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Abstract—Samples of poly(l2-dodecanelactam) (polylaurolactam. nylon 12) with M, 1 x 103-33 x 103
were prepared. Polymerizations initiated with water or with lauric acid proceeded under conditions
for minimum changes in end-group concentration. Values of M, were calculated from the end-group
content and M, from light scattering in the mixture m-cresol/60 vol®; of 2.2.3.3-tetrafluoropropanol.
From measurements of intrinsic viscosity in m-cresol. the relationship [#] — M, was established in

the given range of M,. The relationship [3] - M

established.

INTRODUCTION

In study of the polymerization of lactams, there is
frequently a need to determine the molecular weights
of quite low polymers. For low molecular weight
sampies, the number average molecular weight M,
can be found accurately from the content of end-
groups. assuming that each molecule is terminated
in a specific way with groups which can be deter-
mined with sufficient accuracy. However, with poly-
amides [1-5] this assumption is not always fulfilled.
The accuracy of the weight average molecular weight
determination. usually by light scattering, is limited
by the sensitivity of the method at low molecular
weights. Hence, in many cases the only possible way
is to characterize the sample by the viscosity average
molecular weight, M., calculated from the intrinsic
viscosity using the calibrated relationship [n] vs M.
M, thus determined may be in error due to the choice
of an inappropriate relationship and also to experi-
mental inaccuracies. The accuracy of determination
of [#] of low-molecular weight polyamides may be
reduced by an anomalous concentration dependence
of reduced experimental values due to the association
of amine and carboxylic groups [6].

~ For nylon 12, methods of determination of both
M, and M, have been suggested, allowing in prin-
ciple measurements of very low molecular weights
[7]. In the case of M,, however, they have not yet
been applied for molecular weights below ca. | x 10*.
The constants of the Mark-Houwink equation were
obtained for m-cresol and conc sulphuric acid for M,
between 5.3 x 10° and 17.5 x 103, using number
average molecular weights [8]. Recently, the M, cali-
bration has been used in the determination of the
Mark-Houwink  constants in  m-cresol and
[.1.1.3.3.3-hexafluor-2-propanol [9] for M,, between

* Communication in this series: Z. Tuzar, M. Boh-
danecky. R. Puffr and J. Sebenda, this Journal 11, 851
(1975).
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. for M, from 3.3 x 10® to 125 x 10° has been

1.5 x 10* and 1.6 x 10° and in m-cresol [7] for M,
between 1 x 10* and 1.25 x 10°.

The aim of this work is to determine M_, M, and
the intrinsic viscosity of nylon 12 and to determine
the constants of the Mark-Houwink relationship, in-
cluding inolecular weights of about 103,

EXPERIMENTAL
Chemicals

12-Dodecanelactam (laurolactam) was crystallized three
times under nitrogen [rom dimethoxyethane purified with
calcium hydride. Lauric acid was crystallized four times
from 80°%; aq. ethanol; m.p. 43.4°. 2.2.3.3-Tetrafluoropro-
panol. TFP (Koch-Light. England). rectified, contained (by
gas chromatography) less than 0.3%, of impurities. m-Cre-
sol, rectified. contained (gas chromatography) 0.59, of
p-cresol, 0.5%, of a mixture of 2.4- and 2.5-xylenol: water
content (according to Fischer) was 0.025°,. Benzene, ana-
lytical purity grade. distilled.

