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Abs t r ac t  

The chemical structure and reactions of the recently prepared conducting polymers 
polypyrl?clenemethine (PPM) (H. Br~unling and R. Becket, Get. Often. Patent Applic. 
No. 3 710657 (Mar. 31, 1987)) and polyfurylenepyrrylenemethine (PFPM) have been 
studied using high-resolution solid-state 15N CPMAS NMR spectroscopy of the 15N-labeled 
compounds. The results show the presence of azomethine nitrogen atoms which can be 
protonated with acids and deprotonated again with bases as free base porphyrins. Thus, 
these polymers have to be regarded, at least partially, as polymer analogs of the 
corresponding free base porphyrins. 

Introduct ion  

Of the conducting polymers with pyrrole monomer units, polypyrrole 
(PPy) has attracted most attention [1, 2]. Recently, two novel polymers, 
polypyrrylenemethine (PPM) [3] and polyfurylenepyrrylenemethine (PFPM) 
[4] (Fig. 1) have been synthesized. These polymers may be formally regarded 
as the polymer analogs of the cyclic free base porphyrins and can, therefore, 
exist in protonated, oxidized and reduced forms as shown in Fig. 2. Since 
heterocyclic conducting polymers are generally insoluble, the elucidation of 
their structure and their solid-state reactivity constitutes a challenging problem. 
Structural problems of polymers in the solid state can often be conveniently 
studied using high-resolution solid-state 13C CPMAS NMR spectroscopy of 
spin ½ nuclei under the conditions of cross polarization (CP) from protons, 
magic angle spinning (MAS) and proton decoupling [5-7]. In the case of 
PPy the 13C CPMAS spectra contain a manifold of different aromatic carbon 
atoms leading to broad structureless lines which are difficult to interpret 
[8]. The situation is similar for PPM and PFPM. Thus, it was not possible 
to determine by 13C CPMAS NMR spectroscopy whether both polymers contain 
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Fig. 1. Synthesis [4] and general structures of polypyrrylenemethine (PPM) and polyfuryle- 
nepyrrylenemethine (PFPM). FM ~- furylenemethine, PM ~- pyrrylenemethine. X: counteranion. 

Fig. 2. Special structures of PPM and PFPM which demonstrate the analogy to the class of 
free base porphyrins. 

p r o t o n a t e d  imino n i t rogen  r ings  (PMH) and  (PMH ÷) as well  as azometh ine  
n i t rogen  r ings (PM) as p r o p o s e d  in Fig. 1. These  uni ts  are  b o t h  found  in 
the case  of  porphyr ins .  

In a ser ies  of  p a p e r s  it has  b e e n  shown  tha t  sol id-s ta te  p r o t o n  t r ans f e r  
r eac t ions  of  the  la t ter  can  be  easi ly fo l lowed by  15N CPMAS NMR s p e c t r o s c o p y  
of  the  1SN_labele d c o m p o u n d s  [ 9 - 1 6  ]. Also, in the  case  of  n i t rogen-con ta in ing  
conduc t ing  po lymer s ,  such  as PPy  [17], polyani l ine  (PANI) [18, 19] and  
p o l y p h t h a l o c y a n i n a t o s i l o x a n e s  [20], in te res t ing  ins ights  into the  m o l e c u l a r  
s t ruc tu re  have  b e e n  ob ta ined  us ing  this me thod .  There fore ,  we  have  p r e p a r e d  
~N- labe led  PPM and PFPM and have  p e r f o r m e d  15N CPMAS NMR e x p e r i m e n t s  
on t h e s e  mate r ia l s  in o rde r  to inves t iga te  fu r the r  the  m o l e c u l a r  s t ruc tu re  
and  the  reac t iv i ty  of  this mater ia l .  In this p a p e r  the  resu l t s  are  r e p o r t e d  and  
discussed.  

