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ABSTRACT 

A numer ica l  p rocedure  t h a t  a l lows fo r  the  eva lua t ion  of the  sca l ing  law be tween  

r ad ius  of g y r a t i o n  and molecula r  weight ,  <s2> 1/2 = Q M q of ideal ly monodisperse  
i i '  

f r a c t i o n s  of any polymer  is proposed.  The method is s imi la r  to  t h a t  previously  

used to  d e t e r m i n e  v i scomet r i c  cons t an t s  and ch romatograph ic  ca l ib ra t ion  func t ions  

and is based  on the  combina t ion  of expe r imen ta l  r e s u l t s  obta ined  by S ta t i c  Light  

S c a t t e r i n g  and  Size Exclusion Chromatography  on polydisperse  samples.  The method 

is used to s tudy  poly[b is (2-naphthoxyphosphazene) ]  in THF solut ion a t  25~ fo r  

which  the  r e l a t i o n s h i p  <s2>!/2 = 0.557 M 0 '29  is obtained.  The compar ison  be tween  
1 1 

t he  d imens ions  computed  w i th  th i s  equa t ion  and those  obta ined  by v i scomet r i c  

measu remen t s ,  p e r f o r m e d  under  the  same expe r imen ta l  condi t ions,  sugges t  the  

f o r m a t i o n  of i n t e r m o l ecu l a r  aggregates in the  solut ions  of t h i s  polymer. 

INTRODUCTION 

It  is a wel l  known f a c t  (1) t h a t  S ta t i c  Light  Sca t t e r ing  (LS) measu remen t s  provide 

w e i g h t - a v e r a g e d  molecu la r  we igh t s  M and z - a v e r a g e d  values of mean  squared  rad ius  
w 

of gy ra t i on  <s2> . Thus, when  expe r imen ta l  values of <s2> and M a re  used to 
Z X W 

de t e rmine  sca l ing  laws (2) such as <s2> 1/2 = Q M q, the  d i f f e rence  in the  kind of 

ave rage  used fo r  bo th  magni tudes  could somehow mask the  ac tua l  v a r i a t i o n  of <s2> 

wi th  M. This  e f f e c t  is negl igible  when very  well  f r a c t i o n a t e d  samples  having  

po lyd i spe r s i ty  r a t i o s  r = M /M ~ 1 a re  used fo r  the  expe r imen ta l  measurement s ,  
W n 

bu t  i t  becomes r a t h e r  i m p o r t a n t  when the  f r a c t i o n a t i o n  of the  sample is not  so 

e f f i c i en t ,  and even more,  when the  polydispers i ty  of the  measured  f r a c t i o n s  is 

very  d i f f e r e n t .  This  is exac t ly  the  s i tua t ion  in the  case of po ly(organo-  

phosphazenes) ,  t h a t  can  be r e p r e s e n t e d  as [N-P(XX')-],  where  X and X' ind ica te  two 

organ ic  r e s idues  a t t a c h e d  to every ske le ta l  phosphorus  atom. Indeed, ser ious  

e x p e r i m e n t a l  p rob lems  in the  f r a c t i o n a t i o n  of th i s  kind of polymers  have been 

r e p o r t e d  (3,4), and even very  ca re fu l ly  f r a c t i o n a t e d  samples  (5,6) have 

*Corresponding author 



470 

polyd i spers i ty  r a t i o s  r a n g i n g  f r o m  1.2 to 4. 

Some semiempi r i ca l  p rocedures  (1,7) have been devised fo r  t r a n s f o r m i n g  <s2> in to  
z 

weigh t  ave rage  <s2> . For  ins tance ,  the  r e l a t ionsh ip  <s2> /<s2> = (h+l) / (h+2) 
w 2w z 

wi th  ( I /h )  = r-1 is f r e q u e n t l y  used to compute the  r a t i o  <s >w/Mw , special ly  when  

the se  r e s u l t s  have to be compared  wi th  values ob ta ined  by some o the r  expe r imen t a l  

techniques .  An a l t e r n a t i v e  p rocedure  cons i s t s  in eva lua t ing  M and use the  r a t i o  
z 

