance is normalized by the maximal value.
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respectively, which are typically observed for triclinic

subcell structure of n-alkanes (subscript ‘s’ indicates the

subcell). The unit cell parameters of the sub lattice are

estimated as a0
s ¼ as sin b0

s ¼ 4:00 �A; b0
s ¼ bs £ sin a0

s ¼

4:75 �A and g0s ¼ 111:38; which correspond relatively well

to the triclinic cell parameters of n-alkanes: a0
s ¼ 4:07 �A;

b0
s ¼ 4:74 �A and g0s ¼ 111:28 [57–59]. This is consistent

with the information obtained by infrared spectra data

(722 cm21 band in Fig. 2(a)). From a series of reflections

observed in the low scattering angle region, the molecular

chains are considered to form a stacked layer structure. The

long spacing of this layer structure is about 30.6 Å at room

temperature. By taking into account the chain length of

fully-extended conformation, 43.4 Å, a chain is considered

to tilt by about 458 from the normal to the layer plane. As the

temperature increased, the X-ray diffraction pattern showed

the drastic change. The temperature dependence of the

lattice spacings of the (010)s, (100)s and ð1�10Þs diffractions

is shown in Fig. 8 in comparison with the DSC thermogram,

infrared absorbance and so on. The reflections started to

approach each other around 60 8C and almost merged into

Fig. 7. Temperature dependence of X-ray diffraction profile: (a) N1010CC,

(b) N1010NN, and (c) Nylon 10/10. The ðhklÞs is an index for the subcell

structure of the methylene segmental parts on the basis of the unit cell of n-

alkane [57,58].

Fig. 8. Temperature dependence of the various experimental data collected

for N1010CC: the DSC thermogram, the X-ray lattice spacings, the

intensity of the progression bands and the wavenumbers of amide V, amide

VI and NH stretching bands.
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one above 110 8C. Detailed discussion about Fig. 8 is made

in a later section.

Quite different behavior is observed in the N1010NN

case shown in Fig. 7(b). The subcell has a dimension of

a0
s ¼ 3:96 �A; b0

s ¼ 4:80 �A and g0s ¼ 110:98 at room tem-

perature. The long spacing of the layer structure was

estimated to be 32.0 Å from the data in low scattering angle,

indicating a tilting angle of about 428. As plotted in Fig. 9,

the lattice-spacings of the subcell showed mostly the

thermal expansion behavior and the reflections did not

merge into one even in the high temperature region. Strictly

speaking, the lattice spacings of these reflections tend to

change the slope around 70 8C and come gradually closer,

showing a tendency to approach the pseudo-hexagonal

structure. As mentioned in Fig. 5, 70 8C corresponds to the

temperature region where the n½C–CðOÞ� band started to

change its half-width and also to the very small endothermic

peak of DSC thermogram (Fig. 1).

In the case of Nylon 10/10 [see Figs. 7(c) and 10] the

reflections (010)s and ð100Þs=ð1�10Þs (a0
s ¼ 4:00 �A; b0

s ¼ 4:73
�A and g0s ¼ 115:08), which correspond to the reflections of

(100) and (010)/(110) of the original lattice of Nylon m/n

[15,34], showed simple thermal expansion behavior below

140 8C, above which however a remarkable change of the

slope was detected and these reflections approached

together to merge into one reflection characteristic of the

pseudo-hexagonal lattice [57,58]. But, before completion of

this transition, the crystallites were melted above 205 8C.

3.4. Crystal structural changes in the Brill transitions

In Figs. 8–10 the temperature dependences of various

kinds of data are compared together: the DSC thermogram,

the lattice spacings, the intensity of the progression bands

and the wavenumbers of amide A, amide V and amide

VI bands. The temperature dependence of n½C–CðOÞ� and

nðC–NÞ bands is also useful for discussion [Figs. 4 and 5].

In the case of N1010CC shown in Fig. 8, the temperature

region may be divided roughly into four before the melting.

In the region I, almost no change was detected but only the

small thermal expansion was observed for the X-ray lattice

Fig. 9. Temperature dependence of the various experimental data collected

for N1010NN: the DSC thermogram, the X-ray lattice spacings, the

intensity of the progression bands and the wavenumbers of amide V, amide

VI and NH stretching bands.