Polymers

The preparation conditions for polymers are summar-
ized in Table 1. Polymerizations initiated with water or
with lauric acid proceeded in ampoules sealed under
nitrogen. The vapour space occupied roughly 50°, of the
ampoule volume. Polymerization products were extracted
by triple boiling with benzene for one hour. Extracted
polymers were dried at 55°/133.3 Pa for 48 hr,

Methods

The end-group content was determined by conducto-
metric titration [10] with an LF 610E, Digi 610, WTW
Weitheim conductoscope. The accuracy of the method for
basic groups was +0.5mmole/kg, and for acid groups
+ 1.0 mmole/kg. Light scattering was performed with a
Photo-Gonio-Diffusometre Sofica employing a method de-
scribed earlier [7]. The viscosities were measured with a
5901 B Auto Viscometer Hewlett-Packard apparatus at
25". The concentration dependences were determined at
5-10 concentrations from various weighed quantities of
samples, dissolved with shaking in m-cresol at 25° for
18-25 hr, and then at 50° for 0.5 hr.
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Table 1. Preparation conditions, conversion (p), content of acid (A) and basic (B) groups, number (M,) and weight
(M,) average molecular weights, intrinsic viscosity [#] and Huggins coefficients k, of nylons 12 prepared at 250°
in the presence of lauric acid or water as initiators (I)

Polvm. product Polymer
Poly- 1 Time r A B A B M. M, M.
mer * tmmole kg} (hr} (W) {mmole kg) mmole kg x 1073 x 10} M. ] Ky
1 = lauric acid
1 2458 69.0 19.00 240 115 150.0 28 6.7 9.0 1.34 0.530 0.32
2 256 1455 316 266 1.50 84.7 4.1 118 18.0 1.52 0.800 0.27
3 260 195.0 37.65 232 1.62 58.8 kR 17.0 240 1.41 0.990 0.26
4 250 3150 48.60 23 220 450 24 222 330 1.49 1.280 0.29
5 15K.8 16.0 2595 1598 0.55 429.4 26 23 - 0.240 0.27
6 155.0 240 35.40 1559 1.10 3477 37 29 33 .14 0.290 0.21
7 156.2 45.0 3580 157.2 1.1 2363 1.5 4.2 6.0 1.43 0.380 0.35
8 148.2 70.0 70.90 146.0 1.50 176.6 20 5.7 9.1 1.60 0.46( 0.33
9 1511 240.0 96.80 139.7 1.58 1533 1.8 6.5 11.6 1.78 0.590 0.28
10 229.0 74.0 86.24 2300 111 2273 24 1.4 6.6 1.50 0.420 0.22
= water

I 2083 240 503 287 254 461.8 4300 22 35 1.59 0.215 36
12 2158 48.0 2713 399 374 1241 11390 8.1 13.0 1.60 0.658 0.74
13 17222 69.0 R3% 359 350 76.1 74.5 131 20.0 1.53 0.790 0.50
14 2.2 145.5 77.99 374 373 476 47.6 210 230 1.57 1.300 0.39
18 200.0 1950 b AE] 39.7 417 443 4.8 223 330 148 1.380 0.30
i6 2110 2R3 9595 41.6 40.7 4241 433 230 390 1.69 1.440 0.36
17 502.5 75500 9200 1976 1.4 - 0144 350
18 028 15.0 2500 2370 2231 42 77 183 0.465 0.73
19 502.5 40.0 7400 954 869 10.5 19.5 1.86 0810 0.47
20+ 115.6 3250 98.50 0.2 313 320 - 1.760 0.30

* Polymerization temperature 270°

RESULTS AND DISCUSSION

Content of end-groups and weight average molecular
weights

The content of end-groups of nylons does not
always correspond to values calculated from the con-
sumption of the initiator. The changes in the concen-
tration of acid and basic groups, due to side-reactions,
may give rise to branching or even crosslinking. Since
this phenomenon has been observed [1-3] also with
nylon 12, it has been necessary to prepare samples
of nylon 12 under mild conditions.

With acidolytic polymerization products (laurolac-
tam + lauric acid), the content of acid groups corre-
sponded to the starting amount of acid (Table 1,
samples 1-10). Only in samples with polymerization
times over 200 hr (samples 3, 4, 9) the content of acid
groups was lower by approximately 109, probably
because of decarboxylation described earlier [4] for
nylon 6. From the beginning of polymerization, all
acidolytic polymerization products and extracted
polymers contained also basic groups. Their content
was low and virtually constant throughout the poly-
merization. Values of M, for acidolytic polymers were
calculated from the content of acid groups. With
polymers having long polymerization times (samples
3. 4, 9), this value may be approx 10% in error
towards higher molecular weights.

