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ABSTRACT 

Two samples  of poly(die thoxyphosphazene)  (PDEP) having very d i f f e r e n t  molecula r  

we igh t s  have been s tud ied  by v i scomet ry  and size exclusion ch roma tog raphy  in THF 

solut ion.  The r e s u l t s  obta ined,  t oge the r  wi th  l ight  s c a t t e r i n g  d a t a  of these  

samples ,  a l low the  ca lcu la t ion  of the  Mark-Houwink cons t an t s  a = 0.65 and K = 2.5 

10 -4  in THF a t  25~ The method of ca lcu la t ion  employed takes  into account  the  

g r e a t  po lyd i spe r s i ty  of the  samples.  The c h a r a c t e r i s t i c  r a t i o  of the  u n p e r t u r b e d  

d imens ions  was also ca lcu la ted  giving C = <r 2> / r ~  2 = 18, a value s l ight ly  h igher  
n o 

t h a n  those  previous ly  r e p o r t e d  f o r  poly(dihexoxyphosphazene) ,  C ~ 13 and poly 
n 

(d ich lorophosphazene) ,  C -~ 13.5. 
n 

INTRODUCTION 

Poly(d ie thoxyphosphazene)  (PDEP) was one of the  f i r s t  poly(organophosphazenes)  

syn thes ized  by Allcock and co.(l)  t h rough  subs t i t u t i on  of ch lor ine  a toms  of 

po ly(d ich lorophosphazene)  by organic  groups  thus  yielding hydro ly t ica l ly  s t ab le  

po lymers  hav ing  inorganic  chain  and organic  subs t i t uen t s .  More t h a n  300 

po ly(organophosphazenes )  wi th  a wide va r i e ty  of polymer s t r u c t u r e s  and p r o p e r t i e s  

have been p r e p a r e d  s ince  t hen  (2-5). 

The s tudy  of p r o p e r t i e s  of poly(organophosphazenes)  in d i lu te  solut ion has  been 

hampered  by many f a c t o r s :  The g r e a t  po lydispers i ty  of the  syn thes ized  polymers  

which  p r e s e n t  broad,  and somet imes  mult inodal ,  molecular  weight  d i s t r i b u t i o n s  

(6-8) t o g e t h e r  w i th  the  d i f f i cu l t i e s  f o r  the  f r a e t i o n a t i o n  of these  polymers  

(9,10) and  t h e i r  anomalous  behav.ior in size exclusion ch roma tog raphy  (SEC) 

c h a r a c t e r i s t i c  of adso rp t ion  phenomena in the  column (11,12). Recent ly  i t  has  been 

r e p o r t e d  (13) t h a t  the  addi t ion  of q u a t e r n a r y  ammonium sa l t s  to  the  mobile  phase  

a l lows the  e l imina t ion  of the  adsorp t ion  phenomena,  thus  yielding reproduc ib le  

c h r o m a t o g r a m s .  

We have s tud ied  the  p r o p e r t i e s  of poly(dihexoxyphosphazene)  (PDHP) in d i lu te  
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so lu t ion  by SEC, l igh t  s c a t t e r i n g  (LS) and v i scomet ry  (14}, and p r e sen t  he re  a 

s im i l a r  s tudy  f o r  PDEP, whose l ight  s c a t t e r i n g  ana lys i s  has  been r e p o r t e d  

e l sewhere  (15), w i th  the  a im of i nves t iga t e  the  inf luence  of the  l eng th  of the  

side g roups  in the  behav io r  of the  so lu t ions  of these  poly(organophosphazenes) .  

EXPERIMENTAL PART 

The syn thes i s  of PDEP, accord ing  to the  p rocedure  descr ibed  by Allcock and co., 

has  been desc r ibed  e l sewhere  (1,15). In b r ie f ,  two ba tches ,  A and B, of 

hexach lo rocye lo t r i p hos phazene  (NPC12) 3 were  t he rma l ly  polymerized a t  230~ dur ing  

24 and 46 hou r s  r e spec t ive ly  f o r  samples  A and B. The poly (d ichlorophosphazene)  

t hus  ob ta ined  was  dissolved in benzene  and conver ted  into PDEP by t r e a t m e n t  w i th  a 

so lu t ion  of  sodium e thoxide  in e thanol .  The r e su l t i ng  PDEP was c h a r a c t e r i z e d  by 

IR, 1H, 13C, and  31p NMR spee t roscopies .  

