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ABSTRACT: Fourier transformed pulsed l3C nuclear magnetic resonance spectroscopy has  been used to  quant i -  
tatively measure the cis and t rans  content in a series of eight polypentenamers. Multiple measurements on each 
sample showed t h a t  the precision of the 13C nmr  analysis is &O.8% over the  concentration range of 6.9-85.570 
t rans .  Spin-lattice relaxation t imes for the methylene carbons varied from 0.5 to  1.4 sec, depending on the overall 
t rans  content of the  polymers. 

Polypentenamer, (-CH2CH&H=CHCH2-),, is pro- 
duced by the ring-opening polymerization of cyclopentene. 
In the past,l-1° the determination of the relative concen- 
trations of cis and trans structure was based upon an in- 
frared method developed for analyzing polybutadiene.ll 
However, inexact absorption coefficients and problems 
with band overlap left the resultant analyses open to 
question. 

Carbon-13 nuclear magnetic resonance spectroscopy 
(13C nmr) seemed ideally suited for determining the iso- 
mer composition in polypentenamers. We have used 13C 
nmr as the primary analytical method to precisely deter- 
mine the isomer composition of a series of eight polypen- 
tenamers. These results and samples will provide stan- 
dards to determine infrared absorption coefficients, and 
thus provide a new infrared analysis.12 

Two recently published books13314 clearly show that the 
flurry of research over the past few years has firmly estab- 
lished carbon-13 nuclear magnetic resonance (13C nmr) as 
a valuable spectroscopic tool for the organic chemist. Its 
potential for establishing polymer molecular structure has 
equally been exciting and e n ~ o u r a g i n g . l 5 - ~ ~  The advan- 
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tage of carbon-13 over proton nmr has been the dispersion 
of chemical shifts over a much wider range. This has 
meant that  unique, separate nmr peaks have been ob- 
tained which describe molecules with subtle differences in 
molecular structure. The analytical use of 13C nmr has 
been suggested and used to a limited extent to quantita- 
tively measure ~tereoconfigurationl~-~6~24 and monomer 
sequence distribution.21-27,28 However, no detailed inves- 
tigation has been reported on precision or accuracy if 13C 

nmr is used as the primary analytical method for measur- 
ing polymer microstructure. 

As with proton nmr, measurements of peak areas are 
necessary to obtain quantitative analyses. Allerhand has 
predicted42 that l3C integrated intensities should be valid 
as a carbon count in spectra of complex molecules. Schae- 
fer31 subsequently has shown that within a polymer sys- 
tem the carbons undergo equal nuclear Overhauser en- 
hancement (NOE), even though the total NOE of differ- 
ent polymers may not be equal or maximum. Hence one 
can compare relative areas within a 13C nmr spectrum 
without fear of inadequately accounting for all of the area 
of a given structural feature. 

Experimental Section 
The  13C nmr  spectra were obtained in natural  abundance from 

the  Fourier transforms ( F T )  of the proton noise-decoupled 
free induction decays. The  pulsed F T  spectra were recorded on a 
Varian XL-100-15 operating a t  25.16 MHz.  Spectra were obtained 
from o-dichlorobenzene solutions (10 w/v %) a t  60”. Although O- 

dichlorobenzene prevented obtaining olefin carbon chemical shift  
information, this was the best solvent to dissolve the range of 
polymers studied. Spectra  were obtained using sweep widths of 
2500, 1400, 1000, and 300 Hz. But  the  d a t a  shown were obtained 
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Figure 1. 13C pulsed (FT) nmr spectrum of the methylene car- 
bons from a high trans polypentenamer (85.5% by 13C nmr); 10% 
w/v in o-dichlorobenzene at 60". 

using 1400 Hz. This produced sufficiently high resolution and had 
no solvent "fold-over." The data were obtained using a pulse rep- 
etition rate of 15 sec (2.8-sec acquisition time, delay time of 12.2 
sec) in case long spin-lattice relaxation times ( T I )  were present. 
However, later we determined the value of 2'1 and the quantita- 
tive analysis were not altered by eliminating the 12.2-sec delay 
time for the highest trans polymer (sample A). The other spec- 
trometer conditions were 43-psec 90" pulse, 8030 data points, and 
300 transients/spectrum. Peak areas were measured by both elec- 
tronic integration and with a compensating polar planimeter. The 
latter had a higher precision by a factor of two or three. Future 
improvements in the computer program for plotting the integrals 
could improve the precision of electronic integration. Spin-lattice 
relaxation times (TI) were measured for the methylene carbons 
by the inversion-recovery method described by Freeman and 
Hi11.43 

The polypentenamers were prepared by the ring-opening poly- 
merization of distilled cyclopentene using tungsten hexachloride- 
triethylaluminum catalysts following previously published proce- 
d~res .~JO Polymers of inherent viscosities in the range of 1.5-6.0 
dl/g (toluene, 25") contained, according to infrared analysis, only 
cis and trans main-chain double bonds and no vinyl groups. Ap- 
proximate compositions were determined by an infrared method 
for cis and trans analysis in polybutadienes.ll After the approxi- 
mate infrared analyses, samples were categorized in order of in- 
creasing Tg, T,,, and T ,  by differential scanning calorimetryg 
and from these we selected eight samples for the development of 
the 13C nmr method. 

