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HIGH RESOLUTION NMR SPECTRA OF POLYACRYLONITRILE AND 

ITS TWO-UNIT AND THREE-UNIT MODEL COMPOUNDS

BY D'IA5A0 MURASn

   The N\fR spectra of PAN and PAN-mil were measured in NaCNS-DZO solution 
and nitromethane-ethylenecarbonate solution-

   Tbe different spectrum was obtained in both solutions and this may be derived 
from the dilference of the chemical shifts between the gemina] protons of isotactic 
(meso) methylene (rlcrJ. Sut this behavior cannot be found in the model compounds. 
In determining the tacticity of PAN, the line width of two methylene resonance and 
the value of vtrc are important factors. 

   The relation between the N31R spectra of PAN and the model compounds is also 
discussed.

Infrodu[fion

   The tactic structure of polyacrylonitrile (PAN) has been studied by many im~estigators with 

various methods, but it is no[ yet determined definitely. The high resolution NMR spectroscopy is 

a useful method for determining the tactic structure, so the tacticities of many high polymers have 

been evaluated by this method. We measured the NMR spectra of PAN and PAN-adI in NaCNS-

Da0 solution, and it was found that the tacticity in terms of diads can bo determined from the methy-

lenic proton resonance of PAN~1. From the analysis of the NbIR spectra of the hvo-unit model 

compounds, 2,4-dicyanopentane (2;4-DCNP), it was shown that the rucemic (syndiotactic) methy-
lene protons appear at higher field than those of meso (isotactic) methylene>. The tacticities of PAN 
and PAN-adr prepared under various polymerization conditions were determined and it was also 

reported that almost all PAN are rich in syndiotactic form and do not show any stereospecificitya>. 
The tacticity is calculated, assuming that the meso methylenic protons are equivalent because the 

methylenic proton resonance of PAN-rrdl shows onl y two peaks and the methylenic proton resonance 
of PAN can be analyzed as the superposition of two kinds of tripletsX131. 

   On the other hand, Matsuzaki e! ol.*I measured the NMR spectrum of PAN in DMF-dT solution 
and reported that PAN has a completely random configuration because PAN-adr shows tao peaks 

with equal intensity. 

   Bargon et el.bl reported from the NMR spectrum of PAN in nitromethane-ethylenecarhonate 
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solution. that PAN is rich in isomctic form.Ia these three solutions, the isotactic methylenic pro-

tons of PAN are thought to be equivalent. 

   Recently, Yoshino et also me~ured the NhiR spectrum of PAN-a, S-dz in perchloric acid at 

100 Mc/sec and reported the non-equivalence of isotactic methylene. As mentioned above, many 

different theories have been presented about the interpretation for the A'MR spectrum of PAN but 

they are not interpreted comprehensively compared with each other, because the solvents and the 

samples used in these reports are dvierent from each other. 

   In this report, the difference in the NMR spectra of PART measured in various solutions using 

the same sample are discussed in a comprehensive interpretation about the NMR spectrum of PAN. 
In addition, the NMRspectra of the two-unit model (2,4-DCNP)'--~ sad the three-uaitmodel compounds, 

2,4,6-tricyanoheptane (2,4,6-TCNH)'~, are also analyzed to be compared wiffi those of PAN.

Experimental

 Polymerization 

   Acrylonitrile (AN) and mdeu[eroacrylonitrile (AN-ad,) were polymerized in benzene solution 

at 60'C with azobisisobutyronitrile as an initiator. PAN was also obtained with r-irradiation on AN-
urea canal complex at -78°C. 

 Preparation of model compounds 

   The preparation of 2,4-DCNP and 2,4,6-TCNH and the separation into stereoisomers were 

reported in the previous paperszt'~. 

 NMR spectrum 

   The NMR spectra of PAN and PAN~zdr were measured at various temperaWres in SO% DrO 

solution of NaCNS (NaCNS-D,O) and in nitromethane-ethylenecarbonate (I : 1) mixed solvent. 

   Varian A-60 and HR-60 spectrometers were used, operating at 60 Mc/sec. The NMR spectra 

of [he model compounds were measured at various temperatures in NaCNS-DxO, and nitromethane-

ethylenecarbanate. The double resonance spectra with the side band method were also measured.

Results and Discussion

 NMR spectra of PAN and PANv~d, 

   The NhiR spectra of PAN is NaCNS-D,O solution and in nitromethane-ethylenecarbonate solu-

tion were compared is Fig. I. The multiple[ at Ligher field is assigned to the methylenic protons 

and the mulUplet at lower field to the methine protons. 