Fig. 10. Temperature dependence of the various experimental data

collected for Nylon 10/10: the DSC thermogram, the X-ray lattice spacings,

the intensity of the progression bands and the wavenumbers of amide V,

amide VI and NH stretching bands. The (100)s, (010)s and (110)s reflections

correspond to the (010), (100) and (110) of the crystal lattice of Nylon

10/10, respectively [15,34].
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spacings. The structure was of the a form type. In the region

II, the lattice spacing of the triclinic sublattice of the

methylene segments started to expand more largely. At the

same time the progression bands of the methylene segments

of NH and CO sides started to decrease in intensity,

suggesting a start of conformational fluctuation in the

methylene segments. The NH stretching band (amide A)

showed a remarkable low frequency shift, indicating an

increment of the hydrogen bond strength. Amide V and VI

bands started to shift the peak positions, suggesting a change

in torsional angles of amide–CH2 bonds. The endothermic

peak of DSC around 60 8C corresponds to these structural

changes. In the region III, more remarkable change was

observed for the (100)s and ð1�10Þs lattice spacings and the

subcell structure started to change toward the pseudo-

hexagonal form. The methylene progression bands of the

NH side decreased in intensity remarkably, and new bands

corresponding to (CH2)7–(CH2)5 segments started to appear

at the same time. The hydrogen bond strength did not

change very much as seen from the constancy of NH

stretching band frequency. The infrared bands of amide V,

VI, n½C–CðOÞ� and nðC–NÞ modes showed larger changes.

The conformational disordering of the whole chain occurred

drastically but with keeping the hydrogen bonds. The

methylene segment of the NH side experienced higher

degree of conformational disordering than that of the CO

side. In the region IV, the (1–10)s and (110)s spacings were

almost coincident and a pseudo-hexagonal structure was

attained as for the methylene segmental parts. The

progression bands of the NH side disappeared almost

perfectly, and the new bands of shorter zigzag segments and

the gauche bands increased the intensity, indicating larger

conformational disordering in the methylene segments. The

hydrogen bonding became weaker with increasing

temperature.

The above-mentioned structural changes are shown in

Fig. 11. The structure of a form in region I starts to disorder

in region II, but only slightly. In region III, the methylene

conformation of CH3–(CH2)9–NH segment is disordered

more remarkably than that of CO–(CH2)8–CO segment.

The remarkable twisting motions around CH2–NH and

CH2–CO bonds are also started. But, during this confor-

mational disordering process, the hydrogen bonds between

the amide groups of the adjacent chains are kept unchanged.

In region IV, these structural disordering are more

enhanced. The degree of disordering is still higher in

CH3–(CH2)9–NH part than CO–(CH2)8–CO part. The

intermolecular hydrogen bonds become weaker. The

packing of methylene segments is close to the pseudo-

hexagonal type.

In the case of N1010NN shown in Fig. 9, the structural

change was small in the temperature region of 30–70 8C

(region I) and mostly the thermal expansion occurred. But,

judging from the gradual decrease in progression band

intensity and the increase in half-width of n½C–CðOÞ� band

(Fig. 5), the thermal motion of the methylene segments is

considered to be increased gradually with increasing

temperature. In region II, the twisting motion around the

CH2–CO bond was activated but it was not very much for

the CH2–NH bond. This difference of motional enhance-

ment seems to come from such a situation that the

methylene segment of the NH side is sandwiched by two

Fig. 11. An illustration of the structural change in the phase transition process of N1010CC. Refer to the temperature regions shown in Fig. 8. The small squares

indicate the amide groups. The conformational change of a methylene part is given as a change of a string shape. The intermolecular hydrogen bonds are kept

alive in these phase transitions.
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hydrogen-bonded NH groups but that of the CO side is fixed

to only one amide group and the other end is a methyl group.

The hydrogen bonds are weakened gradually. The packing

of methylene segments tends gradually to change toward the

pseudo-hexagonal form. In a narrow region immediately

below the melting point (region III) a conformational

disordering seems to occur followed by a weakening of

hydrogen bond strength, although it is not clear due to the

overlap of the melt. Fig. 12 shows this structural change

schematically.

The transition behavior of Nylon 10/10 is summarized in

Fig. 10. In the temperature region I, the thermal expansion

was observed for the subcell structure. The lattice spacing of

ð100Þs=ð1�10Þs reflection, corresponding to the spacing

between the neighboring sheets, showed a larger expansion

than that of the (010)s reflection directing along the

hydrogen bonds. As seen from the decrease in the

progression band intensity, the methylene segments, in

particular the segments of the NH side are considered to be

disordered remarkably. At the same time the hydrogen

bonds became weaker. The broad DSC endotherm corre-

sponds to these changes. In the temperature region II, the

lattice spacing of the ð100Þs=ð1�10Þs reflection expanded more

remarkably and the structure approached the pseudo-

hexagonal type. In the methylene segmental parts the

remarkable conformational disordering was caused, as seen

from the disappearance of the progression bands assigned to

the long zigzag methylene chains and the appearance of new

progression bands of shorter methylene segments. Judging

from the temperature dependence of the progression bands,

the methylene segments of the NH side are speculated to

show more remarkable conformational disordering or

thermal motion than those of the CO side. The twisting

motion around the CH2–CO and CH2–NH bonds was also

enhanced at the same time. Compared with the case of

N1010CC, these motions are not very activated because

both the segments of NH and CO sides are geometrically

constrained by amide groups. The intermolecular hydrogen

bonds became weaker but were not broken. An endothermic

peak in a wide temperature range of 140–190 8C corre-

sponds to these structural changes. The transformation to

the perfect pseudo-hexagonal phase was not completed

before the melting. Fig. 13 shows this situation

schematically.