Results 
The  methylene carbon resonances in a 13C nmr  spec- 

t rum of a high trans polypentamer are shown in Figure 1. 
T h e  assignments were made based on the 13C chemical 
shifts reported for cis- and trans-1,4-polybutadiene. As 
can  be seen in  Figure 1, there is fine structure displayed 
in the cis a and especially in the P resonances. These 
small resonances reflect configurational sequence informa- 
(43) R. Freeman and H.  D. W.  Hill, J Chem Phys , 54,3367 (1971) 

Table I 
Carbon-13 Chemica l  Shiftsa fo r  Po lypen tenamer  

Methy lene  Carbon  A t o m s  

Methylene Carbon 6c 

cis 01 

Trans CY 

P 

27.0 
32.4 
29.9 

a Parts per million downfield from Me4&, chemical shift is 
for the largest resonance within a resonance region for a 
85.5% trans polymer (see Figure 1). 

Table I1 
Polypentenamer Compositionc Determined b y  I3C N m r  

% Transa No. of 13C 
Sample (Mean Value) A (% Trans) * Measurements 

A 
B 
C 
D 
E 
F 
G 
H 

~~ 

85.5 
82.9 
80.9 
68.6 
62 .O 
2s .8 
1 6 . 8  
6 .9  

0 . 4  
0.8 
0.7 
1 .6  
0.7 
1.1 
0 .5  
0 . 4  

a % trans = 100(trans CY area)/(trans 01 area + cis Q 

area). * Average deviation of % trans from the mean value. 
c As a check on internal consistency of 13C nmr data, overall 
mean value of (trans CY + cis c~)/2P = 1.015 =t 0.016. 

tion and are a function of trans or cis concentration. We 
have found, using sufficient resolution, tha t  the trans a 
resonance reflects similar information. The intent of this 
report is not t o  discuss the structural implications of the 
configurational sequences4* but  to  obtain a n  accurate 
analysis of total cis and trans composition in polypentam- 
er. Consequently such an  analysis can be obtained from 
area measurements of the cis and trans a resonances. 
Such measurements would include the entire resonance 
region assigned to either the cis or trans methylene with- 
out consideration of how the fine structure details relate 
to  configurational sequences. Table I gives the 13C chemi- 
cal shifts of the methylene resonance from polypentenam- 
er. Figure 2 shows a horizontal expansion of the spectrum 
from Figure 1. These resonance areas were measured using 
both a planimeter and electronic integration. The mole 
fractions of cis and trans isomers in the polypentenamer 
were calculated from the relative areas of the cis and 
trans a-methylene resonances. The I3C nmr determined 
composition of a series of eight polypentenamers are given 
in Table 11. Twice the P-methylene resonance area must 
be equal to the sum of the cis and trans a-methylene 
areas. Consequently, as a check on internal consistency, 
t he  ratio of (trans a + cis a ) / 2 P  is also given in Table 11. 
The  average deviation from the mean and the number of 
measurements made on each sample are also shown. 
Table 111 shows the peak area measurements for sample F. 
These da ta  are typical for the observed spread in peak 
areas measurements. Table IV reports the spin-lattice re- 
laxation times measured for high and low trans polypen- 
tenamer. Obviously, the trans content affects the value of 
T I .  However, the quantitative analytical results shown in 
Table I1 will not be affected because a sufficiently long 
pulse repetition rate was used to preclude attenuation of 
the  resonance areas. 