   The methylenic proton resonance shows mainly six peaks in both solvents and can be thought 

to he superposition of two kinds of triplets. But the relative intensity of them is di6erent is each 

     6) T. Yoshiao, H. Keajo and N. Hisano, !. Polymer Sci., B5, i03 (1967) 
     7) ~f. Muraao sad R. Yamadera, J. Polymer Sti., A-1, 6, 843 (1968)
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        Fig. 1 NMR spectra of PAN a[ 6011fc/sec 
(a) in NaCNS-DZO at l20'C (b) in CD3NOZ-(CAZOhCO at I50'C
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Fig. 2
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 Methylenic proton resonance of 
PANda1 at 60 Mc/sec 
(a) in NaCNS-D2O at I20'C 
(b) in CDtNOz(CHzO)rC0 al 

    150'C

        r, ppm r, ppm 

Fig. 3 Methylenic proton resonance 
     of PAN-ad, at 60 Mc/sec in 

     CD3NOz-(CH2O)zCO 
     (a) a[ l50'C (b) at 100'C

solvent, so the tacticity in terms of diads cannot be determined by only comparing the height of 

their peaks This fact can 6e seen more definitely in the NMR spectra o[ PAN-¢dr show-n in Fig. 2. 

In NaCNS-DeO solution, methylenic proton signal consists of two singlets with di$erent intensity, 

while in nitromethane-ethylenecarbonate, two peaks are obsen~ed with almost equai intensity. Fur-

thermore, in the case of nitromethane-ethylenecarbonate solution, the relative intensity of Chese two 

peaks depends upon temperature. The peak at higher field rapidly decreases its intensity as tem-

perature decreases (Fig. 3), although this phenomenon was not found in NaCNS-D=O solution. 

 NMR spectra of model compounds 

   The NMR spectra of model compounds of PAN have been already reported2j9>. Ia this report, 

another part of them is discussed. Fig. 4 shows the NMR spectra of the rucentic form and nuso form of 

2,4-DCNP in NaCNS-D,O solution and Fig. 5 those in nitromethane-ethylenecarbonate. In Table t 

the coupling constants and chemical shifts obtained from the analysis of these spectra are sum-

marized. In Fig. 6 the NMR spectra of heterotactic 2,4,6-TCNH are shown, and [he results obtained 
from [he analysis of 2,4,6-TCNH are shown in Tables 2 and 3. Comparing the two kinds of
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Fig. 4 NbfR spectra (a) racemic 2,4DCAIP 
     iu NaCNS-DrO at 2SC
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(b) meso 2,4-DCNP at 60 b1c/sec
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NMR spectra (a) recemiC 2,4-DCNP 
in CDsNOr(CAsOhCO at 2~ C

     7.0 a.a 'J.0 

              T, PPm 

(b) meso 2,4-DCNP at IA Mc/sec
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Fag. 6 NMR spectra of hetecatactic 2,4,6-TCNH at 60 A1c/sec 
     (a) is NaCNS-DzO (b) is CD,lNOr(CHZO)ZCO at 15'C
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Table 1 Chemical shifts and coupling constants o[ 2;4DCNP 

       (NaCNS-DzO)

97

Chemical shifts (ppm) Coupling constants (cps)

Isomers CH3 CHz n*Kr. CH
CHI-CH 
  J,~x

CAz 
lxr.

CHz-CH

 JA K Jrr. !,c JBK

mesa 8.40 znI7.fifi
7sa

0.22 6.74 7.5 l3_i Li i.5 i.i 7.5

racemic 8.40 7.82 0 6.72 7.5 13.5 7.5 7.5 7.0 7.0

(CDaNOa-(CH2O)aC0)

Chemical shins (ppm) Coupling constants (cps)

Isomers CHa CHs vxr. CH CH3-CH 
 JAX

CHZ 
JKI.

CHz-CH

JdK Jxr. lnr. Jnx

meso 8.61 8.0418 96 I 0.23 7.00 1.3 14? 7.5 7S 7.5 I i.5

raceme i g.fil 8.11(8.014i O.OI 6.98 7:3 14.2 6.9 g.l S.l fi.9

* The difference in chemical shifts between two protons in methylene resonance 

       Table 2 Chemical shifts and coupling constants of heterotactic 2,4,6-TCNH 

             (NaCNS-D20)

Chemical shifts (ppm) Coupling constants (cps)

Isomers CH3 CHZ YK[.
CH

CHs-CH
Jaz

CHZ
Jxr.

