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Abstract

The synthesis and characterisation of a new type of high melting and fast crystallising amide units that can be used for copolymerisation

have been studied. These bisester tetra-amide or TxTxT-dimethyl segments (T is a terephthalic unit and x ¼ ðCH2Þn ðn ¼ 2–8Þ) can be

synthesised in a two-step reaction. These segments are based on two-and-a-half repeating units of nylon-x,T. The structure of the products

was confirmed by NMR. The melting temperature and enthalpy of xTx-diamine and TxTxT-dimethyl and -diphenyl were determined by

DSC. The melting temperature increases with decreasing length of x. For odd x the melting temperature is lower. The melting temperature

and enthalpy of the products decrease with decreasing purity.

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

Segmented or multi-block copolymers often consist of

alternating crystallisable and amorphous segments. The high

melting crystalline phase gives the material dimensional

stability, heat stability and solvent resistance. If the crystal-

lisable segment has a regular structure and a uniform length

than the crystallisation of the segment is faster and more

complete and the properties of the copolymer are better [1–4].

Thus far the only uniform amide segments that have been

described are di-amides [5–13]. A higher melting temperature

can be obtained, when tetra-amide segments are formed

during polymerisation by extending bisester di-amide units

with a diol [13–16]. These extended di-amide segments have a

higher melting temperature because the lamellar thickness is

higher [17]. However, the melting temperature is broad due to

a distribution in the segment lengths.

A new type of uniform amide segment that is a bisester

tetra-amide segment has been developed. This tetra-amide

segment can form four hydrogen bonds as compared to the

di-amide segments that can only form two. The lamellar

thickness of a tetra-amide segment is higher than that of a

di-amide segment and as a result the melting temperature is

expected to be higher than that of the corresponding di-

amide units [17].

Bisester tetra-amides can be synthesised from aliphatic,

alicyclic or aromatic diamines and diacids or derivatives of

diacids. In particular bisester tetra-amides TxTxT-dimethyl

(Fig. 1) based on a terephthalic diacid (T) and an aliphatic

diamine ðx ¼ ðCH2Þn with n ¼ 2–8) were studied. T6T6T-

dimethyl, for example, is based on two-and-a-half repeating

unit of nylon-6,T (poly(hexamethylene terephthalamide)).

The bisester tetra-amides can be synthesised quite easily

in two steps. For example in the case of T6T6T-dimethyl,

first 6T6-diamine (di-(4-aminohexyl)terephthalamide) is

made from dimethyl terephthalate (DMT) and 1,6-hexane-

diamine. The synthesis of 6T6-diamine is derived from the

synthesis of 4T4-diamine (di-(4-aminobutyl)terephthala-

mide, DABT) [5]. Then 6T6-diamine is reacted with methyl

phenyl terephthalate (MPT) to obtain the corresponding

bisester tetra-amide.

In this article the synthesis and characterisation of

different bisester tetra-amide segments (TxTxT-dimethyl or

TxTxT-diphenyl) and precursors thereof (xTx-diamine) are

described. The structure, purity and melting behaviour of

these segments were analysed using NMR and DSC. The

bisester tetra-amides were studied by IR and WAXD as

well.
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2. Experimental

2.1. Materials

Dimethyl terephthalate (DMT), 1,2-ethanediamine, 1,3-

propanediamine, 1,4-butanediamine, 1,6-hexamethylene-

diamine (HMDA), 1,7-heptanediamine, 1,8-octanediamine,

terephthaloylchloride (TCl), triethylamine, phenol, n-butyl

acetate, diethyl ether and N-methyl-2-pyrrolidone (NMP)

were purchased from Merck. Methyl-(4-chlorocarbonyl)

benzoate (MCCB) was obtained from Dalian (no. 2 Organic

Chemical Works P.R.O.C.). All chemicals were used as

received.

2.2. Synthesis of methyl phenyl terephthalate (MPT)

A mixture of phenol (150 g, 1.6 mol) and triethylamine

(73 g, 0.7 mol) was heated to 60 8C in a 500 ml flask

equipped with magnetic stirrer, condenser, calcium chloride

tube and nitrogen inlet. Then MCCB (100 g, 0.5 mol),

previously dissolved in 200 ml NMP, was added dropwise.

After 3 h the product was precipitated in 2 l of warm water

(70 8C). The precipitate was separated using a glass filter

and washed twice with 50/50 water/ethanol (50 8C). The

product was subsequently dried in a vacuum oven at 50 8C.

