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-Copolymers were prepared from the title amino acids by m it condensation under
dry nitrogen. The resuiting copolymers were characterized by solution and solid-state
NMR, FTIR, DSC, and WAXD. Solution NMR spectra (at 75.5 MHz) showed multipie
peaks with almost equal intensities in the carbonyl region (indicating random copolymer
formation) with no evidence of end-group peaks (confirming high molecular weight).
Solid-state '*C (at 100.6 MHz) and *N (at 20.3 MHz) spectra of most solution cast films
contained peaks consistent with the y-form crystallites (b, ca 89) being the predominant
ordered phase. Only nylon 6-co-7 formed almost exclusive a-form on solution casting
(dny5 84.5). Nylon 7-co-11 formed the a-form almost exclusively from the melt but gave
a combination of a- and y-phases (65,,5 84.5 and 88.7) on solution casting. The
copolymers possessed 3-component °C T, values ranging from 21 to 97 s for the
slowest-relaxing component, indicating less-ordered domains than for the homopolymers.
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Characterization of 1:1 Random Co-Nylons Derived
From 6-, 7-, 11-, and 12-Carbon Amino Acids

C_Gregory Johnson and Lon J Mathias
University of Southern Miss.csppi
Depanment of Polymer Science
Scuthern Stanon Box 10076
Hathesburg, MS 38406-00 70
INTRODUCTION

Most AB homopolyarmides are polymorphic indicating that they
can exist in more than one crystaiine phase, and suggesting that
through chemical of thermal meihod.' the type ¢! crystallinty can be
changed. Nylon 6 forms the a-phase trom solution or the meit, while
treatment with aqueous potassium trnodide gives the y-phase. Nylon
12 forms the y-phase from the meit and the a-phase on casting from
phenol/ethanol. Recently, nylon 7 was shown to form the yphase by
casting from 2,2 2-tnfluoroethancVCH,Cl, or by treatment similar to
y-nylon 6, although transtormation into the y-phase is not complete.?

Random nylon copolymers crystallize into phases similar to
those of the homopolymers but are referred to as isomorphic
phases.' Thermat analysis (DSC) gives a T, but underestimates the
percent crystallinity. The crystaliine phase formed from the mixture
of repeat units has a AH different from the averages of the AH's for
the two homopolymer crystalline phases. WAXS anc density
measurements give more reliable measures cf crystatlinity.

Of the methods mentionec above (X-ray. DSC. and density),
only X-ray diffraction gives what type of crystaline phase is present,
density and DSC 0o not.  Although percent crystaliinty can be
crtained using scrc-state NMR ¢ ¢ tme-consiming due (S the very
long “C spin-lathee relaxaticr C Tes invchvel  However, other
advantages are astecated wor wohd state NIMR By taking
advantage of the dfference in spin-latice reigxaton times, the
AMorpncus and ¢rystaine phacss can be naio-ndently observed
We descnbe nere 11 random cc-nylons focusing on the type of
crystatinity develeped using sonc-state NMR zng X-ray diffraction
EXPERIMENTAL

Aminyg acigs and solverts were purchased from Aldnch
Chermcal Co. and used as received except for 1 ¢-aminododecanoic
acid which was recrystallized from boiling water three time before
use. DSC measurements were made using a Perkin-Elmer DSC-7
taken at 10 °C/min. Wide-angle X-ray diffraction measurements
were made using a Seimens XPD-700P.  Solution NMR
measurements were made using a Bruker AC-300 operating at 75.5
MHz for *C. Solid-state *C NMR measurements’ were made using
a Bruker MSL-400 operating at 100.6 MHz and "N measurements
were made using a Bruker MSL-200 operating at 20.3 MHz. *C T,
measurements were made us'ng the method developed by Torchia.*

Typically, the copolymers were prepared from equal molar
mixtures of the aminc acids (about 2 g total) in a two-step heating
process. The mixture was charged to a test-tube and placed under
vacuum for 12 h, the tube back-flushed with dry nitrogen, and placed
in a Wood's metal bath at 170 °C. The temperature was slowly
increased (flowing N,) untii the mixture meited and held there until
no more gas was evolved. The temperature was then brought to
220 °C and held there for 4 h. The cooled polymer plug was
removed trom the tube by crushing the tube carefully with a hammer.
The polymers were obtained in greater than 97% yields. The
polymers were dissolved in a mixture ot 2,2.2-influoroethanol and
methylene chlonde (3.2 by volume) for NMR measurements and
snfuticn casting (1% wiv sclutic for NMR and 27 wiv for casting).
Ihe varsparent f're cold e &y stret hec excapt for nylon 11-
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RESULTS AND DISCUSSION

Tre BLO gats tortne cop  mers are o _aran Table 1. s
clear that for most of the copoiymers, the T, &nd AH values are
hi.gher for the soluicn cast semples than for the as-obtained
materials  The nylcn ©1-co-12 a2-obtained samole has a higher T,
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Table 1. Furst-run thermal data for 1:1 random co-nylons*

copolymer i 1. (C) AH (Jig) n
i 146 - 3
o nyton 6-(:07“7 : ~ ngt coll;cjt:?d r,otcoTcteg —4‘
A
nylen € co-11 ‘ 7—156 : '33” - *i
H - ' . T?(: "f 74(7” 7Wi
| nylon 6.co 12 l ]31 1 50’
1! 129 30 }
nylon 7-¢co-11 141 50
106 37
nylon 7-co-12 134 54
152 31
nylon 11-co-12 146 75

® - first row per sample entry is for as-oblaineg matenal, second row
1s for solution cast matenaz!