CH~CH

2,6 I 4 !ex JBL lav IRK

mero part 

>acemic part

8:26

7.i1
7.42 
7.61

7.55

0.19  6.50 

 6.5I

6.52

7.i 13.5 7S 7.i 7.5 7.5

0 7.5 13.5 7.5 i.i 7.0 7.0

(CD3NOs-(CHsO)sC0)

Chemical shifts (PPm) Coupling constants (cps)

Isomers CHI CHs
CH I cx,-cHi 

 lex
c
•H, J /{(

.      Jes

CHs-CFI
vKr.

a,5 a Jai. J1J IY.K

meso part

B.SI

7.Si `7.98 0.19

6.90 6.92

7.3 14.2 7.3 i.i 7.5 7.3

ractmic p¢r[ 7.9317.99 0.07 7.3 14.2 6.9 8.1 B.1 9.9
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Table 3 Chemical shifts and coupling constants of 2,4,fi-TCNH 

       (NaCI~'S-Dz0)

Chemical shifts (ppm) Coupling constants (cps)

Isomers CH~
i ~H CHy-CH

!ea
CH2
JKr.

cHz-cH
CHz

26 ~ 4 !.x JAi. Je ~, JnK

syndio ~ 8.26 7.55 fi.47 6.46 7.i I3.5 7.5 7.5 ~ 7.0 7.0

hetero
mesa

racem+c

isa

   7.5117421 6.So 8.1G 7.611 ~ 6.52 
      7,55 6.51

7.5 13.5 7.5 1.5

7.i 13-5 i.i I 7.5
8.26 17.5217.581 6.53 657 Z5 13-i i-5 7-i

7.5 i.i

7-0 7.0

7-5 1.5

methylene in 2,4-DCNP, the rncemic form appears higher than mesa form (Table 1) in both soh~ents. 

The hetemtactic-2,4.6-TCNH shows the same (Table 2). From this fact, the two kinds of methylene 

in PAN can be assigned as follows :the higher field peak to rncemic methylene and the lower to mesa 

one. In mesa 2,4-DCNP, no remarkable differe¢ce can be found between both solvents, while the 

rncemic one shows different behavior in both solvents. In NaCN5-DzO, rncemic 2,4-DC\P shows a 

spectrum which means the complete equivalence of methylenic protons (vxL=O), and it does not 

depend on temperature. But in aitromethane-ethyle¢ecarboaate solution, it shon•s a nonequivalent 

spectrum (vxc~-0) and this tendency is clearer at low temperature. At high temperature it becomes 
equivalent (Fig. 7). The same tendency is found in DMF solution. This fact may mean that the 

conformation of the racen:ic form is fixed to some extent in these solvents at law temperature. 
   This phenomenon can be found in the rncemic part of heterotactic 2,4,6-TCNH,

fat
Ib

Fig. 7 Methyleaic proton resonance of 
      racemic 2,4DCNP at 601St/sec 

      in CD3NOz-(CH2O),_CO 

      (a) at 25'C 
     (b) at 120'C

   The chemical shifts of hydrogen attached to 4th position in 2,4,6-TCNH, whicL can be thought 
to represent the configuration of triads in PAN; are sbown in Table 3. The methine protons show 

the isotactio-CH, heterotactic-CH and syndiotactic-CH resonance, respectively, from the higher field. 

The difference fn chemical shifts between geminal protons of isotactic methylene (veu) takes smaller 

value in isotac[ic 2,4,6-TCNH than in stew 2,4-DCNP. This fact may be important to analyze
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the NMR spectrum of PAN. This 

compounds of polyvinylchloride°°.

tendency is found between the two-unit and three-unit model

 NMR line width 

  As shown in Fig. 2, the N~iR spectrum of PAN-ads innitrometbane-ethylenetarbonate has two 

peaks and the line width o[ the racemit methylene resonance at higher field is larger than that of the 

meso methylene resonance at lower field. This difference in line width becomes more definite at low 

temperature. The same difereoce between two kinds of methylene has been found in polyvinyl-

cbloride°' and poiymethylmethatrylate10', and it has been reported that there is a di[ference in the 

mobility of solution hehveen the isotactic segment and the syndiotactic segment and the peak of the 

syndiotactic part shows broader than that of [he isotactic part. This phenomenon is not so remarkable 

in NaCNS-D,0 solution. As mentioned above, the model compound shows the same behavior the 

methylenic protons of racemit 2.4-DCNP and the sotemic part in 2,4,6-TCNH show the non-equiva-

lent resonance in nitromethane-ethylenetarbonate solution, while they show the equivalent resonance 

in A`aCNS-D 0 solution. From these facts, the diference in line width between the isotactic methylene 

and the syndiotactic one may be attributed to the conformation of PAN in solution.