Hydrolytic polymers (Table 1, samples 11-20) con-
tained at the beginning of polymerization up to 10%
more acid than basic groups. With increasing poly-
merization time, the content of acid and basic groups
of the polymers became equilibrated. Values of M,
for hydrolytic polymers were calculated from those
groups which were present in the higher concen-
tration. Here too, however, error is possible because
of chains terminated with neutral endgroups.

Treatment of viscometric data

The intrinsic viscosities and Huggins coefficients of
m-cresol solutions of nylon 12 were determined from

specific viscosities by extrapolation to zero concen-
tration. It appeared that the concentration depen-
dence of viscometric data was so much influenced by
molecular weight and the type of polymer that the

.intrinsic viscosity and Huggins coefficient had to be

determined with great caution. Methods used in the
determination of these quantities have been examined
recently e.g. in refs [11-13}.  The data were plotted
as follows: (1) n,/c vs ¢ (Huggins [i4]), (2) In n/c
vs ¢ (Kraemer {15]), (3) In(n,,/c) vs ¢ (Martin [16],
Staudinger and Heuer [17]), (4a) ¢/, vs ¢, (4b) ¢/In
1. vs ¢, (4¢) Hc/n,, + ¢/In ) vs ¢ (4a—c Heller [18]),
(5) n.p/c vs n., (Schulz-Blaschke [19]), (6) In n/c vs
In #n(Arrhenius, Rother, Hoffmann [20]). For
methods (1), (2), (3), (5) and (6), the intercept on the
yv-axis directly gives the intrinsic viscosity (or its
logarithm), and the initial slope is (1) k%, (2) (kx — }?,
(3) kyy, (5) ks, (6) (k, — ). With method (4), the com-
mon part of the three plots on the y-axis gives (intrin-
sic viscosity)™! and the initial slope of the plot %
(¢/n., + c/inn,) vs ¢ is (3. — kyg). In an ideal case, the
coeflicients ky, kg, ks, k4, kpy, kyg should all be equal
to the real value of the Huggins coefficient k'. All
these extrapolation methods are empirical in prin-
ciple, representing attempts to express the dependence
Nsp VS ¢ in a linear form suitable for simple treatment
of experimental data. Their reliability is limited to
the range of relatively low specific viscosities
( < 0.6-0.8); the Heller method is less severely restric-
ted {13]. For method (3), the range of suitability is
not delimited with sufficient exactitude [12,21].
According to a previous analysis [13], the Heller
method is the least affected by the contribution of
terms of (concentration)? and may consequently be
regarded as a standard method with respect to the
others.

For acidolytic polymers of laurolactam, the plots
for all extrapolation methods were linear, and the in-
trinsic viscosities determined by different methods
coincided within the limits of experimental error, if
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Fig. 1. Comparison of the coefficients ky, and k. Acidoly-
tic nylons 12 in m-cresol, 25 : O experimental points, ——
idcal case.

By < 0.7. The coefficients ky and kyg were virtually
identical within the limits of accuracy (Fig. 1), and
as usual [12, 13] lower by 10% on the average than
ky. kg, kg and k4. The same was observed with hydro-
lytic polymers, if the intrinsic viscosity exceeded
0.8 dl/g and kg < 0.5. For low-molecular samples of
hydrolytic polymers, the plots using methods (2), (5)
and (6) were nonlinear and exhibited maxima, so that
these methods could not be employed in the extrapo-
lation. The same effect. though much smaller, was
observed if the Heller method (4) was used (Fig. 2).
The plots according to the Huggins method (1) were
linear in several cases (e.g. Fig. 2) up to rather high
specific viscosities (0.9); in other cases, however, there
were curvatures even at much lower specific vis-
cosities. All hydrolytic polymers of laurolactam were
virtually best satisfied by method (5) i.e. by the depen-
dence In (n.,/c) vs c¢. Since also for acidolytic
polymers. this method yielded the same intrinsic vis-
cosities and Huggins constants as method (4)
regarded as standard, the Martin-Staudinger-Heuer

|
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Fig. 2. Concentration dependences of viscometric data.