than for the solution cast sample, although the AR value is higher for
the solution cast sample The higher T_ and AH values suggest that
s0lulicn Casting Qeneraics areater order ana crystathine perechon

The carbonyl regien o scluter "C NME gpectra of
polyarmides has been yses o determnune cocus nce itarmatien tor
many random and alternatng copolyamices © Based on these
resulls, the carbony! regicn indicates that the copolymers are
random  Four peaks of nearly equal intensity appear in the spectra
for the 6-co-11 ang 6-co-12 polymers It one of the peaks were
more intense than the cthers, this would ina cate a preference for
alternation or block tormation.  Nylon €-co-7 shows two equal
intensity peaks suggeshng that no blockiness 1s present, but no other
sequence information 1s avalabie due to the siriianty of the repeat
units®  Nylon 11-c0-12 shows a single, symmetric peak in the
carbonyl region, providing even less sequence information.’

The solution cast copolymers tend to crystallize into the y-
phase as indicated by the °C and >N NMR chemical shifts. The
peaks tor the carbons adjacent 1o the nitrogen (C,) and beta to the
carbonyl (C,) appear near 39.8 and 30.3 ppm, respectively, for 6-co-
11,6-c0-12, 7-c0-12, and 11-co-12. This i3 consistent with the peak
positions of y-nylon 6° and #nylcn 12® However, nylons 6-co-7
and 7-co-11 show different behavior. The 6-co-7 polymer remains
o-lke when cast from solution with C,, at 43 ppm and C, near 27
ppm. The 7-co-11 potymer fuims both a- and y-phases, with two
peaks seen for C, (at 42.9 ppm and 39.4 ppm) cor-ustent with the
a- and y-phases, respectively.

The solid-state "N CP/MAS NMR spectra of the solution cast
samples of 6-co-11, 6-c0-12, 7<0-11, and 7-c0-12 are shown in
Figure 1. The spectra for 6-co-11, 6-co-12, 7-co-12, and 11-co-12
(spectrum not shown) contain a sharp peak near 89 ppm, consistent
with the y-phase, and a broad peak centered near 87 ppm for the
amorphous domains. The "N spectrum of the 7-co-11 polymer
contains multipte resonances with a sharp peak at 88 7 ppm and a
distinct shoulder near 84 5 ppm, conaister? w it v 2 - phases,
respectvely  The spectrum for aylon 6.rn 7 e
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spectra for soiution cast samples are shown in Table 2
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Tabte 2. CPT1 chemical shift data (ppm) for 1:1 random copolymers

sampie CO C. C, C.r C, NH*
6ca7 1735 430 363 303 280 845
268

§-co-11 1730 | 339 38 336 304 890
6eot2 | 1729 8 | s 3¢ 303 891
7co M 1732 | s2%w |t 335 279 84S
384 YJ - 887

'i Tocooi2 1731 | 1_1 3 337 304 891
Lll»co-!Z ( 1731 357 l e 336 l 303 88

a - data frem CP/MAS expenments
b - peaks not cleanty separaled

The C spin-lattice relaxatnon times taken at 100.6 MHz for
the 6 copolymers are shown in Table 3. The magnetization decays
were fit to three components indicating the presence of a mobite
amorphous phase with retaxation times of hundreds of milliseconds,
a constrained amorphous or interphase region with relaxation times
of several seconds, and a rgid phase relaxing on the order of tens
of seconds. The T, value of the slow-relaxing component of these
copolymers is similar to that of sctution cast nylon 7 (eg. C, T, ot 80
s) which formed well-ordered comains of y- and a-crystaliites ?

Table 3. Random copolymer *C spin-lattice relaxation data (in sec)

| e .
i 04
L g 22
i 212
Ce
{ €cg ¥t 54
431
a5
€ co12 83
726
11 ce 06 03
7co-11* 45 32 51 23
627 45.5 494 518
08 05 c4 04
7-co 12 80 38 57 34
967 €10 53.4 419
04 nz2 09 0.4
11-¢0-12 42 12 70 50
337 25¢ 444 332

a - data for a-phase

The WAXS patterns are shown in Figure 2. Most of the
scattering patterns for the as-obtained polymers contain peaks
centered near 26=21.1 which are very broad, indicating low levels of
order Peak maxima in the patterns of the solution cast samples
shift to 20=21.5 and the peaks narrow, consistent with solution
casting resulting in higher order compared to the as-obtained
samples For example, the scattering patterns of the 11-co-12
samples were deconveluted to give two peaks. The sharpest peak
appeared at 26=21 4 and 21 & tor as-obtained and cast samples,
respectively, with the latter 257 larger than the former.

Conolymer. £-¢o-7 ans 7-.o-11 are afferent from the others,
Hyinr £ 67 torme an s orare in an etared and soluton cast
Wrs  zithough the inrmer i<~ Lre getective than the latter based on
the ccattening patterns. Nyion 7-co-11 forme an a-phase as-obtained
and both crystaline phases upon solution casting similar to what was
seen for nylon 72 The y-phase dominates the scattering pattern of
the so'ution cast sample (greater intensity of the peak at 26=21.5).
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Figure 1. Solid-state "N CP/MAS NMR spectra of 1.1 random
copolymers taken of solution cast films. Main peaks appear near
89 ppm, consistent with the y-phase (a-phase is near 84 ppm)
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Figure2. Wide-angle X-ray diffracticrpatterns for 1 1 random cciory
mers: A)nylon 6-co-7, B)nylon6 <o- 11, C)nylon €-co-12. D) nylon 7 co-
11, €) nylon 7-co-12, and F) nylor: 11-co-12 Left column s for as-
obtained sample, while the right column s for solution cast films
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