VLscometr$c m e a s u r e m e n t s  

A Schot t  G e r a t e  au t ov i s com e t e r  was  employed to measure  f low t imes  of  PDEP 

so lu t ions  in THF. The b a t h  t e m p e r a t u r e  was con t ro l led  a t  25 + 0.1 ~ Values of 

i n t r i n s i c  v i scos i ty  [~], Huggins cons tan t ,  k H, and Kraemer  cons t an t ,  k K, were  

ob ta ined  by the  s imul t aneous  e x t r a p o l a t i o n  to i n f in i t e  d i lu t ion of ~sp/C and  

(1 /c) ln(~r) ,  whe re  ~sp and m r a r e  the  spec i f ic  and r e l a t i ve  v i scos i t i es  

respec t ive ly ,  vs. c o n c e n t r a t i o n  p lo ts  accord ing  to the  Huggins (16) and Kraemer  

(17) equa t ions  us ing  l e a s t - s q u a r e s  l i nea r  r e g r e s s i o n  analysis .  

S i z e - E x c l u s i o n  C h r o m a t o g r a p h y  

E x p e r i m e n t s  we re  p e r f o r m e d  us ing  a Waters  Associa ted  equipment  cons i s t ing  of  a 510 

r e c i p r o c a t i n g  p i s ton  pump, a U6K in jec to r ,  a 410 r e f r a c t i v e  index d e t e c t o r  wi th  

oven t e m p e r a t u r e  c o n t r o l l e r  and a Digi ta l  380 computer  wi th  840 d a t a  and 

c h r o m a t o g r a p h y  con t ro l  s t a t ion .  Po lys ty rene  gel columns packed in THF were  used. 

E lu t ions  were  conducted  w i t h  a f low r a t e  of lmL min -1. F resh ly  d i s t i l l ed  THF wi th  

a 0.17. of t e t r a ( n - b u t y l  ammonium) bromide  was  used as  e luent .  The p e r f o r m a n c e  of 

t he  whole equipment  was  checked wi th  n a r r o w  molecular  we igh t  d i s t r i b u t i o n  

po lys ty rene  s t a n d a r d s  (Scharlau) .  

RESULTS 

Resul t s  of the  v i seomet r i c  m e a s u r e m e n t s  a re  shown in Table 1, and one of the  

Hugg ins -Kraemer  p lo t s  showing the  coincidence of i n t e r c e p t s  is r e p r e s e n t e d  in Fig. 

1. The p lo t s  a r e  l i nea r  and no anomalous  behav ior  was  observed.  
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TABLE I 

Weigh t  a v e r a g e  m o l e c u l a r  w e i g h t  {taken f r o m  r e f .  15} and  

v i s c o s i t y  p a r a m e t e r s  o f  PDEP in  THF s o l u t i o n  a t  25 ~ C 

Sample  10 . 5  1~1 w [~l] (alL/g) k H k K 

A 2.0 O. 576 0.46 -0.08 

B 20.0 2.26 0.44 -0.11 

1.9 

. -  ~'" ~l,p / C  
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20  

F i g . 1 . -  H u g g i n s - K r a e m e r  p lo t  
fo r  s a m p l e  B in  THF a t  25~ 

F ig .2 . -  Size e x c l u s i o n  c h r o m a t o g r a m s  
for  t h e  two s a m p l e s  of PDEP. 

As can be seen in Table 1, the Huggins and Kraemer  slopes fol low the  theore t i ca l  

r e la t ion  (18) k K = k H - 1/2. Values of the Huggins cons tan t  usually range between 

0.3 and 0.4 in sys tems  wi th  good solvents  and increase,  up to about 0.55 fo r  e 

condit ions (19), a l though both much higher and lower values had been r ep o r t ed  fo r  

polyphosphazenes  (7,11,20) which can be a t t r i bu t ed  to the presence  of 

supermolecular  conf igura t ions  or assoc ia tes  in solution. The values of the two 

samples  are  close enough to indicate  tha t  the Huggins cons tan t  fo r  PDEP will be 

molecular  weight  independent  within the l imits  of credibi l i ty  of th is  analysis.  