<s2> /M . 
z z 

During the  l a s t  years ,  we have been employing a numer ica l  p rocedure  des igned to  

minimize  the  e f f e c t  of po lyd ispers i ty  (3,5,8,9). The method uses  the  e x p e r i m e n t a l  

r e s u l t s  of Size Exclus ion Chromatography  (SEC), v i scomet ry  (VIS) and LS 

m e a s u r e m e n t s  p e r f o r m e d  on ac tua l  polydisperse  samples  and al lows the  eva lua t ion  of  

t r u e  values  of v i scomet r i c  p a r a m e t e r s  and SEC ca l ib r a t i on  func t ions  fo r  ideal ly  

monodisperse  f r a c t i o n s  (10-13). The p rocedure  is ex tended  in the  p r e s e n t  paper  to  

the  ca l cu la t ion  of the  p a r a m e t e r s  governing the  r e l a t ionsh ip  be tween  rad ius  of 

g y r a t i o n  and molecu la r  we igh t  and applied to the  s tudy of po ly [b i s (2 -naph thoxy  

phosphazene)]  (PBNP) (X = X' = 2 -naph thoxy  in the  s t r u c t u r e  of polyphosphazenes  

given above) (5). Some conclusions  about  the  s t r u c t u r e  of the  polymer  so lu t ion  a re  

t hen  ob ta ined  t h r ough  a compar ison  be tween  the  molecular  dimensions  ca lcu la ted  

w i th  t h i s  method  and those  previously  obta ined  by viscometry .  

N U M E R I C A L  M E T H O D  

Let  us  r e p r e s e n t  by R. = <s.2> 1 / 2 -  the  roo t  of the  mean  square  r ad ius  of gy ra t i on  of 
1 1 

a polymer  chain  hav ing  molecula r  we igh t  M. averaged  over  all  the  con fo rma t ions  
1 

ava i l ab le  to  t h i s  p a r t i c u l a r  chain. We f u r t h e r  assume t h a t  R. fo l lows a v a r i a t i o n  
t 

w i th  M. t h a t  can  be r e p r e s e n t e d  by a sca l ing  law (2) such as: 
1 

R. = Q M. q (1) 
1 1 

When the  r a d i u s  of  gyrati.on is  de te rmined  by LS measurements ,  t he  magni tude  

ac tua l ly  obta ined,  which  usual ly  is r e p r e s e n t e d  by <s2> or <s2> z, is the  z - a v e r a g e  

of the  values  of  R. ~ f o r  al l  t he  cha ins  conta ined  in the  sample.  This ave rage  can 
1 

be computed  as  (1): 

1 R 2 
<s2> - Z c0iMiRi 2 _ Z ~ i (2) 

z Mw Z w i M i  

where  w. r e p r e s e n t  the  weigh t  f r a c t i o n  of molecules having molecular  weight  M. and 
1 1 

the  sums expand  over  all  t he  molecula r  s izes  conta ined  in the  sample. 

If  a SEC e h r o m a t o g r a m  of th i s  sample is avai lable ,  and the  ca l i b r a t i on  func t ion  

log M = Ao + A1V + A2V2 + .. . . .  (3) 
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has been previously de termined  so tha t  the A. coef f ic ien t s  are  known, any average 
J 

of <s2> can be ca lcula ted  by numerical  in tegra t ion  of th is  chromatogram.  Thus, fo r  

ins tance,  weigh t  and z averages  are  given by: 

m 

i = l  

(4) 

i = l  i=1 

-1 

(5) 

where  i t  was  assumed tha t  the in tegra t ion  is pe r fo rmed  by dividing the 

ch roma togram in m sl ices and r ep resen t ing  by h. and V. the height  and elution 
1 1 

volume of the i - t h  sl ice so tha t  i ts  weight  f r ac t ion  is w. = h. /Zh,  and i ts  
1 1 1 

molecular  weight  M. can be computed by subs t i tu t ion  of V. into eq. 3. 
1 1 

The Q and q coe f f i c i en t s  appear ing on eq. 1 can be calculated wi th  the same 

procedure  previously used to determine  the Mark-Houwink p a r a m e t e r s  of the  

v i seomet r ic  equat ion [~] = KM a (5,8-13}. Thus, assuming t h a t  exper imenta l  values 

of <s2> f o r  n f r a c t i o n s  of the polymer have been measured by LS, the root  mean 
z 

square  re la t ive  deviat ion o- be tween theore t i ca l  values computed according to eq. 
s 

5 and those  exper imenta l ly  de termined can be wr i t t en  as: 

r = -- I - 

s n (exp)  
i=l  <S2>z 

(6) 

Imposing on the  deviat ion r the condition of minimum with r e spec t  to the two 
s 

ad jus tab le  p a r a m e t e r s  appear ing on eq. 1, i.e. 