The yield was 93%. The purity as determined by 1H NMR

was .98% and the product had a melting temperature

of 114 8C and a melting enthalpy of 135 J/g [1H NMR:

OCH3, s, 3.91 ppm; OC6H5 (ortho), d, 6.97 ppm; OC6H5

( para), t, 7.14 ppm; OC6H5 (meta), t, 7.25 ppm; –C6H4–

CO–CH3, d, 8.05 ppm; –C6H4–CO–C6H5, d, 8.16 ppm].

2.3. Synthesis of diphenyl terephthalate (DPT)

A mixture of TCl (100 g, 0.5 mol) and phenol (140 g,

1.5 mol) was heated to 50 8C in a 500 ml flask equipped

with magnetic stirrer, condenser, nitrogen inlet and HCl

outlet. The HCl that was formed was lead through a NaOH

solution (40 g, 1.0 mol in 1 l water). After 1 h the reaction

mixture was partly solidified. After 3 h the product was

washed with 2 l of warm water (70 8C). The product was

separated with a glass filter and washed twice with warm

ethanol (50 8C). The product was subsequently dried in a

vacuum oven at 50 8C. The yield was 91%. The purity as

determined by 1H NMR was .99% and the product had a

melting temperature of 206 8C and a melting enthalpy of

155 J/g [1H NMR: OC6H5 (ortho), d, 7.25 ppm; OC6H5

( para), t, 7.41 ppm; OC6H5 (meta), t, 7.50 ppm; OC–

C6H4–CO, s, 8.50 ppm].

2.4. Synthesis of di-(6-aminohexyl)terephthalamide (DAHT

or 6T6-diamine) [5]

A mixture of DMT (39 g, 0.20 mol) and HMDA (139 g,

1.2 mol) was heated to 120 8C in a 1 l stirred round

bottomed flask with nitrogen inlet and a reflux condenser.

At 80 8C a clear solution was formed and methanol started

boiling off. When a temperature of 120 8C was reached,

precipitation had started. After 4 h at 120 8C 500 ml toluene

was added to the thick suspension and the mixture was

allowed to cool to 100 8C under stirring. The product was

collected by filtration with a glass filter and washed twice

with hot toluene (80 8C). Finally the product was washed

with diethyl ether and dried at room temperature.

The product that contained some 6ðT6Þn-diamine (with

n $ 2) and other impurities, was recrystallised from n-butyl

acetate at 110 8C (15 g/l).

2.4.1. Synthesis of other xTx-diamine segments

Other xTx-diamine segments were prepared according to

the method for the synthesis of 6T6-diamine. The

amine/ester ratio and the reaction time and temperature

were changed for some reactions. Also the recrystallisation

step was modified for some of the xTx-diamine segments

(Table 1).

2.5. Synthesis of T6T6T-dimethyl

A mixture of 6T6-diamine (7.24 g, 0.02 mol) and MPT

(20.5 g 0.08 mol) was dissolved in 400 ml NMP in a 1 l

Fig. 1. Structure of TxTxT-dimethyl ðx ¼ ðCH2Þn with n ¼ 2–8Þ:

Table 1

Reaction conditions for the synthesis of different xTx-diamine segments

Excess amine [mol] Temperature [8C] Time [hours] Yield [%] Recrystallisation (n-butyl acetate) [g/l]

2T2-Diamine 5 60 5 83 50

3T3-Diamine 3 80 4 96 50

4T4-Diamine 3 100 4 77 20

6T6-Diamine 5 120 4 94 15

7T7-Diamine 5 100 4 81 10

8T8-Diamine 3 120 4 76 10
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stirred round bottomed flask with nitrogen inlet and a reflux

condenser. The mixture was warmed to 120 8C and kept at

that temperature for 16 h. After cooling, the precipitated

product was collected by filtration using a glass filter and

washed with NMP, warm toluene (70 8C) and warm acetone

(50 8C). The product was dried in a vacuum oven at 50 8C.

2.5.1. Synthesis of other TxTxT-dimethyl segments

Other TxTxT-dimethyl segments were prepared accord-

ing to the procedure for the synthesis of T6T6T-dimethyl

using 0.02 mol of different xTx-diamines.