Ini t ial  a t t e m p t s  to  obtain s ize exclusion chromatograms of poly(phosphazene) 

samples  solved in THF were  unsuccessful  since long tai l ing ch romatograms  

incons i s ten t  wi th  LS and viseometr ic  r e su l t s  were  obtained. However, th i s  problem 

was  completely c i rcumvented when, as r epor ted  by Neilson et  al. (13), a solution 

of t e t r a - n - b u t y l a m m o n i u m  bromide (0.1 wt  Z) in THF was used as eluent. The 

ch romatograms  obtained in the  p resen t  work are  r ep re sen ted  in Fig. 2. As can be 

seen in th is  f igure ,  the  f r ac t i ons  show a broad d is t r ibut ion  and t h e r e f o r e  can not 

be used as monodisperse  samples ne i ther  fo r  a regular  ca l ibra t ion  of SEC 

ch roma tograms  by f i t t i ng  molecular  weight  versus  elution volume, nor fo r  the  

evaluat ion of the  Mark-Houwink cons tan ts  in the viscometr ic  equation [hi = KM a. 

Thus, a numerical  analysis  circumventing the  necess i ty  of using n a r ro w  
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d i s t r i b u t i o n  f r a c t i o n s  (14) has  been used fo r  the  ca lcu la t ion  of all  these  

p a r a m e t e r s .  

NUMERICAL ANALYSIS 

The c h r o m a t o g r a m s  ob ta ined  by SEC, the  w e i g h t - a v e r a g e  molecular  we igh ts  I~i 
w 

d e t e r m i n e d  by LS (15), and the  i n t r i n s i c  v i scos i t ies  [~], were  combined to 

ca l cu la t e  the  c a l i b r a t i o n  curve  f o r  SEC, ie. a func t ion  log(M) = f(V) r e l a t i n g  the  

molecu la r  we igh t  and e lu t ion  volume of ideally monodlsperse fractions of the  

polymer,  and the  t r u e  values  of the  p a r a m e t e r s  on the  Mark-Houwink equa t ion  (18), 

ie. t he  K and  a p a r a m e t e r s  in the  r e l a t i onsh ip  [~l] = KM a. 

Since we have only two f r a c t i o n s ,  i t  is i m p o r t a n t  t h a t  the  e x p e r i m e n t a l  

condi t ions  f o r  SEC gave a l inea r  v a r i a t i o n  of log M. versus  e lut ion volume V . .  
1 le  

This  behav io r  was  checked by c a l i b r a t i n g  the  column wi th  a se t  o f  n a r r o w  molecula r  

we igh t  d i s t r i b u t i o n  po lys ty rene  s t anda rds .  Thus, in the  hypo the t i ca l  case  of 

ideally monodtsperse samples, t h e i r  molecula r  we igh ts  M. and e lut ion volumes V. 
1 le  

will  fo l low the  r e l a t i o n s h i p  (21): 

log (M i) = A ~ - A1Vie (1) 

Then, the  we igh t  ave rage  molecu la r  we igh t  l~I of a sample  having  a b road  
W 

d i s t r i bu t i on ,  like the  f r a c t i o n s  ac tua l ly  measured ,  can be ca lcu la ted  as: 

n n 

= ~ w . M .  = ~ w i  10 [ A o -  A1Vie ] (2) 
MW 1 1 

i= l  i= l  

The we igh t  f r a c t i o n s  w. appea r ing  on Eq. 2 a re  p ropor t iona l  to  the  he igh t  of the  
i 

c h r o m a t o g r a m  a t  a given e lu t ion  volume Vie whi le  A ~ and A 1 a re  the  unknown 

polynomial  c o e f f i c i e n t s  of the  SEC ca l i b r a t i on  func t ion  (Eq. 1). n = 25 p a i r s  of 

va lues  w i, Vie were  r e a d  f r o m  the  c h r o m a t o g r a m  of each f r a c t i o n  A and B. 