When all these structural changes are compared together,

we may say as follows.

(i) In the Brill transition the methylene segments show

remarkable conformational disordering. This disorder-

ing is more drastic for the methylene segments of the

NH side than those of CO side.

(ii) The twisting motion about the CH2–amide bonds

becomes more enhanced in higher temperature region.

In the Brill transition region this motion is enhanced

furthermore (region III of N1010CC and region II of

Nylon 10/10).

(iii) In parallel to the conformational disordering of

molecular chains, the remarkable change occurs in

the lattice spacings of the methylene subcell structure

from triclinic to pseudo-hexagonal form, though not

necessarily perfect.

(iv) The hydrogen bonds become weaker but are not broken

even in the Brill transition region. They are broken for

the first time in the melting region.

It should be noticed that the structural changes listed

above ((i)–(iv)) occur in a wide temperature region even for

the low-molecular-weight compounds, for example region

Fig. 12. An illustration of the structural change in the phase transition process of N1010NN. Refer to the temperature regions shown in Fig. 9.
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III in Fig. 8. This broad structural change does not come

from the broad distribution of the crystallite size originated

from the characteristic feature of the polymer sample, as

judged from the similar observation for the low-molecular-

weight model compounds. So far the Brill transition had

been defined on the basis of the X-ray diffraction data as the

‘perfect’ transition from triclinic lattice structure to pseudo-

hexagonal lattice structure, in other words, the Brill

transition was considered to occur at one unique tempera-

ture. Therefore, as seen typically for the region II of Nylon

10/10 (Fig. 10), people reported that ‘Nylon10/10 shows no

Brill transition below the melting point’ because the lattice

spacings do not converge perfectly into one [15,16]. But, as

seen in the two cases of N1010CC and Nylon 10/10, the

methylene conformation and the torsional angles around the

amide–CH2 bonds show remarkably large change in a wide

temperature region even when the pseudo-hexagonal lattice

is not attained perfectly. The thermal data are also broad

(Figs. 1, 8 and 10). Therefore, it may be more suitable to

define ‘the Brill transition’ as the temperature region where

the order-to-disorder structural change occurs from the a

form to the structure consisting of the conformationally-

disordered methylene segments and the twisted amide–CH2

bonds with keeping the intermolecular hydrogen bonds

alive.

4. Conclusions

In the present paper the structural changes in the Brill

transitions of Nylon 10/10 and its model compounds were

investigated systematically on the basis of the experimental

data of X-ray diffraction and infrared spectra collected in the

heating process from the room temperature. A series of

progression bands observed at room temperature could be

assigned reasonably by using a planar-zigzag conformation

model for the methylene segments. In the Brill transition

region, the progression bands of the NH side disappeared

and new progression bands appeared. The bands of the CO

side decreased in intensity but did not disappear perfectly.

At the same time the gauche bonds were also detected to

appear. From these data the conformational disordering was

found to occur in the methylene segments. This confor-

mational disordering was more drastic in the methylene

segments of the NH side than those of the CO side. As a

result the methylene, packing mode changed from the

triclinic subcell structure to the pseudohexagonal structure,

as known from the change in the X-ray reflection profile in

the Brill transition region. These remarkable structural

changes could be observed more easily for Nylon 10/10 and

N1010CC. N1010NN was found to show this type of

structural change in a narrow temperature region immedi-

ately below the melting point, although some small

disordering occurred gradually even in the lower tempera-

ture region.

N1010CC and N1010NN are different only in the amide

group orientation in the molecular chains. But these two

compounds showed quite different transition behavior from

each other. This is speculated to come from the difference in

the flexibility between the methylene segments sandwiched

by NH groups and those by CO groups, as reported in

previous papers [25,26].

The discussion developed in the present paper seems to

be useful for the investigation of the structural changes

Fig. 13. An illustration of the structural change in the phase transition process of Nylon 10/10. Refer to the temperature regions shown in Fig. 10.
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observed in the Brill transition of the other types of nylons,

as will be reported elsewhere.
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