Experimental  

The 15N CPMAS NMR s p e c t r a  were  ob ta ined  with a B ruke r  CXP 100 
NMR s p e c t r o m e t e r  work ing  at 2.1 T (p ro ton  f r e q u e n c y  90 MHz) and  a Bruke r  
MSL 300 s p e c t r o m e t e r  work ing  at  7.1 T (p ro ton  f r e q u e n c y  300 .13  MHz).  
Both  s p e c t r o m e t e r s  were  equ i pped  with Doty-MAS p r o b e s  [21]. 
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~N-labeled PPM and PPDM were synthesized using commercially available 
pyrrole-'SN as a starting material (AH-Hempel GmbH, Dtisseldorf). The latter 
was first converted into 2-pyrrolealdehyde-l~N using a procedure described 
in ref. 22. The crude reaction product, which (in contrast to the procedure 
described in the literature) was already crystalline, was purified by twofold 
sublimation at 40 °C and 10 -3 mbar. 'SN-labeled PPM and PFPM were then 
prepared from 2-pyrrolealdehyde-l~N by reaction with POC13 as dehydrating 
agent using slightly modified procedures described in the literature (example 
5 [3] and method 2 [4], respectively). 

Several samples of PPM and PFPM were prepared as shown in Table 
1. The structures of the different samples were derived from the mode of 
preparation and elementary analysis. The phosphate stems from the POC13 
used in the reaction. Sample I corresponds to raw PPM. Sample II was 
obtained from Sample I by extraction with water. This process eliminates 
chlorine quantitatively but phosphate only partly. Although the product was 
dried at 100 °C and 10 -s mbar the structure calculated from the elementary 
analysis shows an additional content of water and oxygen. Sample III was 
prepared from Sample I by extraction with 10% aqueous ammonia. This 
procedure led to a substantial decrease in the conductivity of the material. 
The elementary analysis again shows the addition of water and oxygen, but 
also ammonia has been added. Sample IV was obtained by extracting the 
phosphate from Sample II with concentrated aqueous HCI (67 h, 20 °C). 

Two different '~N-labeled PFPM samples were prepared. Sample V cor- 
responds to the raw product. Sample VI was obtained by the doping of 
Sample V with iodine. Since these samples have been previously described 
in detail [4] no further details concerning their structure and conductivity 
are given here. 

R e s u l t s  a n d  d i s c u s s i o n  

The 15N CPMAS NMR spectrum of raw PPM (Sample I) is shown in Fig. 
3(a). The spectrum is not very different from the spectrum of neutral polypyrrole 
PPy [18] since only one broad line is observed around 120 ppm which is 

TABLE 1 

S a m p l e s  o f  PPM and  P F P M  p r e p a r e d  in th i s  s t u d y  

Type  Sampl e  S t ruc tu re  Conduc t iv i ty  
(S e m -  1) 

PPM I (PMH)n(HC1)o.~(HPO3)o.5. 2 .4  X 1 0  s 
PPM II (PM)n(HaPO4)o.aa~(H20)o.47nOo.le ~ 1 . 5 × 1 0  ~ 
PPM III (PM)n(NHa)o.zo~(HzO)o.4a.Oo.~7~ < 10 - lO 
PPM IV (PM)(HC1)o.4,(HzO)o.,sOo.~z 
PFMM V 
PFMM VI 
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Fig. 3. 9.12 MHz ~N CPMAS NMR spectra of polypyrrylenemethine (PPM) at 2.1 T (OL 131/ 
5): (a) raw PPM; (b) after treatment of the raw material with excess NH3/H20. Experimental 
conditions: (a) 4000 scans, 7 kHz sweep width, 10 Hz line broadening; 3.17 s repetition rate, 
3 /zs 90 ° pulses, 6 ms cross-polarization time; Co) 10 000 scans, otherwise same conditions 
as (a). 

typ ica l  for  p r o t o n a t e d  imino n i t rogen  a t o m s  in pyr ro le  rings. This m e a n s  
tha t  no a z o m e t h i n e  n i t rogen  a toms ,  i.e. PM units  (see  Figs. 1 and  2) are  
p r e s e n t  in the  sample .  Note  tha t  the  13C CPMAS s p e c t r u m  of  this s a m p l e  
cons is t s  of  only one b r o a d  line at ~ 130 p p m .  These  resu l t s  would  be  
cons i s t en t  with a PPM s t ruc tu re  with x ,  z >  0 and  y =  0 in Fig. 1. Note,  
however ,  tha t  we canno t  exc lude  the  p r e s e n c e  of  addi t ional  s t ruc tu ra l  units  
labe led  in Fig. 2 as CRR'P.  CRR' could  c o r r e s p o n d  to CH2, CHOH and CO 
groups .  Note  also tha t  c ross l ink ing  could  occu r  dur ing the  po lymer iza t ion  
p r o c e s s  which  is not  cons ide red  in Fig. 2. 