2.6. Synthesis of T6T6T-diphenyl

A mixture of 6T6-diamine (7.24 g, 0.02 mol) and DPT

(38 g, 0.12 mol) was dissolved in 400 ml NMP in a 1 l

stirred round bottomed flask with nitrogen inlet and a reflux

condenser. The mixture was warmed to 120 8C and kept at

that temperature for 16 h. After cooling, the precipitated

product was collected by filtration using a glass filter and

washed with NMP, warm toluene (70 8C) and warm acetone

(50 8C). The product was dried in a vacuum oven at 50 8C.

The product that contained some Tð6T6TÞn-diphenyl

(with n $ 2) as well, was recrystallised from NMP (120 8C,

40 g/l). The product was dried in a vacuum oven at 50 8C.

2.7. NMR

1H NMR spectra were recorded on a Bruker spectrometer

at 300 MHz. Deuterated trifluoro acetic acid (D-TFA) was

used as a solvent.

2.8. DSC

DSC spectra were recorded on a Perkin–Elmer DSC7

apparatus, equipped with a PE7700 computer and TAS-

7 software. Dried samples of 3–7 mg were heated to

340 8C at a rate of 20 8C/min. The peak temperature of

the melting peak of the first heating scan was taken as

the melting temperature, the peak area was used to

calculate the melting enthalpy.

2.9. WAXD

X-ray diffraction data of different TxTxT-dimethyl were

collected with a Philips PW3710 based X’Pert-1 diffract-

ometer in Bragg–Brentano geometry, using a Q compen-

sating divergence slit (12.5 mm length). Powder diffraction

data collection was performed at room temperature, using a

low-background spinning (1 r/s) specimen holder. Cu Ka1

radiation of 1.54056 Å was obtained, using a curved

graphite monochomator. The data were collected in a

range of 2Q ¼ 4–608:

2.10. IR

FTIR data were obtained using a Bio-Rad Model FTS-60

spectrometer with a resolution of 4 cm21. Samples were

prepared by pressing tablets of dry KBr that was milled

together with some sample.

3. Results and discussion

3.1. Introduction

The synthesis and characterisation by NMR and DSC of

6T6-diamine, T6T6T-diphenyl and T6T6T-dimethyl will be

described in detail. The results for other xTx-diamine and

TxTxT-dimethyl segments will be given more briefly. The

purity of the different products was calculated from the 1H

NMR spectra. The melting endotherms of the different

segments as measured by DSC give an indication of the

purity as well. A pure product has a high melting

Fig. 2. 6T6-diamine before (lower curve) and after recrystallisation (upper curve).
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temperature, a high heat of fusion ðDHmÞ and a sharp

melting peak. It was not possible to measure the purity by

GPC as the segments are not soluble in common GPC

solvents.

3.2. 6T6-diamine

The melt reaction between dimethyl terephthalate and

1,6-hexamethylenediamine to synthesise 6T6-diamine was

fast. Before the reaction temperature of 120 8C was reached,

precipitation had caused solidification of the reaction

mixture. The yield of this reaction was 94%. The product

was a white powder. The product that was obtained in this

melt reaction had a low purity (70–80%). It was not

possible to calculate the theoretical Flory distribution of the

product, as the reactivities of the second amine and second

ester groups are different than that of their first groups [18].

After recrystallisation from boiling n-butyl acetate the

purity was .97%. The yield of the recrystallisation step

was 48%.

3.2.1. NMR

In Fig. 2 the 1H NMR spectra of 6T6-diamine before and

after recrystallisation are given. The peak assignments are

given in Fig. 3 and in Table 2 the integrals and peak

assignments for the product after synthesis and the product

and residue after recrystallisation are given.

The integrals of the peaks of the product after

recrystallisation correspond well with the theoretical

number of protons. The NMR spectrum of this product

contains no peaks of side products. Therefore it can be

concluded that 6T6-diamine with a very high purity is

obtained after recrystallisation.

The product directly after synthesis contains some side

products. Peak a and c (two doublets) in the spectrum of the

product are from a side product. The structure of this side

product is not known. Next to this side product, also further

reacted 6T6-diamine, for example 6T6T6-diamine and

6T6T6T6-diamine, will be present. The purity of the

product directly after synthesis is approximately 70–80%.

By recrystallisation of the product after synthesis from

boiling n-butyl acetate 6T6-diamine of high purity can be

obtained. The side product (peak a and c) and all further

reacted 6T6-diamine do not dissolve in boiling n-butyl

acetate and can be found in the residue after

recrystallisation.

