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Figure 2. 2D heteronuclear lH--13C correlated NMR spectrum 
of 13C-enriched cellulose in N,N-dimethylacetamide-d9-LiC1 so- 
lution a t  70 "C (contour plot). On the F1 axis (vertical) is given 
the projection of the proton spectrum correlated to the carbon 
spectrum. On the F, axis (horizontal) is given the projection of 
the carbon spectrum correlated to  the proton spectrum. 

axis shows the projection of the proton spectrum correlated with 
carbon nuclei. 

This 2D NMR spectrum reveals in one experiment all the 
correlations between I3C and scalar-coupled 'H nuclei. With the 
13C spectrum as a basis, the two well-known C-1 and C-4 low-field 
resonances-the two carbon atoms being involved in the /3(1--4) 
interunit bond-confirmed the position of the H-1 and H-4 signals. 
The C-6 resonance, the only methylene carbon atom of the D- 
glucopyranosyl unit, yields two contour signals and thus allows 
the assignment of the two H-6 signals which were not visible in 
the COSY spectrum. Then from the known resonance of the 
COSY spectrum the C-2, C-3, and C-5 resonances can be assigned 
via their correlations with the corresponding protons. 

It is shown here that cellulose, one of the most difficult natural 
polymers to  dissolve, can be studied by classical 2D correlated 
NMR techniques. The latter yield important results concerning 
assignment which are not possible by other NMR techniques, 
owing to the high solution viscosity and consequently the lack 
of resolution of the spectra. 

2D heteronuclear 13C-lH NMR is a time-consuming technique 
for macromolecular solutions and therefore the use of uniformly 
'%enriched samples is justified. 

The total assignment of both 13C and IH spectra for cellulose 
makes it possible to use NMR to study macromolecular confor- 
mations in solution, as well as that of the existing hydrogen bonds, 
or to  study the dissolution mechanism of natural hydroxylated 
polymers. Work is in progress for more complicated poly- 
saccharides, for which the constitutive blocks are as follows: (i) 
two D-glUCOpyranOSyl units &e., nigeran),15,16 (ii) three D-ghC0- 
pyranosyl units (Le., sc ler~glucan) ,~~ and (iii) five sugar units (i.e., 
xanthan).18 

Registry No. Cellulose, 9004-34-6. 
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Introduction 

Recently, Watanabe et al. observed that polymer 
main-chain scission is induced by chloro-substituted ni- 
troso comp~unds.l-~ These compounds interact with the 
macromolecules, resulting in hydrogen ab~traction.~ Wa- 
tanabe et d. studied in detail the main-chain scission in- 
duced by 2,4,6-trichloronitrosobenzene (TCNB) in a 
benzene solution of polystyrene (PSt).'t2 The main-chain 
scission was established from the decrease of molecular 
weight, and the polymer radicals formed were identified 
from ESR spectra. The experimental ESR spectra were 
assumed to be a superposition of signals originating from 
the radicals 
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in accordance with a theoretical reaction mechanism (see 
Scheme I in ref 1). The spectroscopic parameters of these 
radicals were listed in Table I in ref 1. In the case of 
main-chain scission, however, besides radical I1 the pres- 
ence of a radical with two 0-hydrogens can also be ex- 
pected. The aim of the present work is to demonstrate the 
formation of radical IV in the process of main-chain 
scission of PSt induced by chloro-substituted nitroso 
compounds. 

'Also: Department of Chemical Technology, Eotvos Lorlnd 
University, H-1088 Budapest, Mfizeum krt. 6-8, Hungary. 
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IV 
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DCNB. Q =  H 

Experimental Section 
A PSt calibration standard (EGA product, Mn = 100000, 

Mw/Mn = 1.2) and 2,6-dichloronitrosobenzene (DCNB) were used 
for the experiments. DCNB mol/L) was added to a 10% 
(by weight) benzene solution of PSt. Air was carefully removed 
from the samples by four freeze-thaw cycles in vacuo, and the 
tubes were sealed. The measurements were performed on a JEOL 
JES-FE 3X ESR spectrometer with a 100-kHz modulation fre- 
quency; the samples were tempered in the cavity of the spec- 
trometer with fl "C accuracy. The ESR spectra were evaluated 
by computer simulation, and the theoretical spectra were obtained 
by a PDP 11 compatible Hungarian-made EMU 11 minicomputer 
(KFKI). 

