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i3C-NMR Sequence Analysis. XIV. 
Ternary Aliphatic Copolyamides 

HANS R. KRICHELDORF 

Institut fiir makromolekulare Chemie der UniversitPt 
D-7800 Freiburg, Germany 

and 

WILLIAM E. HULL 

Bruker-Physik AG 
D-7512 Rheinstetten, Germany 

A B S T R A C T  

Ternary copolyamides were obtained either by anionic copolym- 
erization of E -  caprolactam, w-capryllactam, and w-laurinlactam 
o r  by cocondensation of AH-salt with E-caprolactam and w- 
laurinlactam. These copolyamides contain nine different amide 
groups which can be identified by their CO-signals in the 90.5 
MHz 13C-NMR spectra. From the intensities of the CO signals, 
the ratio of monomer units in the copolymers and hence the 
reactivity of the monomers can be estimated. Furthermore, 
the average length of the homogeneous blocks can be calculated. 
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2282 KRICHELDORF AND HULL 

I N T R O D U C T I O N  

In previous papers of this series we have demonstrated that alter- 
nating sequences of various w-amino acids can be characterized by 
their 13C-NMR spectra [ 1-41. This characterization is based on the 
CO signals which show different shifts for alternating copolyamides 
and mixtures of the corresponding homopolyamides. Binary random 
copolyamides were analyzed in a similar manner, since they contain 
likewise homogeneous (A-A, B-B) as well as heterogeneous amide 
bonds (A-B, B-A) which can be distinguished by their CO signals 

Copolymerization of three suitable monomers should lead to 
ternary copolyamides which contain nine different amide groups, i f  
each monomer has reacted with itself and with both other monomers. 
It is the purpose of this paper to examine to what extent ternary 
copolyamides can be analyzed by '3C-NMR spectroscopy. Two differ- 
ent kinds of copolyamides were studied, namely, a product resulting 
from anionic copolymerization of three lactams and a product result- 
ing from cocondensation of AH-salt and two lactams. 

l5, 61. 

E X P E R I M E N T A L  

P o l y m e r  S y n t h e s i s  

Nylon 6/8/12. A mixture of 50 mmole portions of E -caprolactam, 
w-capryllactam, and w-laurinlactam was melted at 150°C. Then 200 
mg sodium was dissolved in this melt and 0.2 ml benzoyl chloride 
was added. This mixture was kept at 150°C for 1 hr  and thereafter 
at 200°C for 10 hr. The resulting copolyamide was dissolved in 
150 ml formic acid, precipitated from 1.5 liter tetrahydrofuran and 
dried at  80"C/10-2 mbar; yield: 35%. 

A mixture of 50 mmole portions of 6-caprolactam, 
of AH-salt, and of w-laurinlactam was first  heated for 0.5 hr at 200°C 
under a slow stream of nitrogen and then for 8 hr  at  260°C. The 
reaction product was dissolved in 150 ml  formic acid, precipitated 
from 1.5 liter tetrahydrofuran, and dried at 80°C/10-2 mbar; yield 
30%. A similar experiment was carried out with a mixture of 100 
mmole E-caprolactam, 50 mmole AH-salt, and 50 mmole w-laurin- 
lactam; yield: 50%. 

Nylon 6/66/12. 

M e a s u r e m e n t  s 

The wC-NMR spectra of all copolyamides were measured on a 
Bruker WH-360 FT-NMR spectrometer at  a magnetic field strength 
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of 84 kGauss. A pulse width of 20 psec (- 80") was used, and ca. 3000 
scans were acc-mulated with 32 K data points for a spectral width 
of 18000 Hz i f  the total spectrum was measured or about 2000 scans 
with 2 K data points for 600 Hz, i f  only the carbonyl region was 
measured. Solutions of 500 mg polyamide in 2.5 ml fluorosulfonic 
acid were measured in 10 mm diameter sample tubes equipped with 
a 4 mm coaxial capillary containing a 1:l mixture of dioxane-ds and 
TMS. 

R E S U L T S  AND DISCUSSION 

Q u a l i t a t i v e  E v a l u a t i o n  of t h e  NMR S p e c t r a  

The anionic copolymerization of E -caprolactam (azepinone- 2), 
o-capryllactam (azanonanone-a), and o-laurinlactam (azatridecanone-2) 
at 200°C was not quantitative after 10 hr. This result was desired, 
since under this condition the resulting nylon 6/8/12 terpolymer should 
contain the monomer units in different ratios, depending on their re- 
activity. The same is true for the ternary copolyamides resulting 
from the cocondensation of E -caprolactam, AH-salt, and w-laurin- 
lactam (1: 1: 1 and 2: 1: 1) at 250°C. As expected, the solubility of these 
ternary copolyamides is much better than that of the corresponding 
homopolyamides, so that they can be dissolved in common NMR sol- 
vents like trifluoroacetic acid, formic acid, methanol, and hot dimethyl 
sulfoxide. However, their wC-NMR spectra were measured in fluoro- 
sulfonic acid, since a previous investigation on binary copolyamides 
proved that this solvent and concentrated sulfuric acid give the best 
resolution of the CO signals. 