The uniformity of 6T6-diamine after recrystallisation can

be calculated when several assumptions are made. In the

first place it is assumed that no products with a lower

molecular weight than 6T6-diamine are present, as these

compounds will be removed from the product mixture

during the washing steps. Secondly it is assumed that the

only other products present are 6ðT6Þn: No products like

6T6T are present, otherwise a peak originating from the

methyl ester endgroup on the terephthalic side (4.1 ppm)

should be visible in the spectrum and this is not the case.

The side product (peak a and c) remains in the residue

during recrystallisation. A last assumption that is made, is

that after recrystallisation only 6T6T6-diamine will be

present next to the product 6T6-diamine, because further

reacted 6T6-diamine such as 6T6T6T6-diamine is not likely

to dissolve in n-butyl acetate.

Based on these assumptions the uniformity of the

recrystallised product can be calculated by Equation (1).

The ratio between the CH2 group next to the amide bond

(peak e) and the CH2 group that is coupled to the NH2

endgroup (peak f) is used to calculate the uniformity. For the

product 6T6-diamine this ratio is 1:1, for 6T6T6-diamine

the ratio amide-side/amine-side ¼ 2:1.

purity 6T6 2 diamine ¼ ð2 2 e=fÞ100% ½%� ð1Þ

Based on Equation (1) it can be concluded that the product

after recrystallisation has a purity of .99%, and thus

contains only up to 1% of the further reacted 6T6T6-

diamine.

3.2.2. DSC

With DSC the melting endotherms of 6T6-diamine

before and after recrystallisation were measured. In Fig. 4

the first heating scans of 6T6-diamine before and after

recrystallisation are compared. In Table 3 the peak

temperature of the melting peak and the heat of fusion of

6T6-diamine are given.

The DSC heating curve of recrystallised 6T6-diamine

Fig. 3. Peak assignment of protons of 6T6-diamine.

Fig. 4. First heating scan of 6T6-diamine after synthesis and after

recrystallisation.
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shows a sharp melting peak with a peak temperature of

178 8C and a melting enthalpy of 130 J/g. The product after

synthesis shows a double melting transition. The presence of

further reacted products ð6ðT6Þn with n $ 2) and side

products next to 6T6-diamine disturb the regular packing of

6T6-diamine and thus lowers the enthalpy and the melting

point. Further reacted ð6ðT6Þn has a higher melting

temperature because the lamellar thickness is higher [17].

At 80–100 8C there is a broad peak that is possibly due to

a transition in the crystalline structure of the 6T6-diamine.

This phenomenon is well known polyamides, for example

nylon-6,6 [19,20].

3.2.3. Other xTx-diamine segments

The other xTx-diamine segments could be prepared

easily in a fast melt reaction according to the same method

as for 6T6-diamine. The yield and purity of the products

before and after recrystallisation and the melting tempera-

tures and enthalpies of the recrystallised products are given

in Table 3.

All xTx-diamine segments can be obtained with a high

yield between 77 and 96%. The purity of the products after

synthesis is above 67% and seems to increase with

increasing length of the diamine.

Recrystallisation of xTx-diamines with n ¼ 6–8 from

n-butyl acetate gives the highest yields. Recrystallisation of

the other xTx-diamines from n-butyl acetate was possible,

but with lower yields. The use of other recrystallisation

solvents may further improve the yields of these xTx-

diamines.

With DSC it was shown that the xTx-diamine segments

after synthesis all show multiple melting transitions. After

recrystallisation all xTx-diamines have a high purity and

show a sharp melting peak. The melting temperature

increases with decreasing length of x for even x. For odd

numbers of x the melting temperature is lower because these

segments are less ordered. The melting enthalpy of 2T2-

diamine and 3T3-diamine is very high. Probably degra-

dation starts upon melting.

3.3. T6T6T-diphenyl

T6T6T-diphenyl was synthesised from diphenyl tereph-

thalate (DPT) and 6T6-diamine using NMP as a solvent.

During the reaction at 120 8C a part of the product

precipitated and more product precipitated on cooling.

The yield of this reaction was 90%. The product was a white

powder. Despite the large excess of DPT used, the product

had a low purity or uniformity. DPT can react at both ends

and therefore further reacted products, such as T6T6T6T6T-

diphenyl, can be formed easily. After recrystallisation from

hot NMP the uniformity was excellent. The yield of the

recrystallisation step was 53%.