Subs t i t u t i on  of  t h e s e  p a i r s  of values,  t o g e t h e r  wi th  the  expe r imen ta l  r e s u l t s  of 

I~ of each  f r a c t i o n ,  in to  Eq. 2 gives a sys tem of two equa t ions  t h a t  a l lows the  
w 

ca l cu l a t i on  of the  two unknown A ~ and A 1. The values  of these  coe f f i c i en t s  f o r  our  

e x p e r i m e n t a l  condi t ions  we re  A ~ = 14.41 and A 1 = 0.643. 

Once the  p a r a m e t e r s  f o r  the  SEC ca l i b r a t i on  func t ion  have been ca lcu la ted ,  an  

equa t ion  s im i l a r  to  2 can  be w r i t t e n  f o r  the  bulk v iscos i ty  of the  ac tua l  polymer  

f r a c t i o n s  [n] as  f unc t i on  of  the  v iscos i t ies  of ideally monodlsperse samples [~i ] 

n n n 

[~] = ~ w i  [~i] = K ~ w i  Ma ~ a[Ao - A1Vie] i = K w i 10 (3) 

i= l  i= l  i= l  
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Subst i tu t ion  of the  two values of in] measured fo r  samples A and B into Eq. 3 

gives a sys tem of two equat ions f rom which the  t rue  values of the Mark-Houwink 

p a r a m e t e r s  K and a re la t ing  viscosi ty [~i ] and molecular  weight  M i of i d e a l l y  

monodLsperse samples can be calculated. 

The results obtained are a = 0.65 and K = 2.506 10 -4 . The value of a found in the 

presen t  work fo r  PDEP is smal ler  than  tha t  r epor ted  fo r  PDHP under the  same 

exper imenta l  condi t ions (THF solution at  25~ a = 0.79 which indicates  t h a t  PDEP 

is c loser  to  t h e t a  condit ions than PDHP. It is wor thy  to point  out t ha t  the  

subs t i tu t ion  of  the  averaged molecular  weight  values d i rec t ly  in the  Mark-Houwink 

equat ion would yield er roneous  values (a = 0.60, K = 3.930 10-4}, d i f f e r e n t  f rom 

those  he re  obtained,  since the  samples can not be considered na r row under any 

c i rcumstance .  

Once the  values of a and K are obtained, the viscosi ty average molecular  weights  

can be computed using the  Mark-Houwink equation. The resu l t s  a re  1.484 105 and 

1.216 106 f o r  samples  A and B respect ively.  These values toge the r  wi th  the  

exper imenta l  bulk v iscos i t ies  allow the  calculat ion of the dimensions according to 

the F lo ry -Fox  equat ion (22,23) <r2> 3 / z  = in] ~I 0 -1 where 0 is 2.5 when <r2> 3 /2  is 
3 <r2> I/z equal to  3 

given in nm and [7] in dL/g. Values of 32 and 103 nm are thus 

obtained for samples A and B respectively. 

Application of the F1ory-Fox equation to theta conditions in which a = 0.5 allows 

the evaluation of the unperturbed dimensions @2> as: 
0 

<r2> 3 /2  
[~]0IVlv 0-1 = K 

~3/2~-1  
o = O v (4) 

And then,  the c h a r a c t e r i s t i c  ra t io  C = <r2> / o i  2 where  a is the  number of , 

n o 

skeleta l  bonds, each of them having a length ~ (0.152 nm for  P-N bonds}, can be 

ca lcula ted  as: 

<r2> <r2> M M .2/3 
o o r r K0 

Cn - a ~2 2 ~2 M 2 62 02 /3  (5) 

where  M r = 2 M / a  is the  molecular  weight  of the repea t ing  unit  (135 fo r  PDEP) and 

the K e cons tan t  can be evaluated by subs t i tu t ion  of l~I v and [~] of the two 

f r a c t i o n s  into the  Stockmayer-Fixman relat ionship:  

[ ~ l ( 6 )  l~ll/2 = K e + C K e I~I 1/2 

which gives K e = 1.14 10 -3  . Subst i tut ion of th is  value into Eq. 5 provides C n = 

17.4. The calcula ted  values of  the  chain expansion f a c t o r  ~ = [<r2>/<r2> ]1/2 are  
O 



470 

1.1 and 1.2 f o r  samples  A and B respect ively .  