The 15N and ~3C CPMAS NMR s p e c t r a  of  s amp le  II a re  ve ry  s imilar  to 
those  of  s a m p l e  I. Note  tha t  in the  13C CPMAS NMR s p e c t r u m  of  this  ma te r i a l  
no signal  could  be  a s s igned  to a c a r b o n  a t o m  or ig inat ing f rom the addi t ion  
of  wa t e r  or  o x y g e n  to a double  b o n d  as one could  have  an t i c ipa ted  f r o m  
the s t ruc tu re  of  this s a m p l e  g iven in Table  1. 

Since it is difficult to dis t inguish b e t w e e n  PMH and  PMH + uni ts  by  15N 
CPMAS NMR s p e c t r o s c o p y  the mate r i a l  was  t r ea t ed  with  a q u e o u s  NH3 in 
o rde r  to conver t  the  PMH + units  into PM units.  The 13C s p e c t r a  of  Sample  
III ob ta ined  in this way  were  not  ve ry  in format ive  of  w h e t h e r  this t r e a t m e n t  
was  successfu l .  Bes ides  the  b r o a d  line at 130 p p m  two ve ry  w e a k  and  b r o a d  
~3C s ignals  could  be  de t ec t ed  at 170 and  210 ppm.  These  s ignals  migh t  be  
a t t r ibu ted  to imino and  ca rbony l  g r o u p s  or ig ina t ing  f r o m  o x y g e n a t i o n  p rocess .  

In cont ras t ,  the  ~ N  CPMAS s p e c t r a  we re  m o r e  instruct ive.  In fact ,  as  
shown  in Fig. 3(b),  we o b s e r v e d  a nove l  low field line at  220  p p m  for  Sample  
III. This line has  a chemica l  shif t  c o r r e s p o n d i n g  to the  n o n p r o t o n a t e d  
azome th ine  n i t rogen  a t o m s  of  p o r p h y r i n s  [10, 16, 17, 23],  i.e. it m u s t  arise 
f rom the PM units.  The ques t ion  then  a rose  of  w h e t h e r  it was  poss ib le  to 
quant i fy  the  a m o u n t  of  these  uni ts  in Sample  II and,  as a consequence ,  the  
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amoun t  of  PMH ÷ in Sample I. A p rob lem with CPMAS NMR s p e c t r o s c o p y  
is that  the line intensities do not  general ly co r r e spond  to the real concen t ra t ions  
of  the different chemical  envi ronments  moni to red  because  the latter may  be 
subject  to different cross-polar iza t ion dynamics.  This is especial ly true for 
p ro tona ted  and n o n p r o t o n a t e d  n i t rogen atoms.  We estimate,  however ,  that  
this uncer ta in ty  does not  in t roduce  a large error  because  an increase  of  the 
cross-polar izat ion time did not  really affect the line intensities in Fig. 3(b), 
in cont ras t  to a decrease.  Therefore,  we est imate f rom the line-intensity ratio 
that  the mole fract ion of  PM units is approx imate ly  20%. At tempts  to fur ther  
depro tona te  the material  were unsuccessful .  

There are several  possibilities why the fract ion y of  PM units seems to 
be smaller  than expec ted  for the ideal porphyr in- type  s t ructure  
[(PMH):,.(PM),],,, x=y=0.5  (Fig. 2). One could, for example,  argue that  the 
t rea tment  with a m m o n i a  does not  depro tona te  all PMH ÷ units because  they 
might  not  be all accessible  to the solvent.  It is more  probable  to assume 
that  in fact  x>y=0.2  in [(PMH)x(PM)y]n. It is clear that  the PMH units 
cannot  be depro tona ted  by NH3. As ment ioned  above, CRR'P  might  be presen t  
also. 