3.3.1. NMR

In Fig. 5 the 1H NMR spectrum of T6T6T-diphenyl after

recrystallisation is given. The peak assignments are given in

Fig. 6 and in Table 4 the integrals and peak assignments for

the product after synthesis and for the product and residue

after recrystallisation are given.

Table 2

Chemical shifts d and peak assignment of protons of 6T6-diamine

Peak d [ppm] Type Theoretical

protons

Integral after

synthesis

Integral after recrystallisation

(product)

Integral after recrystallisation

(residue)

Description

a 8.37 Doublet x 0.58 0 1.36 Terephthalic H, impurity

b 7.98 Singlet 4 3.79 4.01 3.64 Terephthalic H

c 7.96 Doublet x 0.58 0 1.36 Terephthalic H, impurity

d 6.8 Singlet 4 3.64 3.42 3.52 NH2 Endgroups

e 3.69 Triplet 4 4.29 4.01 5.16 1st CH2 HMDA, amide side

f 3.31 Singlet 4 4.00 4.00 4.00 6th CH2 HMDA, amine side

g 1.86 Singlet 8 8.41 8.03 9.36 2th and 5th CH2 HMDA

h 1.58 Singlet 8 8.43 8.05 9.16 3th and 4th CH2 HMDA

Table 3

Properties of different xTx-diamine, compared to 6T6-diamine

Amine After synthesis After recrystallisation

[(CH2)n] n ¼ Tm [8C] Yield [%] Purity [%] Yielda [%] Purity [%] Tm [8C] DHm [J/g]

2 10 83 67 6 99 234 400

3 222 96 78 8 98 209 300

4 27 77 68 11 96 210 150

6 39 94 71 48 99 178 130

7 28 81 79 64 96 168 100

8 53 90 93 43 98 173 130

a Yield of the recrystallisation step.
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The purity or uniformity of T6T6T-diphenyl can be

calculated by comparing the integrals of the peaks of the

aromatic protons of the ester–amide and amide–amide

terephthalic groups. In this calculation it is assumed that

there are no products with a lower molecular weight as these

products are expected to be soluble in NMP. This

assumption can be made because T6T6T-diphenyl itself is

soluble in NMP when it is heated to at least 60 8C. Products

with a lower molecular weight are therefore probably

soluble in NMP at room temperature. Another assumption is

that all products are endcapped by a terephthalic group. This

assumption was made because in the spectrum of T6T6T-

diphenyl no peaks of the amine endgroup (6.8 ppm) and the

CH2 group next to the amine endgroup (3.3 ppm) of 6T6-

diamine can be found.

In pure T6T6T-diphenyl the ratio between the integral of

peak a and peak b and c together is 1:2. For the hexa-amide

T6T6T6T this ratio is 1:3 and for the octa-amide

T6T6T6T6T 1:4. When the reaction is performed using

6T6-diamine of high purity it is expected that the product

will only consist of tetra-amide and a little octa-amide.

purity T6T6T 2 diphenyl

¼ ð4 2 ðb þ cÞ=aÞ=2 £ 100% ½%� ð2Þ

The purity of the T6T6T-diphenyl after recrystallisation as

calculated by Equation (2) is 99%. So the product consists

for 99% of T6T6T-diphenyl and only 1% of the octa-amide.

3.3.2. DSC

With DSC the melting endotherms of T6T6T-diphenyl of

different purities were measured. In Fig. 7 the melting

endotherms for T6T6T-diphenyl before and after recrys-

tallisation (product and residue) are compared. In Table 5

the peak temperature of the melting peak and the heat of

melting are given for T6T6T-diphenyl of different purities.

The yield of the reaction decreases when 6T6-diamine of

a lower purity is used to synthesise T6T6T-diphenyl. As a

result of the lower purity of the 6T6-diamine used, the purity

of the T6T6T-diphenyl after synthesis also decreases. The

purity of both products could be improved to .97% by

recrystallisation from NMP. The melting temperature of

T6T6T-diphenyl is 316 8C and the melting enthalpy is

129 J/g. The melting temperature and the heat of melting

decrease with decreasing purity of the product. The

presence of longer products than T6T6T-diphenyl disturb

the regular packing of T6T6T-diphenyl and thus lower the

enthalpy and the melting point. The residue after recrys-

tallisation shows a melting transition with two peaks.

