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Figure 1. Infrared spectra for PP-CHO (20), PP-CN (20), and
Hy-PP-CN (20).
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formyl groups present at the completion of the hydrogenation were
reconverted to the nitrile as follows.

Hp
PP-CN — Hy—-PP-CN + Hy —PP—CH=NH
- N3 3)

Hy —PP —CH==NH $—H;5—> Hy -PP-CHO

The hydrogenated polymer (8 g) was dissolved in a mixture of
p-xylene (500 ml) and pyridine (100 ml) at 80° under nitrogen,
and hydroxylamine hydrochloride (1 g) was added. Acetic anhy-
dride (100 g) was added to this hot mixture in portions. After the
resulting mixture was heated at 110° for 1 hr with stirring, the
product was isolated, purified, and dried in the usual manner. The
polymer was purified by reprecipitation from p-xylene-pyridine
solution into methanol and then dried at 40° in vacuo for 15 hr.

Polymer characterizations were carried out on the basis of ele-
mental analysis, Gel Permeation Chromatography (gpc), and in-
frared spectroscopy (ir). The results are shown in Tables II and III
and Figure 1, respectively. Table II shows good agreement between
calculated and observed values of carbon, hydrogen, and nitrogen
for all the derivatives.

Table III indicates a slight broadening in molecular weight dis-
tribution in going from the original PP to the most highly substi-
tuted derivative PP-CN (20). The effect is very small, however,
and indicates that no significant backbone degradation has oc-
curred as a result of the reaction sequences described above. Gpc
measurements were also carried out on the Hy-PP-CN derivatives
at 135° using dichlorobenzene as solvent. The resolution was too
poor under these conditions to permit meaningful comparisons to
be made. This poor resolution may stem from association of the
polymer in solution or interaction of the polymer with the column
due to the presence of the polar nitrile groups.

Figure 1 presents a comparison of the ir spectra of the PP-CHO,
PP-CN, and Hy-PP-CN derivatives. There is some evidence for
the presence of a small amount of acylated oxime groups (CH=N—
OCOCH3) in PP-CN and Hy-PP-CN (band at around 1740
cm™!). This is presumably an intermediate in the dehydration of
the oxime with acetic anhydride. In addition, the carbonyl stretch-
ing band at 1740 cm™! is more prominent in Hy-PP~CN than in
PP-CN. This could be due to the acylation of small amounts of hy-
droxyl side groups formed during hydrogenation by acetic anhy-
dride. A suggested sequence is presented in eq 4.

Hy ~NHj3

PP-CN — Hy-PP-~CN + Hy-PP-CH=—=NH g
+H,C

Hy ~PP-CHO

(4
Hy AC,0 )
Hy-PP-CHO -— Hy~PP-CH,0H ——

Hy — PP - CH,0COCH,

It may be concluded that the methods outlined in this note lead
to CN derivatives of the starting PP which are linear and of ap-
proximately the same mojecular weight and distribution as the PP
itself. The PP-CN derivatives contain small quantities of acylated
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Table II1

Gpc Data
Sample Solvent® 4, A A A A/dn
PP THF 4700 9,000 1.9
PP-CN (10) THF 4300 8,400 2.0
PP-CN (15)? THF 5000 8,700 1.7
PP-CN (20) THF 3300 8,200 2.5
Hy-PP TCB 6100 10,800 2.8

e For THF as solvent: room temp; column pore sizes of
108, 105, 104, 103 A. For TCB as solvent: 135°; column pore
sizes of 105, 105, 104, 10* A. * PP-CN (15) means PP having
about 12.5 mol % of pendant nitrile group.

oxime side groups and acetate side groups as a result of side reac-
tions. In addition, similar experiments with anionically polymer-
ized polybutadiene lead to essentially the same results as the PP,
no gelation occurs in contrast to the earlier study cited in the in-
troduction. Also, infrared measurements indicate the absence of
hydroxyl groups in the PP-CHO prepared by the present tech-
nique. The hydroformylation reaction with the cobalt catalyst
leads to appreciable quantities of hydroxyl groups in the product.
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The Far-Infrared Spectrum of Collagen

While the near and middle infrared absorption spectra of
collagen have been assiduously studied (see ref 1 for a re-
view), the far infrared region, i.e., the region below ca. 400
cm™!, has not received much attention. We report here the
spectra of native, partially denatured and fully denatured
collagen in the range 400-240 cm~! and comment on their
use toward the determination of the relative amount of de-
natured collagen in the solid state.