Fur thermore ,  we invest igated what  happens  when  PPM is t rea ted  with 
HC1/H20 (Sample IV). The results of  the 15N CPMAS measu remen t s  are shown 
in Fig. 4(a) and (b) where  exper iments  were pe r fo rmed  at 7 T at a f requency  
of  30.4 MHz. Figure 4(a) co r r e sponds  to Sample I of  which the spec t rum 
at 2.1 T is a lready shown in Fig. 3(a); after HC1 t rea tment  the shoulder  at 
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Fig. 4. 30.4 MHz ~SN CPMAS NMR spectra of PPM at 7 T: (a) raw material; (b) after treatment 
with HC1. Experimental conditions: 2000 scans, 20 kHz sweep width, 20 Hz line broadening; 
3.12 s repetition rate, 10 p.s 90 ° pulses, 5 ms cross-polarization time. 

Fig. 5. 9.12 MHz 15N CPMAS NMR spectra of 15N-enriched polypyrrylfurylmethine (PPFM) at 
2.1 T: (a) uncharged compound, 22 848 scans, 7 kHz sweep width, 6 ms cross-polarization 
time, 3 p~s 90 ° pulses, 2.773 s recycle delay; 1K/4K zero-filing; 30 Hz line broadening, 3.7 
kHz rotation frequency; (b) charged compound after doping with iodine, 10 000 scans, repetition 
time 3.11 s, rotation frequency 2.3 kHz, otherwise same conditions as (a). 
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about 110 ppm, present  already in Figs. 3(a) and 4(a), is much more 
pronounced.  The position of this new line is consistent with positively charged 
protonated nitrogen atoms. However, we are not sure whether  these are the 
nitrogen atoms of PMH ÷ units. It would be more plausible to assign this 
high field line to the nitrogen atoms of doubly protonated pyrrole units, i.e. 
PMH~. 

The results of the I~N CPMAS NMR experiments on PFPM are shown 
in Fig. 5. From the synthesis one could expect  a formal porphyrin analog 
of the type [FMPM]n-=[(FM)x(PM)y]n with x=y=0.5 (Fig. 2), where the 
pyrrole units carrying an azomethine nitrogen atom are replaced by furan 
rings. As in the case of PPM, this ideal structure is not realized as can be 
inferred from the 'SN CPMAS spectrum of sample V shown in Fig. 5(a). This 
spectrum revealed not only the presence of nonprotonated nitrogen atoms 
typical for the azomethine PM units (broad peak at 250 ppm), but also two 
peaks characteristic of PMH, PMH~ and PMH + units (104 ppm and 127 
ppm). These results are consistent with the structure [(FM)r(PMH)x(PM)y- 
(PMH +)z]nXz~. 

When the material is oxidized with iodine (Sample VI) the low field line 
disappears as shown in Fig. 5(b). Only the two high field lines survive. Peak 
deconvolution shows that their linewidth is increased from 180 Hz (20 ppm) 
to about 300 Hz (33 ppm). The centers of the two lines appear  now at 114 
and 135 ppm; however, in view of the linewidth increase this shift is 
insignificant. The intensity ratio of the two lines is about 3 to 1, i.e. the 
same as in the undoped sample. At present, we do not understand what 
happened to the azomethine line of the PM units. It could be that the 
oxidation process induces very large Knight shifts of the nitrogen atoms in 
the PM units. Such 15N Knight shifts on doping with iodine have been observed 
recently for nitrogen-containing conducting polymers [20]. In this case it 
was shown that there are domains of doped and undoped material. Thus, 
it could be that the signals in Fig. 5(b) stem from undoped domains. 

Conclus ions  

It has been shown that interesting structural information on two novel 
nitrogen-containing conducting polymers, which are formally the polymer 
analogs of porphyrin, can be obtained using 'SN CPMAS NMR spectroscopy.  
This technique also allowed the monitoring of structural changes when treating 
the polymers with bases and acids. The results show that the structure of 
PPM and PFPM corresponds only partially to the ideal structure. However, 
'SN CPMAS NMR spect roscopy may present  a way in the future to know 
whether  this goal has been achieved in an improved synthesis. 
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