 Tactlcity of PAN 

   The tacticity in terms of diads is determined from the ratio of the area of the meso methylene 

resonance and the racemit methylene resonance. The line width is an important factor in compar-

ing the area. Changing the value of [he line width, the spectrum of PAN-ads was constructed by 

superposing the syndiotactic methylene upon the isotat[ic one in order to get a good agreement with 

the observed spectrum. As shown in Fig. 8, the tacticity is greatly changed by slight change in ]ine 

width. Fig. 8(b) shows the best agreement with the observed spectrum. The same superposition was 

tried for PAN and in Fig. 9(b) the best agreement was obtained. 

   In the previous reports,"8r the tacticity was determined assuming that the isotactic methylene 

is equivalent in NaCNS-D,0 solution. In this report, [he tacticity is obtained with the assumption

i:i ;b'

u:~ac aem

Fig. g The superposition of two peaks 
     with equal height changing the 

      line width to get a good agree• 
      went with the obsen•ed spect. 
     rum of PAN-odt in CD°NOr 

     (CHZOhCO at t50'C. 
  (a) b=0.02: 0.03 ppm, r-30:70 

  (b) b-0.025:0.03 ppm, sm40: ti0 
      2b: half height width 

       s: ratio of the area of isotac• 
         tic methylene to that of 

         syndiotactic one

8J 
9) 

IO)

Y. Abe, \l. Tasumi, T. Shimanouchi, S. Satoh and R. Chujo, J. Polymer Sci., A-I, q, 1413 (1966) 
S. Satoh, T. Kuroda, S. Enomoto and M. Asahiaa, Rep. Prog. Polym. Phys. Japan, 9, 63 (1966) 
Y. Kato and A. Nishioka, J. Polymcr Sci., B3, 739 (1965)
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a m

Fig. 9

aai nm oaiw

 The superposition of two kinds 
 of triplet with equal hoight 

 changing the line width to get a 

 good agreement with the ob-
  served methylene resonance of 
 PAN in CD~NOr(CHrO)rC0 at 
 t 50'C. 

(a) 6=0.02: 0.03ppm, s-30:70 
(b) b=0.025 : 0.03ppm, s-40:60 

   2b: half height width 
   s:ratio of the area of isotac 

     tic methylene to that of 
     syndiotactic one.

that the isotactic methylene isnon-equiaralent. The obsen•ed spectrum shows six peaks in the methy-

lene resonance. This spectrum can be obtained by superposing the six main peaks of isatactic 

methylene upon the triplet of syndiotactic methylene as well as by superposing two kinds of triplet. 

(Fig. !0) The methylene resonance of PAN-rsdt is a superposition of a quartet upon a single[ if the 
isotactic methylene is non-equivalent In this case, one of the main two peaks of isotactic methylene 

has almost the same chemical shifts as that of syndiotactic metbylene, so the spectrum mainly con-

sists of two peaks. (Fig. 11)

la1
(b',

Fig. 10

   oip. Oagn 

The superposition of two kinds of methylene assuming (a) the equivalence of 
isotactic methylene (b-0.021 ppm, s-25:75) and (b) non-equivalence of iso-
tactic methylene (b=0.025 ppm, s=4i : i5) to gel a good agreement with the 
observed methylene resonance of YAN in NaCNS-Dr0

   The di6erence between the two spectra assuming equivalence and non-equivalence of isotactic 

methylene is small peaks appeared both side of the main peaks. In the observed spectra of PAN and 

PAN-rsdt in NaCNS-Da0 solution, four and two small peaks can be found, and these peaks become 
larger in 100 ifc/sec (Fig. 12). vx~ of isotactic methylene can be calculated from these small peaks 

to be vxr.=9 at 60 D1c/sec and 15 cps at lOD hfc/sec. This value is almost the same as that obtained 

from nteso 2.4-DCNP, but pretty larger than that of isotac[ic 2,4,6-TCNH. Rut the detection of 

these peaks is very difficult and there may remain some prohlem in determining whether these small
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11 The superposition of two kinds of methylene 
   assuming (a) the equivalence of isotactic 

   methylene (b-0.025 ppm, s-25: 15) and 
   (b) non-equivalence of isotactic methylene 

   (h-0.025ppm, sm45 : 33) to get a good agree-
   ment with the observed methyleneresonance 

   of PAN-mdl in NaCNS-D¢]

Fig.