3.4. T6T6T-dimethyl

The excess of MPT that was used for the synthesis of

T6T6T-dimethyl was smaller than that of DPT for the

synthesis of T6T6T-diphenyl. The phenyl ester side of MPT

will react better with the amine endgroup of 6T6-diamine

than the methyl ester side. Therefore it is less likely that in

Fig. 5. 1 NMR spectrum of T6T6T-diphenyl.

Fig. 6. Peak assignment of protons of T6T6T-diphenyl.
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this reaction a lot of further reacted products will be created.

When the reaction was carried out using 6T6-diamine of

high purity (recrystallised) no further recrystallisation step

was required. The yield of the reaction was 85%. The

product was a white powder.

3.4.1. NMR

The molecular structure of the product T6T6T-dimethyl

was verified by 1H NMR in D-TFA. The 1H NMR spectrum

is given in Fig. 8. The peak assignments are given in Fig. 9

and in Table 6 the integrals and peak assignments for the

product after synthesis are given.

The aromatic region of Fig. 8 shows a few very small

peaks next to peak a–c. In Fig. 10 the aromatic region of

Fig. 8 is enlarged to compare the positions of these small

peaks with that of T6T6T-diphenyl. It is clear that there is an

exact overlap. So the product that is obtained after reaction

of 6T6-diamine with MPT contains a little T6T6T-diphenyl

next to T6T6T-dimethyl. This is a result of the fact that

MPT is able to react at the methyl ester side as well,

although at a very low rate compared to the phenyl ester

side.

The purity or uniformity of T6T6T-dimethyl can be

calculated in the same way as for T6T6T-diphenyl by

comparing the integrals of the peaks of the aromatic protons

of the ester–amide and amide–amide terephthalic groups.

The same assumptions as for T6T6T-diphenyl are appli-

cable for T6T6T-dimethyl.

The amount of T6T6T-diphenyl present can be calcu-

lated from the ratio between the terephthalic phenyl ester–

amide peak and the terephthalic methyl ester–amide peak

according to Equation (3). It was calculated that the product

T6T6T-dimethyl contains 3% of T6T6T-diphenyl.

percentage T6T6T 2 diphenyl ¼ ða0=ða þ a0ÞÞ100% ½%�

ð3Þ

In pure T6T6T-dimethyl the ratio between the integral of

peak a, peak b and c together is 1:2. For the hexa-amide

T6T6T6T this ratio is 1:3 and for the octa-amide

T6T6T6T6T 1:4. When the reaction is performed using

6T6-diamine of high purity it is expected that the product

will consist of tetra-amide and a little octa-amide. The

presence of T6T6T-diphenyl next to T6T6T-dimethyl is not

harmful to the purity of the product, because this side

product will give the same structure in a polymer after a

polycondensation reaction. So the peaks resulting from the

Fig. 7. First heating scan of T6T6T-diphenyl before and after recrystallisation (product and residue).

Table 4

Chemical shifts d and assignment of protons of T6T6T-diphenyl

Peak d [ppm] Type Theoretical

protons

Integral product

after synthesis

Integral product after

recrystallisation

Integral residue after

recrystallisation

Descriptiona

a 8.46 Doublet 4 4.00 4.00 4.00 Terephthalic H, EA, ester side

b 8.01 Doublet 4 4.00b 4.00b 4.00b Terephthalic H, EA, amide side

c 7.99 Singlet 4 5.18b 4.02b 8.15b Terephthalic H, AA

d 7.50 Multiplet 4 4.03 4.04 4.04 Phenyl ester endgroup H 3 and 5

e 7.40 Triplet 2 2.01 2.01 2.02 Phenyl ester endgroup H 4

f 7.23 Doublet 4 4.08 4.02 4.06 Phenyl ester endgroup H 2 and 6

g 3.73 Triplet 8 9.15 8.10 12.23 1st and 6th CH2 HMDA

h 1.88 Singlet 8 9.20 8.28 12.36 2nd and 5th CH2 HMDA

I 1.61 Singlet 8 9.17 8.26 12.40 3rd and 4th CH2 HMDA

a EA ¼ ester–amide substituted terephthalic group, AA ¼ amide–amide substituted terephthalic group, HMDA ¼ hexamethylenediamine.
b The sum of the integrals of peak b and c was 9.18, peak c was calculated by assuming peak a ¼ peak b.
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Table 5