Collagen was extracted from rat tail tendon with 0.05 M
acetic acid, using a method similar to that of Piez, Lewis,
Martin, and Gross.2 A specimen of collagen extracted from
bovine hide by H. I. Sinnamon and coworkers (United
States Department of Agriculture, Philadelphia) and puri-
fied in our laboratory was also used as a control. (Spectra
obtained with the two collagen specimens were identical.)
A solution of denatured collagen was prepared from the
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Tablel
Relative Amount of Native
Collagen in Various Specimens

Far-infrared data Mid-infrared data

Specimen Agis/ Ao
description (= 3%) % H Apss/Ause B H
Native collagen, 0.295 100 1.38 100
cast at 23°
Gelatin, cast 0.227 76 + 12 1.15 T +9
at 4°
Gelatin, cast 0.158 46 + 10 0.94 44 + 10
at 23°
Gelatin, cast 0.054 0 0.59 0
at 60°

above by heating at 60° over 15 min. Films of native colla-
gen, ranging in thickness from 5-to 50 u, were cast from 0.05
M acetic acid solution at 23° while films of collagen vary-
ing in extent of denaturation were cast from the solution of
denatured collagen at 4, 23, and 60°. The native character
of films cast from 0.05 M acetic acid native collagen solu-
tion at 23° has been confirmed by detailed analysis of the
tensorial components of the optical activity of such films.3
Spectra were obtained with Perkin-Elmer infrared spectro-
photometers Models 521 and 621. A filter change occurs
with the 621 instrument near 295 cm~! and for this reason
the observed absorbance in the range 300-200 cm™! re-
quires a correction in the form of a vertical shift. The mag-
nitude of the required correction as well as confirmation of
the absorbance values observed with the 621 instrument
were both conveniently obtained by repeating the measure-
ments with the 521 instrument. Results obtained with the
two instruments agreed within 5% (except in the range
250-200 ecm~! which is not available with the 521 instru-
ment; also, data obtained in this region with the 621 instru-
ment were poorly reproducible).

The results show that native collagen has an absorption
peak at 345 cm ™! (see spectrum A in Figure 1). In addition,
our data in the region 300-250 cm™! suggest the possibility
that several weak absorption bands appear in this region
but the resolution of our instruments does not justify a
more definitive statement about the location or nature of
these bands.

There is, however, no doubt that the 345-cm~! band of
collagen originates in the triple-helical (tertiary) structure
of the molecule. This conclusion emerges unavoidably from
the observation (spectrum D in Figure 1) that the band is
effectively abolished when the specimen is prepared by
casting at 60°; the latter procedure is the method, well-
known from the X-ray diffraction work of Bradbury and
Martin,* of preparing “hot-cast” gelatin, a protein which
has the amino acid sequence (primary structure) of native
collagen but which lacks any higher level of structural
order. Bradbury and Martin* also observed that films cast
at 23° from a gelatin solution (“cold-cast” gelatin) gave an
X-ray diffraction pattern which was similar, though not
identical, to that of native collagen. Spectrum C in Figure
1, obtained with a film cast at 23° from a solution of dena-
tured collagen, indeed shows a peak absorbance which is
intermediate between that of the native film and that of
the fully denatured film. In the course of our work we dis-
covered that it is possible to prepare a form of gelatin
which is less denatured than the “cold-cast” gelatin of
Bradbury and Martin* by casting a gelatin solution at 4°.
The spectrum obtained thereby is presented in Figure 1
(spectrum B).
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Figure 1. The spectra of native, partly denatured, and fully dena-
tured collagen films in the region 400-240 cm™!: A, native collagen,
cast at 23°; B, denatured collagen (gelatin) cast at 4°; C, denatured
collagen, cast at 23° (“cold-cast” gelatin); D, denatured collagen,
cast at 60° (“hot-cast” gelatin). All films cast from 0.05 M acetic
acid solution.

Values of the peak absorbance at 345 cm™!, Ag45, were
obtained by use of a straight base-line tangent to the
troughs on either side of the band. Differences in specimen
thickness were corrected for by dividing values of 4345 by
the peak absorbance at 1450 cm™!; the latter band serves as
a useful internal standard since it has been shown? to be in-
variant with gross changes in the relative extent of dena-
turation. The ratio R = A345/A1450 was accordingly con-
sidered to be a measure of the apparent helix content (per
cent of maximum possible helicity or % H) by arbitrarily
taking R eqivalent to 0% H for hot-cast gelatin (cast at
60°C) and to 100% H for native collagen and by using lin-
ear interpolation to assay for specimens possessing R
values intermediate between these two extremes. The re-
sults appear in Table 1.

In order to test the validity of linear interpolation we
compared the values of % H obtained above with values ob-
tained by use of a different band in the collagen spectrum,
the amide IIT band occurring at 1235 cm~1, which has been
shown! to be very sensitive to the presence of the tertiary
structure of native collagen. The results obtained by use of
the two bands, one in the mid infrared and the other in the
far infrared, show good agreement (Table I). Other results®
show agreement of the % H values obtained by infrared
spectroscopy with values obtained by use of optical rotato-
ry dispersion.

Acknowledgment. The authors acknowledge the techni-
cal assistance of F. H. Silver and the generous donation of a
specimen of bovine collagen by H. 1. Sinnamon. Authors
P.L.G., CH, and I.V.Y. acknowledge the partial support of
a Public Health Service Grant AM 11919 from the National
Institute of Arthritis, Metabolism and Digestive Diseases,
and support of a Program Project Grant HL 14322 from
the National Heart and Lung Institute to the Harvard-
M.I.T. Program in Health Sciences and Technology. R.C.L.
thanks the National Science Foundation for support
through Grant GP-35677.

References and Notes

(1) L. V. Yannas, J. Macromol. Sci., Rev. Macromol. Chem., 7,49 (1972).