Discussion 
The reported 13C chemical shifts for the methylene car- 

bon a to the double bond in 1,4-polybutadiene are 21.7 
(44) C. J. Carman and C. E. Wilkes, in preparation. 
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Table 111 
Representative 13C N m r  Area Measurementsa 

h 

Figure 2. Horizontal expansion of I3C nmr spectrum shown in 
Figure 1. 

trans a - 
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Figure 3. 13C pulsed (FT) nmr spectrum of methylene carbons 
from a 62% trans polypentenamer; 10% (w/v) in o-dichloroben- 
zene at 60". 

ppm for the cis isomer and 33.1 ppm for the trans iso- 
mer.17~29 The assignments of the a-methylene carbon reso- 
nances to cis or trans configurations in polypentenamer were 
made by comparing the observed chemical shifts in Table 
I to  the data for polybutadiene.l7329 The very close agree- 
ment between the 13C chemical shifts of the a-methylene 
carbon in these two polymer systems seems more than co- 
incidental and gives us confidence in our assignments. 
The resonance a t  29.9 ppm can be assigned to the @ peak. 
This peak is p r e d i ~ t e d ~ ~ - ~ ?  to be at  30.0 ppm. Also its 
area relative to the assigned a-methylene carbon reso- 
nances satisfies a necessary critereon. Consider the @- 

(45) C. J.  Carman, A. R. Tarpley, Jr., J .  H. Goldstein, Macromolecules, 6, 
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Resonance Areas 
Expt 
N0.b Trans CY p Cis a % Transc Rd 

1 0.88 1 .60  2.30 27.7 0.994 
2 0.82 1.39 2.10 28.2 1.050 
3 0.90 1 .55  2.05 30.5 0.952 

a Data were those used to analyze polypentenamer sample 
F in Table 11. b Experiments 1, 2, and 3 were run on three 
successive weeks. c % trans = 100(trans 01 area)/(trans (Y 

area + cis CY area). R = (trans 01 + cis cy)2p. 

Table IV 
Spin-Lattice Relaxation Times 

TI (msec). 
~ ~~ 

Sample % Trans Trans 01 B Cis cy 

A 85.5 525 556 539 
G 16.8 1370 1220 1290 

a Measured a t  39OC using a 300-Hz sweep width, 12.0-sec 
acquisition time, and 13.0-sec delay tlme. 

methylene carbon in a polypentenamer chain. 

-CH=CHCHJ-CH,CH2CH=CHCH2-), 
a d o  

The @-methylene resonance area will be half the area of 
the total methylene carbons which are a to the double 
bond. As shown in Table 11, the relationship 

(cis a + trans a)/2@ = 1 

holds regardless of composition. (This of course assumes 
no vinyl content, which is verified by infrared study.) Not 
only does this equation substantiate the assignment of the 
resonance at  29.9 ppm, but it also provides a method to 
check for internal consistency within a spectrum. 

Of the eight polymers studied, only sample D showed 
evidence of a resonance a t  30.7 ppm due to some impuri- 
ties. This impurity could come from cyclic structures pre- 
viously suggested,llb or some small molecule impurities. 
The area of the resonance at  30.7 ppm was 3.3% of the 
total methylene areas. However, the presence of the im- 
purity does not seem to affect the a or @ resonances used 
for the composition analysis. The ratio of (cis a + trans 
a) /2@ was 0.984 for an average of five measurements. 

One must consider the effects of both spin-lattice relax- 
ation ( TI) and nuclear Overhauser enhancement (NOE) 
on quantitative analysis of 13C nmr spectra. Schaefer and 
Natusch have shown that within a given polymer system 
all carbons undergo equal NOE.31 Even though maxi- 
mum48,49 theoretical NOE may not be achieved, one can 
use integrated peak areas of carbon spectra to perform 
quantitative analyses. Certainly the trans and cis a-meth- 
ylene carbons have equal NOE as there would be lack of 
consistency relative to the @ peak otherwise. We are con- 
cerned that  perhaps TI would be different for the cis and 
trans a methylene resonances. During the initial investi- 
gation we used a delay time of 12.2 sec in conjunction 
with a 2.8-sec acquisition time. Using such a long repeti- 
tion time between pulses assured us that the measured 
areas should not be attenuated if one of the carbons had a 
long TI. Subsequent measurement of TI, using the inver- 
sion recovery technique,43 found that, within experimen- 
(48) K.  F. Kuhlmann and D.  M .  Grant, J,  Amer. Chem. S O C ,  90, 7355 
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tal error, TI’S for the a-methylene carbons did not differ 
from each other or from the p carbon, a t  a given isomer 
composition. (The values for T I  are given in Table 111.) 
The  average TI  of E130 msec for a 85.5% trans polymer is 
close to values reported for similar carbons in high molec- 
ular weight p o l y m e r ~ . 3 1 , 3 2 , 4 ~ , ~ ~  An increase in TI  to 1.29 
sec for the high cis polymer is noteworthy and possibly re- 
flects a n  increase in segmental motion.50 Until we do a 
more detailed study of the effect of isomer composition on 
TI, we do not feel it is advisable to comment further on 
the increase in TI .  However, as  mentioned in the Discus- 
sion section, the data  were obtained under instrument 
conditions that  allowed for the longer value in TI .  Conse- 
quently, the analytical results in Table I1 are reliable. 
Sample A was reanalyzed using only an acquisition time 
of 2.8 sec (the 12.2-sec delay time was eliminated). The 
same analysis for trans content was obtained, and the 
analysis time was reduced from 1.2 hr to 14 min. 