Results 

Upon mild heating of the benzene solution of PSt and 
DCNB a signal consisting of nine hyperfine (hf) lines with 
superhyperfine (shf) structure was detected by ESR 
spectroscopy (Figure la). There are two ways to interpret 
this spectrum: 

(i) The spectrum can be considered as a superposition 
of six-line and three-line (without additional shf structure) 
patterns, which can be assigned to radical I and/or I1 and 
radical 111. The P-hydrogen coupling of the six-line signal 
is extremely large (about 1.8 mT). To our knowledge this 
is the case only when the radical is trapped by sterically 
hindered 2,4,6-tri-tert-butylnitrosobenzene and, because 
of steric reasons the P-hydrogen atom is twisted completely 
out of the CNO plane.5 The large coupling should give a 
negative temperature coefficient, because with the increase 
of temperature the more effective inner rotation around 
the C-N bond results in a change of the average position 
of the (3-hydrogen closer to the CNO plane. 

(ii) The spectrum can be assumed to be a nine-line signal 
with alternating line width, which is assigned to radical 
IV. In this macro nitroxide radical the y-carbon atom is 
a chiral center, because it is bonded to four sterically 
significantly different groups. Therefore the system has 
no mirror plane symmetry and the two &hydrogens are 
not equivalent magnetically, which causes broadening of 
the central lines of the two @-hydrogen triplets (distorting 
the 1:2:1 intensity ratio for two equivalent 
The hf coupling of the 0-hydrogens is about 0.9 mT; this 
value can be detected in most of the cases when the radical 
is trapped by a not too bulky nitroso molecule. For this 
type of nitroxide radicals the P-hydrogen couplings usually 
have a weak temperature dependen~e.~ 

In order to decide between the two interpretations we 
investigated the temperature variations of the hf couplings 
of the nitroxide radicals formed. We observed that the hf 
coupling of the @-hydrogens increases slightly with tem- 
perature, while the widths of all nine hf lines decrease and 
the resolution of the shf structure is enhanced. The ESR 
spectra are shown in Figure 1, and the hf couplings are 
given in Figure 2. The temperature gradient of the 0- 
hydrogen coupling (3.3 X mT/OC) is twice that of the 
nitrogen coupling (1.6 X lo4 mT/"C), which indicates that 
the gradient of the fl-hydrogen coupling is not only a 
consequence of the increasing spin density on the nitrogen 
atom. On the basis of our results we can state that the 
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Figure 1. ESR spectra of PSt nitroxide radical in benzt le so- 
lution at two different temperatures: (a) 26 "C; (b) 80 ' C .  
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Figure 2. Temperature dependence of nitrogen and P-hydrogen 
hf couplings for PSt nitroxide radical. 

ESR spectra detected can be assigned to radical IV, even 
though for the interpretation of shf structure an additional 
assumption should be made. 

A shf structure consisting of a symmetric 1:5:10:10:5:1 
sextet corresponds to five equivalent protons. Since radical 
IV contains only one y-hydrogen atom in addition to the 
three ring protons, the actual shf pattern should be a su- 
perposition of two radicals with similar structure. This 
is also supported by the asymmetries within the shf line 
groups. As radical IV has a chiral center, there are two 
stereoisomers and their ground conformations have dif- 
ferent geometries (Figure 3). In one case the y-hydrogen 
coupling is nearly zero, while in the other case the coupling 
of the y-hydrogen is twice as large as the splitting mea- 
sured on the equivalent ring protons. (For diortho-sub- 
stituted rings, the couplings of the two meta protons and 
the para proton are nearly e q ~ a l . ~ )  In the first case the 
shf structure is given only by the ring protons, which yield 
a group of lines with a 1:3:3:1 intensity ratio, while in the 
second case the shf structure also depends on the y-hy- 
drogen; thus a 1:3:4:4:3:1 pattern is obtained. For both 
cases it was supposed that the corresponding couplings 
differ only slightly (aH; = aH;' and uN' = uy") and the g 
values are equal; thus the sum of weighte ntensities of 
shf structures with coinciding centers is 

