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Summary 
I t  is shown that 2D proton-carbon correlation NMR spectra can be 

obtained for small amounts of polymers, typically In the range of 10 mg. 
This is accomplished by applying the so-called inverse-NMR technique which 
makes use of proton detection rather than carbon-13 detection. 
Several examples of direct and long-range correlations are shown applied to 
polyamide-4,6. 

Introductlon 
Two- and three-dimensional NMR are already firmly established tech- 

niques for the structure elucidatlon of large blopolymers (I-2). The advan- 
tages of improved resolution are combined with the posslbilltles for the 
detection of specific interactions. In the f le ld of synthetic polymers and 
copolymers, research has long been focussed on the determination of polymer 
microstructure (e.g. tactlclty) by ID 13C solutlon NMR, and I t  was not 
untll 1983 before the f i rs t  appllcatlon of a 2D experiment was publlshed 
(3). Since then, these experiments have become increasingly popular (4,5). 
I t  was pointed out by Bovey that wlth the appllcatlon of these multidimen- 
sional techniques, ~H-NMR regained some of Its importance i t  had always 
kept for the study of biopolymers (6). 
Very recently, he showed thls by performing a 3D NMR experiment, In this 
case 3D NOE/J-resolved applled to a copolymer of vinylidenecyanide and 
vlnylacetate, which gave the proton-proton coupllng constants (7). 
However, I f  the proton-carbon correlatlon is t ~  deslred information, until 
recently the less abundant and less receptive C-nucleus had to be 
detected. In the case of polymers, thls meant that good solublllty was a 
prerequisite (typically 10-30 % w/w, depending on the 2D NMR experiment) in 
order to reach a concentration necessary for a reasonable measurement time. 
Thls would imply that a number of interestlng, but less soluble, polymers 
can only studied by 13C CP-MAS NMR. Fortunately, developments in the 
research on biopolymers have led to a new technique, the so-called 
inverse-NMR (8). 
Magnetlzation Is transferred back to the proton which Is subsequently 
detected. The maln advantage of ~hls technique 11es in the improved sen- 
s l t l v l t y  which, In the case of ~oC, can be increased by a factor 31.6, thus 
allowing one to measure when only sample amounts in the mg-range are soluble 
(or avallable). We have explored the possibilities of a number of these 
inverse techniques for the correlation of proton and carbon resonances of 
polyamide-4,6. 
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Experimental 
All NHR spectra have been recorded on a Bruker AN-4OO spectrometer, 

equipped wlth an Aspect 3000 computer and array processor. For the 
lnverse-NHR measurements a 1H/13C 5 mm-dual probe was used. 
Polyamtde-4,6 (STANYL, trademark of DSN) has been synthesized according to 
l i terature data (9). Deuterlated formtc actd (DCOOD) was used as a solvent, 
and a concentration of 12mg/0.5 ml DCOOD was used. The Bruker pulse 
programs BIRD.AUR, INVREL2D.AUR and INVDR2LP.AUR were applied. Typically, 
128 scans were accumulated wtth a recycle delay of 1 sec for each of the 128 
experiments, resulting tn a 256 x 1K data matrix (after Fourter 
transformation), converlng 1200 Hz In the F2 dlmenslon and 2000 Hz In the F1 
dimension. 
Tl-notse has been subtracted from the 2D-spectra. 

Results and discussion 
Recently, we have studted extensively the assignments for both the 

end-group and main-chain resonances of polyamlde-4,6 vta conventional 2D 
NHR techniques, e.g. H-H and C-H COSY, relayed coherence transfer and COLOC 
(10). Results are 11sted In the table. 

0 0 0 0 
H H | g 

HO-CICH2CH2CH2CH2IC-(NHCH2CH2CH2CH2NH-C-CH2CH2CH2CH2-C)n-NHCH2CH2CH2CH2NH2 

ac Pc u 8c 3 4 4 3 1 2 2 1 8a u Pa aa 

PA-4,6 

Table 1. Assignments for the 1H and 13C NMR resonances O f pol~amlde-4,6 In 
DCOOD 

1 2 3 4 aa Pa Ya 8a ac Pc Yc 8c 

1H 2,37 1.66 3,27 1.57 3.23 1.79 1,65 3.31 2,43 1,65 1.65 2.37 
13C 35,46 25.19 39,65 25.95 40.33 24.33 25,59 39,19 33.33 23,88 25,10 35.50 