Since under the reaction conditions chosen all monomers should 
be able to react with themselves and with each other, the resulting 
ternary copolyamides should contain nine different kinds of amide 
r&roups. Hence, a maximum of nine CO signals is expected in their 

C-NMR spectra. As  shown in Fig. 1, the 90.5 MHz wC-NMR spec- 
trum of nylon 6/8/12 exhibits seven clearly resolved CO signals plus 
two shoulders, while in the case of nylon 6/66/12 (Fig. 2) all nine 
CO signals a re  resolved. The assignment of all CO signals was 
achieved by comparison of their chemical shifts with the shifts of 
corresponding binary copolyamides and homopolyamides (equal the 
homogeneous blocks in the copolyamides). The 90.5 MHz WC-NMR 
spectra of homo- and binary copolyamides exclusively prepared from 
p t a m s  are described in a previous paper [ 61. The 90.5 MHz 

C-NMR spectra of nylon 66/12 and nylon 6.6/6 in fluorosulfonic 
acid were measured now for a comparison with nylon 6/6.6/12, since 
previously only 22.6 MHz spectra of these copolyamides in concen- 
trated sulfuric acid were reported [ 51. It was found that the shifts 
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a 
-N H-(C H, ),c H,-c 0 -NH- 

b 
-CO-(CH, ) , -CHrCO-NH- 

C 

-NH-(C H* ) r o - ~ ~ 2 - ~ ~ - ~  H- i 
FIG. 3. a-CHZ and w-CHz signals in the '3C-NMR spectrum 

(90.5 MHz, FSOJH) of nylon 6/66/12 prepared from a 1:l:l mixture 
of E -caprolactam, AH-salt, and w-laurinlactam (see Fig. 2B). 

of identical amide groups in homopolyamides, binary, o r  ternary 
copolyamides a re  identical within i 0.025 ppm, if such comparisons 
are carried out in the same solvent at  identical concentration and 
temperature using the same type of NMR spectrometer.' The shifts 
of all CO signals a r e  given in Table 1. 

Figure 3 shows the signals of methylene C-atoms attached to CO 
(a-position) and NH groups (w-position) from the 90.5 MHz spectrum 
of nylon 6/66/12 of which the CO signals a r e  shown in Fig. 2B. The 
a-C-signals could easily be assigned by comparison of their shifts 
with the corresponding homopolyamides [ 51 and by comparison of 
their intensity ratio with that of the CO signals (Fig. 2B). While the 
a€-signals do not show any sequence effect, the w-CHz signals of 
the nylon 6 and nylon 66 residues present splittings corresponding to 
the different amide groups. However, in this case an unambiguous 
assignment is difficult to achieve, since the peaks are so  close 
together that a comparison with other polyamides gives no clear 
results. Furthermore, the intensity ratios a r e  influenced by unre- 
solved -CHz-signals of the nylon 12 residue. These observations 
clearly demonstrate that in the case of polyamides the CO signals are 
most favorable for sequmce analysis. In a succeeding paper we shall 

*Data for samples measured with an external capillary reference 
cannot be directly compared with data obtained with iron magnet and 
superconducting magnet spectrometers. 
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2288 KRICHELDORF AND HULL 

report, however, that in the case of copolyesters the signals of ester 
-O-CHz- groups may be more sensitive to sequence effects than the 
CO-signals. 

Q u a n t i t a t i v e  E v a l u a t i o n  of t h e  NMR S p e c t r a  

If signals of (nearly) all different amide groups of a copolyamide 
a re  resolved, two kinds of informations can be obtained from a quan- 
titative evaluation of the WC-NMR spectra: (1) the ratio of monomer 
units in the isolated copolymer allows one to estimate the relative 
reactivities of the monomers under the polymerization conditions 
chosen; (2)  the signal intensities of the homogeneous amide bonds 
(A-A, B-B, C-C) compared with the heterogeneous ones allows one 
to calculate the average length of the homogeneous blocks. Thus 
one can determine whether a block copolymer, an alternating sequence 
o r  a random copolymer is formed. The following definitions are used 
for the discussion: A, B, C denote the three different monomer units; 
IM, Im, IAc = intensities of the A-A, A-B, and A-C bond (signals x, 
x', x", in Figs. 1 and 2); bB, IBA, bc = intensitles of the B-B, B-A, 
and B-C bond (signals y, y', y" in Figs, 1 and 2); Icc, ICA, ICB = 

intensities of the C-C, C-A, and C-B bond (signals z, z', z" in Figs. 1 
and 2). 

The ratios of monomer units in the copolymer a re  described as 
k-values according to Eqs. (1): 

km = A/B = l/kBA 

kAC = A/C = l/kcA 

kBC = B/C = l/kcB 

The ratio of monomer units in a copolymer is given by the concentra- 
tion of monomers in the reaction mixture if the polymerization is 
quantitative. If not, the ratio also depends on the reactivity of the 
monomers and must be calculated from signal intensities or by means 
of other methods. 