1:3: 4 : 4 :3:1 
+ 2 : 6 : 6 : 2  
1 :5  :10:10:5:1 

Here the concentrations of the two chiral centers are taken 
to be equal. Our assumption was verified by computer 
simulation, where even the small asymmetries of shf 
patterns have been reconstructed (Figure 4). 

An ESR spectroscopic curiosity is that two different 
ESR spectra can be assigned to the two ground confor- 
mations of radical IV with the chiral center. To our 
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Figure 3. Molecular structure of the chiral PSt nitroxide radical. 
The two diagrams demonstrate the hypothetical stereoisomers 
of the two ground conformations. 

C 

Figure 4. Experimental spectrum of the PSt nitroxide c h i d  
radical pair at 80 "C (a) and ita simulated version (b). The 
theoretical spectrum (b) consists of two components (c and d) 
which are superposed with equal weights. The best fitting 
spectrum parameters are as follows: (c) g = 2.0066, U N  = 1.290 
mT, aHg = 0.925 mT, uH,,  = 0.058 mT, uH., = 0.120 mT; (d) g = 
2.0066, aN = 1.300 mT, aHg = 0.915 mT, U H , , ~  = 0.060 mT, U H ,  
= 0.005 mT. 

knowledge, no such radicals have been described in the 
literature. 

Indirect evidence was also obtained for the identification 
of the PSt radical adduct with structure IV. Reaction of 

ImT , 

Figure 5. ESR spectrum of styrene nitroxide radical in benzene 
solution at 20 "C. Spectral parameters: g = 2.0067; ON = 1.253 
mT, U H ~  = 0.904 m T  OH,,,, aH, 0.060 mT. 

styrene with chloro-substituted nitrosobenzene yields a 
nitroxide radical containing two @-hydrogense 

V 

The corresponding ESR spectrum consista of nine hf lines 
with slight line-width alternation. In the case of DCNB 
each hf line splits into a symmetric five-line shf structure 
with an approximate 1:4:6:4:1 intensity ratio, which can 
be assigned to three ring protons and to the y-hydrogen 
atom having nearly equal coupling constants (Figure 5). 
It is noteworthy that the coupling of the y-hydrogen of 
radical V is equal to the mean value of the y-hydrogen 
couplings assumed for the two-ground-conformation model 
of the chiral centers of radical IV. 

The identification of radical IV in the system investi- 
gated is a completion and support of the findings of Wa- 
tanabe et al.' about the degradation of PSt. 
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Registry No. PSt, 9003-53-6; DCNB, 601-88-7. 

References and Notes 
Watanabe, 0.; Tabata, M.; Sohma, J. Macromolecules 1984, 
17, 1139. 
Watanabe, 0.; Tabata, M.; Sohma, J.; Lund, A. Polym. De- 
grad. Stab. 1984, 7, 13. 
Tabata, M.; Watanabe, 0.; Sohma, J. Polym. Degrad. Stab. 
1981, 3, 443. 
Rockenbauer, A.; Siimegi, L.; MBger, G.; Simon, P.; Azori, M.; 
Gyor, M. Tetrahedron Lett. 1978,50, 5057. 
Rockenbauer. A.: Gvor. M.: JBkav. L.: Tudos. F. Adu. Mol. " ,  I 

Relax. Znt. Proc.'19?9, >5, 311. 
Gilbert. B. C.; Trenwith. M. J. Chem. Soc.. Perkin Trans. 2 
1973, 1834. ' 

Rockenbauer, A.; Gyor, M.; JBkay, L.; Tudos, F. Adu. Mol. 
Relax. Znt. Proc. 1980, 18, 231. 
Mulvey, D.; Waters, W. J. Chem. SOC., Perkin Trans. 2 1978, 
1059. 