Nylon 12 ({#] = 0.658) in m-cresol, 25. Y: (1) n/c: (2)

In n/ct (3) 1 + log (n./c): (4a) ¢/n,,: (4b) c/In .. (4c) 1

(c/ny + ¢/In n)
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method of extrapolation {method (3)] can be recom-
mended as the most suitable for nylon 12.

Table | shows that the k, values of hydrolytic
polymers are always higher than those of acidolytic
ones.

Reiationship between intrinsic viscosity and molecular
weight

The high refractive index increment of nylon 12
in the mixture m-cresol/60vol %, TFP determined
under the conditions of the dialysis -equilibrium
between solution and solvent (0.254 ml/g) [7] permits
in principle determination of relatively low molecular
weights by the light scattering with sufficient accu-
racy. Error in M, may be due to a change in the
refractive index increment with molecular weight.
Such dependence in the range of lower molecular
weights has been observed in several polymer/mixed
solvent systems as a result of the dependence of the
coefficient of selective sorption of one solvent on the
polymer [22]. In systems in which the polymer is sol-
vated by a polar mechanism (as in our case. where
cresol forms hydrogen bonds with the amide groups).
this effect need not be considered [22]. M, values
below 1 x 10* were therefore considered to be correct
(subjected only to the error of the method, i.e. +10%
at most) and were used to extend and improve the
Mark-Houwink relationship determined previously
[7]. The dependence involving 38 points in the range
of M, from 3.3 x 10° to 125 x-10% is_linear (Fig. 3)
and has the form [#] = 8.1 x 107* x M%7° coincid-

ing with the previous relationship [7],
[n] =46 x 107* x M%7 for higher molecular
weights.

Some authors [24] claim a lower slope in log [y]
vs log M plots for some polymers in good solvents
in the M range 10°-10*. However, the transition from
higher to lower slopes occurs at different molecular
weights with different polymers. Our dependence =
11.8 x 107* x M?73 (Fig. 3) demonstrates conclus-
ively the linearity down to M, = 103 for this particu-
lar case. The exponents in the two relationships are
similar and the relationships may be regarded as con-
sistent. The [#]-M, relationship may be employed
in the kinetic studies in determinations of M,, assum-
ing that the polydispersity of products under investi-
gation corresponds to that of samples used in the
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Fig. 3. Dependence of intrinsic viscosity [#] of nylons 12
in m-cresol at 25° on the number (@) and weight (O) aver-
age molecular weights.

ML .

| B |
L0 70 0 2l



810

1 1
3

M2 g
Fig. 4. Determination of the viscometric constant K, of
nylon 12 in m-cresol at 25°.

calibration, i.e. if 1.4 < M/M, < 1.8 (Table 1). If the
polydispersity were different, the use of [#]-M, may
lead to serious error in M, (e.g. at M,/M, = 2, about
20-25%). This point has to be checked very carefully,
since recent data indicate [23] that, at very low con-
versions and under different reaction conditions, the
polydispersity may be as high as 6.

The characteristic ratio of unperturbed dimensions,
ri/ni® (ie. the ratio of the mean square end-lo-end
distance of the chain unperturbed with the excluded
volume to the same quantity for a freely jointed
chain), calculated from the M,, data and for all points
in Fig. 3 by using the viscometric constant
Ko = 26.6 x 107* (Fig. 4) by the same procedure as
in ref. [7] is 6.77. This value is higher than in the
preceding paper [7] (6.29) and fits better the predicted
dependence of the characteristic ratio (which is a
measure of the conformational rigidity of the polymer
molecule) on the frequency of amide groups in the
nylon chain [25]. The characteristic ratio 6.77, which
is higher than the value for the more flexible nylon
6 (6.07) and lower than for the more rigid polyethyl-
ene [25] (8), may confirm the plausibility of our rela-
tionship between intrinsic viscosity and molecular
weight.