     7.3 Z6 7.7 

             ~. PPm 

12 NMR spectrum of PAN-ad, 
  at l00 Mc/se[ in NaCNS-
  Ih0 al It0'C

peaks are assigned to the isotactic methylene or to the impurities such as heterolinkages. 
   Although the small peaks are also found on both sides of the main peaks is nitromethane-

ethylenecarbonate solution (Figs. 1(b) and t(b);, it one takes the assumption that the isotactic me-

thylene is equivalent in this solutionand non-equivalent in iVaCNS-D80 solution, the resultant tacti-

city is in good agreement in both solutions. But this assumption cannot be confirmed from the analy-

sis of the model compounds. (Table t) 

   As shoran in Fig. 13. the methine proton resonance decoupled from the methylenic protons con-

sists of three peaks and these peaks may represent the configuration in terms of triads. From the

Fig. 13 The methine proton resonance 
of PAN at 60 Mc/sec decoupled 
Erom the methylenic protons in 
CD3NOr(CHZOhCO at I50'C

    6~ 7.0 .6 

             r, ppm
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results of 2,4,6-TCVH (Table 3), these three peaks may be assigned to. syndiotactic-CH, hetero-
tactic-CH and isotactic-CH from the lower field. This spectrum shows that PAN is syndiotactic rich 

polymer. 
   Polyvinylchloride is one of the polymers studied by the NMR technique to determine the 

fadicity, and there have been reported many opinions about the spectrum of the isotactic methylene. 

The methylene resonance decoupled from the methine protons"t and the analysis of the three-unit 

model compounds°> sbow that the isotactic methylene is to be equi~mlent, but recently the 100 Mc/sec 

spectrum has been shown to be non-equivalent by Jobnsen et al."~ who first reported that the iso-

tactic methylene is equivalent. Thus, there remains some problem about this point. In the case of 

PA*l, some detailed studies will be necessary to solve this problem. 

 NiVIR epeMra of PAN obtained from other conditions 

   The study of the NhfR spectra of PAN which may have different tacticity will give us a new 

information about the analysis of the NMR spectra. For this object, PART is obtained with r-irra-

diation on AN-urea canal complexes. Fig. 14 shows the NMR spectra of this polymer.

1

\~~

7.1

Fig. 14

   7.3 7.5 5.7 7.9 7.5 ao 

     r, ppm r, ppm 

The me[hylenic proton resonance of PAN at 60 blc/sec prepared with r-irradiation on 
urea-AN canal tomplezes (a) in NaCNS-DrO at I20'C (b) CD3NOy-(CHzO)pC0 at ISO'C

   In NaCNS-DzO solution (Fig. l4(a)), the spectrum consists of two kinds of triplets with equal 

intensity. Assuming the equivalence of isotactic methylene, one can get 50/50 for the value of the 

ratio syndio/isoz>. While taking the non-equivalence of isotactic methylene, the two kinds of trip-

lets are assigned to the isotactic methylene, and sothis polymer is almost isotactic, which is in good 

agreement with the result reported by Yoshino et als> 
   In nitrometbane-ethylenecarboaate solution (Fig. 14(b)), the different spectrum was obtained. If 

one assumes that the isotactic methylene is equivalent in this solution, this spectrum shows that this 
PAN is isotactic rich.

11) F. A. Bovey, E. W. Anderson, D. C. Douglass and J. Jf. Mason, 1. Chem. Phya. 39, 1199 (1963); 
   S. Satoh, J. Polymer &i., A, 2, 1221 (1961) 

12) J. Bargon, K. [3. Hellwege and U. Johnsen, .Ytakronml. CGern., 95, La7 (1966)
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   If this polymer is isolaclic dch, some different behaviors from the ordinary PAN may be ex-

pected in the infrared spectrum, x-ray diffraction pattern and density. And these studies may be 

important to determine the tactic structure of PAti. 
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