(2) K. A. Piez, M. S. Lewis, G. R. Martin, and J. Gross, Biochim. Biophys.
Acta, 53,596 (1981).

(3) I. V. Yannas, N.-H. Sung, and C. Huang, J. Phys. Chem., 76, 2935
(1972).



956 Communications to the Editor

4) M. Bradbury and C. Martin, Proc. Roy. Soc., Ser. A, 214, 183 (1952).
(3) -H.

E.
N. Sung, C. Huang, and L. V. Yannas, unpublished data.
P. L. Gordon, C. Huang, R. C. Lord, and 1. V. Yannas

Fibers and Polymers Laboratories,
Department of Mechanical Engineering and
Spectroscopy Laboratory

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

Received July 12, 1974

Polymerization vic Betaine. V.! Alternating
Copolymerization of 1,3,3-Trimethylazetidine with
Acrylic Acid. A Novel Method for the Preparation of
Amine-Ester Type Polymer

This communication describes an alternating copolymer-
ization of 1,3,3-trimethylazetidine (TMA) with acrylic acid
(AA) to give an amine-ester type polymer 1. Recently, we

CH,§
X N—CH, + CH=CHCOH —>
CH, W
T™A

CH, CH,
I
CH,CCH,NCH,CH,CO (1)

CH,

n

1

have reported a new type of alternating copolymerizations
of cyclic imino ethers, e.g., 2-oxazoline (OZO) and 2-benzy-
liminotetrahydrofuran (BIT), with B-propiolactones (8-
PL) and with AA to produce alternating copolymers of
amide-ester type structures, 2 and 3, respectively (eq 2 and
3).1-¢ A mechanism of the “polymerization via betaine” has

0
W EO/ }‘(CHJCH,TCHZCHZWO
0
CH,=CHCOH HO o):
2

070
(2)
w ol
+ 0
O
NR CH,=CHCO.H
(R=CH.C.H.)
BIT
CH.CH,CH,CNCH.CH,CO (3)
I |
OR o/

3

been proposed for these copolymerizations, i.e., 4 and 5 are
considered to be the key intermediates in the alternating
copolymerizations of OZ0O-8PL and 0ZO-AA (eq 2)2-* and
BIT-SPL and BIT-AA (eq 3),! respectively. In both reac-
tions (eq 2 and 3) cyclic imino ethers of OZO and BIT serve
to provide a cationic site of betaines of 4 and 5.

NCH,CH,CO,”
L J LA
0 “FNNCH.CH,CO,~

|
CH,C.H:
5
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Figure 1. Ir spectrum of the TMA-AA copolymer (KBr).

w
N

T (s O
Figure 2. Nmr spectrum of the TMA-AA copolymer (CDCl3).

As an extension of our studies on the copolymerization
via betaine, we employed TMA as a comonomer providing
a cationic site of the betaine components. Now, we disclose
a novel type of alternating copolymerization of TMA with
AA (eq 1). Cationic homopolymerization and its kinetics of
TMA have recently been carried out by Schacht and Goe-
thals.56 However, the copolymerization of TMA has not
been reported so far.

An equimolar mixture (3.3 mmol each) of TMA and AA
in 1.0 ml of acetonitrile was placed in a sealed tube under
nitrogen and kept at 80° for 3.5 hr. Copolymerization took
place without added initiator. The reaction mixture was
then poured into a large excess of diethyl ether to precipi-
tate the polymeric material. The gummy polymer was sepa-
rated by filtration, dissolved in chloroform, reprecipitated
by pouring the solution into an excess amount of diethyl
ether, and dried in vacuo. The yield was 0.51 g (89%). The
structure of the copolymer was determined by nmr, ir, ele-
mental analysis, and an alkaline hydrolysis experiment.

The ir spectrum of the copolymer (Figure 1) shows ab-
sorptions at 1735, 1170, and 1040 cm™!, which indicate the
presence of an ester group. Figure 2 shows the nmr spec-
trum of the copolymer. A signal at § 3.8 (peak A) is ascribed
to methylene protons of -OCHs-. Signals at § 3.0-2.2
(B) are due to three kinds of methylene protons of
_CHsNCH;CHCO5-~. Signals at § 2.2 (C) and 0.9 (D) are
assigned respectively to methyl protons of NCHj3 and
C(CHjs)o. The relative intensity of signals A:(B + C):D was
2.0:9.0:6.0. Furthermore, signals due to neither olefinic pro-
tons nor carboxylic acid proton were observed. These spec-
tral data strongly support that the structure of the TMA-
AA copolymer is 1. The results of the elemental analysis
show the 1:1 composition of TMA and AA.

Anal. Caled for (CoH17NO»),.: C, 63.13; H, 10.00; N, 8.18.
Found: C, 62.85; H, 9.95; N, 8.30.

The alkaline hydrolysis experiment further confirmed
the copolymer structure 1. The copolymer (50 mg) was dis-
solved in 1.0 ml of a 10% solution of NaOH in D20 and kept
at 65° for 1 hr. The reaction mixture was then subjected to
nmr measurement. The sole product was the sodium salt of