We have repeated these proton-carbon correlation exper|ments for a low 
molecular mass ollgomer of PA-4,6, and for a hlgh molecular mass polymer, 
but now applylng the Inverse NMR methods. In both cases, only 12 mg was 
dissolved tn 0.5 ml DCOOD, as compared to 400 mg in 3 ml tn the prevtous 
study (10), an effective decrease In concentration by a factor of 6. For 
the one-bone proton-carbon correlation, the ~H-detected heteronuclear 
multiple-quantum coherence experlment of Bax and Subramanlan was used (11). 
The BIRD pulse-sandwich, which preceeds the actual correlation pulse- 
sequence, serves to syRpress the unw~Qted 'center-signals' ,  caused by the 

protons connected to z=C Instead of zJC. Although, In principle, phase- 
cycling already serves this purpose, the actual result then c r i t i c a l l y  
depends on the s tab i l i t y  of both the spectrometer and the butldtng (e.g. 
f loor vibrations can have a large Influence (12)). 
In figure 1 the result of the BIRD-experiment ts shown. 
The experiment was done without X-nucleus decoupllng, therefore al l  reso- 
nances are sp l i t  to a doublet by a 1JCH-COupllng of 130-140 Hz. As can be 
seen tn ftgure 1, besides the matn chain resonances also some of the 
endgroup resonances can be detected. In figure 2, the results of the 
Inverse relay experiment (with BIRD suppression) are shown (13). 
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Figure 1. Inverse IH-13C correlat ion experiment applied to 12 mg of an o l l -  
gomer of polyemlde-4,6 dissolved tn 0.5 ml DCOOD 

Apart from the one-bond correlat ions, two new correlat ions appear between 
C-3 and H-4, and between C-1 and H-2. The correlat ions between C-2 and H-l ,  
and C-4 and H-3, are not observed. 
Because the one-bond proton-carbon coupling constant for C-2 and C-4 Is 
s l i gh t l y  smaller (128 Hz) than that for C-3 (140 Hz) and C-1 (131Hz), we 
performed a second experiment opttmlsed for a coupling constant of 128 Hz. 
However, thts dtd not Improve the resul t .  Apparently, the overall magnetiza- 
t ion t ransfer  ef f ic iency ts not equal for a l l  proton-carbon combinations. 
Even though not a l l  correlat ions are observed, the appl lcapabl l l ty  of these 
Inverse experiments to the polyamlde-4,6 ollgomer ts evident. 
Next, we turned our attent ion to measurements for the high molecular mass 
polynk~nlde-4,6. I t  was pointed out by max (11) that the BIRD pulse-sandwlch 
cannot be e f fec t ive ly  used for polymers because the sens i t i v i t y  of the 
experiment Is reduced by negative Interference with NOEs between 13C-bound 
protons and the nelghbourlng x~CHs. Indeed, for the high molecular mass 
polyamtde-4,6 the BIRD- and the RELAY-experiment dtd not lead to any obser- 
vable correlat ions.  Therefore, for th is pol~nner a d i f ferent  experiment was 
selected (14) which makes use of 1H-13C long-range coupling constants to 
establish correlat ions, and which does not use the BIRD-sequence (Bruker 
pulse-program INVDR2LP.AU). In f igure 3 the result ing 2D-NHR spectrum ts 
shown. Al l  one-bond correlat ions are e f fec t ive ly  suppressed by the J - f t l t e r  
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Figure 2. Inverse relayed 1H-13C cor re la t ion experiment applted to 12 mg of 
an ollgomer of polyamtde-4,6 dissolved in 0.5 ml DCOOD 

present In the pulse-sequence. Of a l l  the possible long-range cor re la t ions,  
only C-4/H-3 and C-2/H-1 are v i s i b l e .  
Thts Is to be expected since only C-2 and C-4 show a sizable long-range 
coupling of ,  respect ive ly ,  4.3 and 3.6 Hz tn a 13C-spectrum. 
On the other hand, the long-range coupllng constant for  C-1 and C-3 is 
smaller than 1 H z ,  which makes i t  d l f f t c u l t  to observe long-range corre la-  
t ions with these carbons In th is  pa r t i cu la r  experiment (because of the 
necessary length of the magnetization tranfer time, > 250 ms, relaxatlon 
becomes a competing effect). 
During the course of this study I t  was found that the same experiment had 
been used for the f i rs t  tlme to determine the tactlcity of poly- 
methylmethacrylate (52 mg In 0.7 ml CDC13) (15). 
In concluslon, the aforementioned examples show that I t  is possible to 
obtain proton-carbon correlatlon 2D NMR spectra of small amounts of polymers 
with relatlvely slmple NMR equipment. I f  the spectrometer is equipped wlth 
the posslbllltles to generate spln-lock pulses, an alternatlve pulse- 
sequence for the BIRD-sequence is available that Is applicable to polymers 
as we11. Thls sequence should, according to WUthrich, give satisfactory 
results even wlth relatlvely unstable spectrometers (16). 



455 

C4/H3 
C2/H1 

30 

40 

PPM 
I ' ' ' ' I ' ' ' ' I ' ' ' ' 

4.0 3,0 2,0 
PPM 

Figure 3. Inverse long-range 1H-13C correlat ion experiment applied to 12.4 
mg of hlgh molecular mass polyamlde-4,6 dissolved In 0.5 ml DCOOD 
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