For such a calculation all signals may be used that fulfill two con- 
ditions. (1) The signal must stem from structurally identical groups 
in the different monomer units as is the case for CO-ff-CH2- and 
w-CHz-groups in most aliphatic polyamides. Thus the signal intensi- 
ties a re  not influenced by different nuclear Overhauser effects or  
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different segmental motions. (2) The signals of different monomer 
units must be resolved to such an extent that unambiguous assignment 
and quantitative evaluation is possible. 

In the case of nylon 6/66/12, both CO- and a-CHz-signals obey 
these requirements, while the CO- and a-CHz-signals of nylon 6/8/12 
are less  resolved. If clearly separated, as shown in Fig. 3, the 
a-CH2 -signals are advantageous for a quantitative evaluation for two 
reasons: the absence of splittings provides a better signal to noise 
ratio, and in the case of the CO signals, the intensities of more peaks 
must be measured according to Eqs. (2): 

Since all interesting signals are not always well resolved, i t  is impor- 
tant to keep in mind that in all kinds of copolymers corresponding 
heterogeneous bonds must be present in equal concentrations. Hence 
for ternary copolyamides Eqs. (3) must be fulfilled 

'BC = 'CB (3)  

Thus from Fig. 1, the following results were obtained: km = 0.85, 

kAC 
the monomers to decrease in the order: 

= 6.0, kBC = 7.0; A : B : C = 6 : 7 : 1, indicating the reactivity of 

w-capryllactam > E-caprolactam >> w-laurinlactam 

From Fig. 2B and Fig. 3 the following values were estimated: km = 

0.9, kAC = 4.5, kBC = 5.0; A : B : C = 10 : 9 : 2, indicating the reac- 
tivity of the monomers to decrease in the order: 
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2290 KRICHELDORF AND HULL 

AH-salt > E -caprolactam >> w-laurinlactam 

These results a re  in good agreement with those in our investigation 
on binary copolyamides [ 5, 61. 

In order to calculate the average length of the homogeneous blocks 
in random copolyamides only the CO signals are useful. The average 
block length of each monomer unit is given by Eqs. (4): 

Thus the block length of nylon 6 in nylon 6/66/12 prepared from a 
1:l:l  monomer mixture (Fig. 2B) is 1.75, while it is 2.75 in the analo- 
gous copolyamide prepared from a 2:l:l  monomer mixture (Fig. 2A) 
and 2.65 in nylon 6/8/12 (Fig. 1). The average block length of nylon 
12, on the other hand, is in the range of 1.1- 1.2 in all three copoly- 
amides. Since the block length of nylon 8 and nylon 66 is also below 
3, we can conclude that all our ternary copolymers possess a struc- 
ture that is more random than blocklike in character. 

Another point of interest is to determine whether the sequence 
of a copolyamide is the result of a thermodynamically controlled 
equilibrium caused by transamidation reactions, o r  a result of a 
kinetically controlled polymerization. If the sequence is thermo- 
dynamically controlled, the intensity ratios of the CO- signals 
follow Eqs. (5)-(7), since the concentration of every kind of amide 
groups depends exclusively on the ratio of monomer units under these 
conditions: 

15) 
IAA = IABkAB = IACkAc = IBkm 2 = IsAc'  

In order to test if a sequence is thermodynamically controlled or  not, 
the signal intensities of homogeneous and heterogeneous bonds must 
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be compared. If the CO signals of homogeneous bonds are less intense 
than given by Eqs. (5)-(7), the formation of an alternating sequence is 
favored. If the signals of homogeneous bonds are more intense, a 
tendency to form blocks exists, as shown in Fig. 1 in agreement with 
our previous results from nylon 8/12 [ 61. If two or  three signals 
a re  not well resolved but assigned as for the case for the homogene- 
ous bonds in Fig. 1 (x, y, z), then the sum of the signal intensities 
may be compared according to Eq. (8) or  (9). This investigation 
revealed that, in contrast to nylon 6/8/12, the copolyamides of 
Fig. 2A and B possess a thermodynamically controlled primary 
structure as expected for a condensation at  250°C. 

I k  IAA + IBB = AB AB + %A%A 

'AA + 'BB + 'CC = IAB~AB + IBC~BC + I C A ~ C A  

A problem which cannot be solved immediately by NMR spectros- 
copy is the block length distribution within one chain and between 
different chains of one sample. However, if the sequence of copoly- 
amide is thermodynamically controlled, it is expected that the block 
length distribution is likewise thermodynamically controlled in 
analogy with the molecular weight distribution. In other words, the 
average block length is also the most probable block length in every 
part of one chain and in all chains of one sample. 

Finally it should be pointed out that a quantitative evaluation of 

chain of copolymer is built up of monomer units of a very different 
structure, their segmental mobility (and hence Tl's) may be different. 
In this case, the pulse width and repetition time must be selected 
to provide accurate intensity ratios. Furthermore, possible differ- 
ences in the nuclear Overhauser effect must be taken into account. 
A limiting factor is, of course, the signal-to-noise ratio and the 
resolution of signals. In most cases only a FT-NMR spectrometer 
working at a high field strength can provide wC-NMR spectra of a 
suitable quality, but no other method can provide the same informa- 
tion in a similarly short time. 

C-NMFt spectra has a limited accuracy for several reasons. If the 13 
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