We indicated thai in Figures 1 and 2, the trans cy and 
cis cy resonances are each actually composed of two reso- 
nances, and the (I resonances, three resonances. We 
suggest that  each of the three major kinds of methylene 
carbons may also reflect linkage of cis and trans mono- 
mers. Figure 3 shows how the appearance of the spectrum 
changes at  a higher cis concentration. The interpretation 
of the spectra in terms of sequences of configurational 
linkages is not needed for the analytical determination of 
cis and trans configuration. However, we do point out tha t  
there is no resonance due to cis-trans linkages intermedi- 
a te  in chemical shift to  the trans at  33.1 ppm and cis a t  

(50) G. C. Levy, Accounts Chem. Res., 6, 161 (1953) 

27.7 ppm. Such an intermediate peak was expected for 
cis-trans linkages in p o l y b ~ t a d i e n e . ~ ~  If such a peak had 
been present in polypentenamer the analytical problem 
would have been considerably more complicated. An in- 
terpretation of the 13C spectra of polypentenamers in 
terms of configurational sequence distribution will be the 
topic of a later rep0rt .4~ 

The simplicity and internal consistency of these data  
demonstrate that  polypentenamer is the very regular, re- 
peating structure, (-CH=CHCHZCH~CH~-), .  There is no 
apparent isomerization during polymerization forming se- 
quences having two and four methylene groups between 
olefinic carbons. If -CH=CHCHzCHzCH=CH- were 
present, we would observe resonances analogous to poly- 
butadiene a t  27.7 ppm for cis cy-CHz carbons or a t  33.1 
ppm for trans cy-CHz carbons. These were not‘detected. If 
a significant amount of -CH=CHCHzCH&HzCHzCH= 
CH- were present, we would not have observed the con- 
sistency in the relationship, (cis cy + trans a ) /2p  = 1, as 
a function of composition. The consistency observed for this 
relationship precludes a significant contribution from the 
sequence of four methylene groups between a pair of olefinic 
carbons. 
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Influence of Conformational Isomers on the Circular Dichroism 
of Poly(L-proly1glycine)l 
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ABSTRACT: T h e  circular dichroism of poly(L-prolylglycine), which has  previously been shown t o  be in a statist i-  
cal conformation, has  been measured in 2 : l  (v /v)  ethylene glycol-water over t h e  temperature  range 50 t o  -132”. 
Only negati,ve circular dichroism is observed in t h e  spectral  range covered. T h e  min imum near  202 n m  changes 
from -6.0 cmz /mmol  a t  50” t o  -9.3 cm*/mmol a t  -132”, a n d  a n  isosbestic point is observed near 213 n m .  There 
is a one-to-one correlation between t h e  circular dichroism a t  the  min imum and the  area of the two resonances ob- 
served for t h e  (i proton of t h e  L-prolyl residue and  t h e  amide  proton of t h e  glycyl residue in the  220-MHz p m r  ob- 
ta ined by Torchia.  Consequently t h e  same configurational change must  be responsible for t h e  effects seen in the  
proton n m r  a n d  CD. These effects have previously been a t t r ibu ted  t o  cis-trans isomerization about  t h e  glycyl-L- 
prolyl pept ide bond.  However. t h e  possibility t h a t  isomerization may  also occur about  the  C“-C’ bond in t h e  L- 
prolyl residue cannot  be eliminated. 

The statistical conformation of a polypeptide chain is 
determined by its conformational energy maps-5 and the 
concomitant statistical mechanical a ~ e r a g i n g . ~ , e  The 
usual considerations of torsional potentials, attractive and 
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repulsive nonbonded interactions, and dipolar interac- 
tions, which determine the conformational energy as a 
filnction of rotational angle, are influenced by the side 
group on the 0-carbon atom and the solvent medium. 
Isomerization about the peptide bond will, in addition, 
also affect the conformational energy and thus the average 
chain structure. We can, therefore, expect that  different 
polypeptide chains, or the same chain in different thermo- 
dynamic environments, despite being in statistical confor- 
mations and displaying the properties expected for diso- 
riented chain molecules, will reflect different populations 
of allowed rotational states characteristic of the single 
bonds. A randomly coiled polypeptide chain can thus re- 