The Stockmayer-Fixman procedure used in Fig. 4
may not be strictly valid for low polymers because
of incipient draining and because the Gaussian stat-
istics are not obeyed. According to theoretical calcu-
lations [25], the latter effect will be important at
M < 10*. The former effect is difficult to assess but
an analysis of data for other low polymers of similar
structure (polyethylene, polyethylene oxide) indicates
that the draining effect could be important below ap-

B. LANSKA et al.

proximately the same limit. As only a few of data
points in Fig. 4 are in this range. we assume that
the procedure yields a reasonable estimation of un-
perturbed dimensions.

Acknowledgements—The authors are indebted for careful
measurements to Mrs M. Hodouskova and Miss M. Ném-
cova.

REFERENCES

1. H.-G. Elias and A. Fritz. Makromolek. Chem. 114, 31
(1968).

2. B. Lanska and J. Sebenda, Europ. Polym. J. 10, 841
(1974).

3. B. Lanska and J. Sebenda. Colln. Czech. chem. Com-
mun. Engl. Edn. 40, 1524 (1975).

4. H. K. Reimschuessel and G. J. Dege, J. Polym. Sci
A-1, 8, 3265 (1970).

5. Z. Csiirgs, 1. Rusznak, G. Bertalan, P. Anna and
J. KOrosi, Makromolek. Chem. 160, 27 (1972),

6. J. Sebenda and J. Krali¢ek, Colin Czech. chem. Com-
mun. Engl. Edn. 31, 2534 (1966).

7. Z. Tuzar, M. Bohdanecky, R. Puffr and J. Sebenda,
Europ. Polym. J. 11, 851 (1975).

8. W. Griehl and J. Zarate, Plastverarbeiter 18, 527
(1967).

9. R. Hammel and Chr. Gerth, Makromolek. Chem. 178,
2697 (1977). 5

10. B. Lanska and J. Sebenda, Colln Czech. chem. Commun.
Engl. Edn. 39, 257 (1974).

11. R. Berger, Plaste Kautsch. 14, 11 (1967).

12. T. Sakai, J. Polym. Sci. A-2, 6, 1659 (1968).

13. M. Bohdanecky, Colln Czech. chem. Commun. Engl.
Edn 35, 1972 (1970).

14. M. L. Huggins, J. Am. chem. Soc. 64, 2716 (1942).

15. E. O. Kraemer, Ind. Engng Chem. 30, 1200 (1938).

16. A. F. Martin, Am. Chem. Soc. Meeting, Memphis 1942;
cf. M. L. Huggins in Cellulose and Cellulose Derivatives
(High Polymers, Vol. 5), (Edited by E. Ott), pp.
966-971. Interscience, New York (1943).

17. H. Staudinger and W. Heuer, Z. phys. Chem. A 171,
129 (1934).

18. W. Heller, J. Colloid Sci. 9, 547 (1954).

19. G. V. Schulz and F. Blaschke, J. prakt. Chem. 158,
130 (1941).

20. M. Hoffmann, Makromolek. Chem. 24, 222 (1957).

21. S. G. Weissberg, R. Simha and S. Rothman. J. Res.
natn Bur. Stand. 47, 298 (1951).

22. A. Dondos, Europ. Polym. J. 12, 435 (1976).

23. G. Froyer and H. Sekiguchi, C.r. hebd. Séanc. Acad.
Sci., Paris 284, 525 (1977).

24, U. Bianchi and A. Peterlin, J. Polym. Sci. A-2, 6. 1759
(1968).

25. P. ). Flory, In Statistical Mechanics of Chain Mol-
ecules, Chap. V. Interscience, New York (1969).