Very d i f f e r e n t  values of  c h a r a c t e r i s t i c  ra t ios ,  ranging between 6 to  more than  

100, have been r e p o r t e d  (9,20) fo r  polyphosphazenes of type -[P(OR)(OR')-N-] . The 
n 

r e su l t  obta ined in the  p r e sen t  work fo r  PDEP suggests  a r a t h e r  f lexible  chain 

molecule in the  random-co i l  s ta te .  The values obtained fo r  dimensions are  s imi lar  

to those  obta ined f o r  PDHP wi th  the same exper imenta l  procedure  (C = 13) (14) and 
n 

those  ca lcu la ted  fo r  the  ful ly inorganic  polymer poly(dichlorophosphazene) (PDC1P) 

(C = 13.5) (24). The d i f f e r e n c e  be tween the unper turbed  dimensions of PDEP and 
n 

PDHP chains  can be explained by a small modif ica t ion of the s t a t i s t i ca l  weights  of 

the  confo rmat ions  al lowed to  the  pai r  of bonds P-N-P in the  sense of a s l ight  

s t ab i l i za t ion  of the  t t  conformat ion  in the case of PDHP due to a t t r a c t i v e  

i n t e r ac t ions  be tween  the  a l iphat ic  pa r t  of the side chains. Thus, the  theore t i ca l  

analys is  of PDC1P (24) indica tes  t h a t  the  t t  conformat ion  fo r  P -N-P  bonds is 

d i s favored  about  1.4 kcal mo1-1 over the a l t e rna t ive  tg  i and tc  conformat ions  (ie. 

E = -1.4 kcal tool -1 taking t t  as re fe rence) .  Since the valence angles in the  r 
chain backbone a re  very d i f f e r en t ,  (N-P-N ~ 118 ~ and P-N-P  ~ 130~ the  a l l  t rans  

conformat ion  desc r ibes  a sp i ra l  line t ha t  produces  a very small  value of Cn; on 
+ 

the con t ra ry ,  pe rpe tua t ion  of t g -  conformat ions  give a helix wi th  very large  

molecular  dimensions.  Consequently,  the  value of C increases  sharply  as the  
n 

be tween  t t  and t g  • increases  (ie. wi th  decreas ing  value of energy  d i f f e r e n c e  E ,  

see Fig. 4 on Ref. 24). The dimensions of PDEP are  l a rger  than  those  of PDC1P 

sugges t ing  a value of E ~ -1.7 kcal tool -1 which would indicate  t h a t  the  
o ~ 

in t e rac t ion  be tween  the  side groups  -O-CH2-CH 3 on PDEP are  s l ight ly s t r o n g e r  than  

those  be tween  -C1 in PDC1P; however,  an increase  of the length of the side group 

to -O-(CH2)sCH 3 in PDHP produces  dimensions,  and t h e r e f o r e  values of E ,  matching 

those  of PDC1P. The eas ie s t  explanat ion  would be tha t  the  long ta i l s  of the  side 

chains  ad jus t  themse lves  to pos i t ions  in which the in te rac t ions  are  minimized 

producing a t t r a c t i o n s  be tween  side chains of consecutive units.  

Finally, we should point  out t h a t  the  dimensions of PDEP obtained in the  p r e s en t  

work by a jo in t  appl ica t ion  of viscometry,  SEC and LS thecniques  are  cons iderable  

lower  than  those  measured  by LS (15). The discrepancy between the  r e su l t s  obtained 

wi th  these  two p rocedures  has been r epo r t ed  by o ther  au thors  and can be a t t r i b u t e d  

to the  fo rma t ion  of  molecular  aggrega tes  t ha t  produces  severe  overes t imat ions  of  

the  dimensions measured  by LS, a n d / o r  the  d i f f e r ences  between viscosi ty  and weight  

average  molecular  weights  in these  broad d is t r ibu t ion  polymers (20). 
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