Properties of T6T6T-diphenyl before and after recrystallisation synthesised from 6T6-diamine of high and low purity

Purity 6T6-diamine [%] Product Yield [%] Purity [%] Tm (peak) [8C] DHm [J/g]

98 After synthesis 90 89 312 123

After recrystallisation 53 99 316 129

71 After synthesis 83 70 308 105

After recrystallisation 28 97 316 128

Table 6

Chemical shifts d and assignment of protons of T6T6T-dimethyl

Peak d [ppm] Type Theoretical protons Integral Description

a 8.27 Doublet 4 4.00 Terephthalic H, methyl ester–amide, ester side

a0 8.46 Doublet 4b 0.12 Terephthalic H, phenyl ester–amide, ester side

b 7.98 Singlet 4 4.16a Terephthalic H, amide–amide

c 7.94 Doublet 4 4.00a Terephthalic H, methyl ester–amide, amide side

c0 8.01 Doublet 4b 0.12a Terephthalic H, phenyl ester–amide, amide side

q 7.50 Multiplet 4b 0.12 Phenyl ester endgroup H 3 and 5

q 7.40 Triplet 2b 0.06 Phenyl ester endgroup H 4

q 7.23 Doublet 4b 0.12 Phenyl ester endgroup H 2 and 6

d 4.14 Singlet 6 5.96 Methyl ester endgroup CH3

e 3.72 Triplet 8 8.36 1st and 6th CH2 HMDA

f 1.87 Singlet 8 8.52 2nd and 5th CH2 HMDA

g 1.60 Singlet 8 8.50 3rd and 4th CH2 HMDA

a The sum of the integrals of peak b, c and c0 was 8.28, the integral of peak b was calculated by assuming peak c ¼ peak a and peak c0 ¼ peak a0.
b Protons of phenyl ester endgroups of T6T6T-diphenyl.

Table 7

Properties of T6T6T-dimethyl synthesised from 6T6-diamine of high and

lower purities

Purity 6T6-diamine

[%]

Yield

[%]

Purity

[%]

Tm (peak)

[8C]

DHm

[J/g]

98 85 99 303 152

85 79 88 298 144

77 70 83 295 142

71 64 76 291 138

Table 8

Properties of different TxTxT-dimethyl segments

TxTxT-dimethyl Yield

[%]

Purity

[%]

Tm

[8C]

DHm

[J/g]

T2T2T 74 97 .340a –

T3T3T 43 97 307 128

T4T4T 71 97 .340a –

T6T6T 85 99 303 152

T7T7T 69 96 262 99

T8T8T 73 93 268 163

a 340 8C is the maximum temperature for the DSC apparatus used.

Fig. 8. 1H NMR spectrum of T6T6T-dimethyl.
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terephthalic phenyl ester–amide, can be added to that of the

terephthalic methyl ester–amide and the purity of T6T6T-

dimethyl can be calculated with Equation 4.

purity T6T6T 2 dimethyl

¼ ð4 2 ðb þ c þ c0Þ=ða þ a0ÞÞ=2 £ 100% ½%�

ð4Þ

The purity of the T6T6T-dimethyl after synthesis as

calculated by Equation (4) is 99%. So the product consists

for 99% of T6T6T-dimethyl (including 3% T6T6T-

diphenyl) and only 1% of the octa-amide.

3.4.2. DSC

The melting endotherms of T6T6T-dimethyl of different

purities were measured with DSC. In Fig. 11 the melting

endotherms for T6T6T-dimethyl of high and low purity are

compared. In Table 7 the peak temperature of the melting

peak and the heat of fusion are given for T6T6T-dimethyl

segments of different purities.

The yield of the reaction decreases when 6T6-diamine of

a lower purity is used to synthesise T6T6T-dimethyl. The

purity of the T6T6T-dimethyl decreases with decreasing

purity of the 6T6-diamine used. The melting temperature

and the heat of melting decrease with decreasing purity of

the product.

Pure T6T6T-dimethyl has a melting temperature of

303 8C and a melting enthalpy of 152 J/g. The melting

temperature of T6T6T-dimethyl is in between that of T6T-

dimethyl (232–235 8C) [7,8], and that of nylon-6,T (371 8C)

[21]. The melting temperature of T6T6T-dimethyl is 138C

lower than that of T6T6T-diphenyl, due to decreased

stiffness of the endgroups. If desired, the melting tempera-

ture of the T6T6T segment can be further decreased by

using more flexible endgroups, such as ethyl or butyl. For

example, the melting temperature of T6T-dimethyl is

232 8C and that of T6T-dibutyl is 187 8C [7].

3.4.3. Other TxTxT-dimethyl segments

The yield and purity of the other TxTxT-dimethyl

segments and the melting temperatures and enthalpies are

given in Table 8. All TxTxT-dimethyl could be prepared

from recrystallised xTx-diamine with high yield and purity.

No recrystallisation step was required as for T6T6T-

diphenyl. The melting temperature of TxTxT-dimethyl

decreases with increasing amine length for even n: The

melting temperature of T2T2T-dimethyl and T4T4T-

dimethyl could not be determined because these were

above 340 8C. The melting temperature and heat of

crystallisation of TxTxT with odd n ðx ¼ ðCH2ÞnÞ is lower

because these segments are less ordered.

3.5. WAXD

With wide angle X-ray diffraction the diffraction patterns

of the different purified TxTxT-dimethyl segments were

measured (Fig. 12). The WAXD diagrams in Fig. 12 are

typical for crystalline substances of low molecular weight

and comparable to di-amide segments such as T4T-dimethyl

[16]. The different TxTxT-dimethyl segments show a broad

spectrum of peaks, indicating the presence of different

crystalline structures. It can be noted that the large peak at

2Q ¼ 6–88 shifts to lower values with increasing length of

the diamine in the tetra-amide, indicating an increasing

lamellar thickness in the chain direction. T7T7T-dimethyl

deviates from this trend and has this peak at a lower value

indicating higher lamellar thickness. This is a result of the

odd number of CH2 groups between the terephthalic groups,

which decreases the crystalline order. The other main peaks

at 2Q ¼ 15–308 do not show such a shift. These peaks may

be attributed to the lateral crystal sizes. These sizes are

expected to be comparable for different TxTxT-dimethyl

Fig. 9. Peak assignment of protons of T6T6T-dimethyl.

Fig. 10. Comparison of the aromatic region of T6T6T-dimethyl and

T6T6T-diphenyl. Fig. 11. First heating scan of T6T6T-dimethyl of low and high purity.
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segments. In each sample, crystallites of different sizes are

present. Only T2T2T-dimethyl and T7T7T-dimethyl show

one broad peak instead of a spectrum of many sharp peaks.

3.6. IR

With IR spectroscopy the formation of amide and ester

groups can be observed. In Fig. 13 the IR spectra of 6T6-

diamine and T6T6T-dimethyl are compared. Both 6T6-

diamine and T6T6T-dimethyl show the amide carbonyl

band at 1628 cm21. T6T6T-dimethyl shows an ester

carbonyl band at 1721 cm21 next to this amide carbonyl

band. T6T6T-dimethyl also shows a peak of the CH3 methyl

ester endgroup at 1112 cm21. The fact that 6T6-diamine

does not show a peak at 1721 and 1112 cm21 confirms the

assumption that 6T6-diamine does not contain any DMT

that has reacted at only one side, such as 6T or 6T6T.

4. Conclusions

Bisester tetra-amide TxTxT-dimethyl segments with

x ¼ (CH2)n and n ¼ 2–8 can be synthesised in a two-step

reaction. The first step is the synthesis of xTx-diamine in the

Fig. 12. WAXD spectrum of different TxTxT-dimethyl segments of high purity.

Fig. 13. IR spectrum of 6T6-diamine and T6T6T-dimethyl; the spectrum of 6T6-diamine is shifted by 40% on the y-axis:
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melt, followed by recrystallisation to improve the purity.

TxTxT-dimethyl can then be prepared in a reaction of xTx-

diamine with methyl phenyl terephthalate in solution. The

structure of the products could be confirmed by NMR. The

purity of the tetra-amide product depends on the purity of

the xTx-diamine used. The product xTx-diamine does not

contain any side products such as xT or xTxT.

The melting temperature and enthalpy of xTx-diamine

and TxTxT-dimethyl and -diphenyl were determined by

DSC. The melting temperature increases with decreasing

length of x. For odd x the melting temperature is lower. The

melting temperature and enthalpy of the products decrease

with decreasing purity.
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