[aCCs)/a Q] = [aCe ) /a q] = o (7) 
s 

two equat ions  a re  obtained tha t  can be solved by any numerical  procedure  (14) to 

provide the  values of Q and q giving the bes t  f i t  between exper imenta l  and 

theo re t i ca l  r e su l t s  of <s2> . 
z 

A N A L Y S I S  O F  P B N P  

The numerica l  method explained above was employed fo r  the analysis  of a sample of 

PBNP whose syn thes i s  and cha rac t e r i za t i on  have been repor ted  e lsewhere  (5). In 

b r i e f ,  the  sample was  obtained by thermal  polymerizat ion of  the  cyclic t r i m e r  
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[NP(C12)] 3 fol lowed by a nucleophilic subs t i tu t ion  of chlorine a toms by 

2-naphthoxi  groups.  Frac t ional  prec ip i ta t ion  of the sample provided seven 

f r a c t i o n s  t h a t  were  cha rac t e r i zed  by SEC, LS and VIS measurements  pe r fo rmed  in THF 

solut ions a t  25~ A 0.1 wtZ of te t ra(n-butylammomium)bromide was added to the THF 

used as  e luent  f o r  SEC exper iments  in order  to obtain reproducible  chromatograms  

(15) t h a t  a re  shown in Fig. 1. 

All the  pe r t i nen t  da ta  are  summarized in table  I in which columns one through 

seven were  taken f rom r e f e r e n c e  5, while the two las t  columns contains  da ta  

ca lcula ted  in the p r e sen t  work. Thus, second and th i rd  columns r ep re sen t  da ta  

exper imenta l ly  obtained by LS. The fou r th  column contains the calculated values of 

po lydispers i ty  ra t ios .  Columns five to seven summarize the  viscometr ic  data,  i.e. 

exper imenta l  r e su l t s  of in t r ins ic  viscosi t ies  and calcula ted values M and end to 
v 

end dis tance.  

TABLE I 

R e s u l t s  f o r  PBNP. E x p e r i m e n t a l  d a t a  m e a s u r e d  in  THF s o l u t i o n s  a t  25~ 

M o l e c u l a r  w e i g h t s  in  104g/tool .  I n t r i n s i c  v i s c o s i t i e s  in  d L / g .  D i m e n s i o n s  in  nm 

SEC c a l i b r a t i o n  f u n c t i o n :  log  M ffi 14.93 - 2.54 V + 0.16 V 2 

F t .  M < s 2 >  1 / 2  r [~/] M < r 2 > 1 / 2  < s 2 > 1 / 2  < s 2 > 1 / 2  
w z v z w 

1 

2 

3 

4 

5 

6 

7 

139. 9 

119 6 

53 8 

49 6 

42 0 

21 4 

9 8 

47 8 

39 8 

30 8 

31 1 

25 0 

24 7 

16 3 

3.1 0.72 112.9 68.7 43.2 

3.4 0.47 87.8 55.0 42.2 

2.4 0.38 52.3 43.2 32.1 

2.6 0.29 45.2 37.6 31.9 

1.8 0.25 28.7 30.8 25.1 

1.5 0.18 20.3 24.4 22.1 

1.2 0.12 9.5 16.4 17.0 

30. 6 

28 3 

24 6 

23 5 

20 8 

18 8 

15 2 

Application of  the  numerical  procedure  to the da ta  collectec[ in Table I and the 

SEC chromatograms  r e p r e s e n t e d  in Fig. 1 gives the following scaling law between 

radius  of gyra t ion  and molecular  weights  of ideally monodisperse f rac t ions :  

<s2> I/2 = 0.557 M 0"29 with ~ = 0.12 (8) 
1 1 s 

This scaling law is graphically represented by the solid line of Fig. 2 while the 

filled circles on this Fig. show the values of (<s2>)i/2 computed for the seven 
z 

fractions according to eq. 5 as function of the experimental M . The open circles 
w 

)i/2 
indicate the experimental values of (<S2>z versus Mw, both magnitudes being 

obtained by LS. Finally, the broken line shows the least squares fitting of 

experimental data. It is important to notice that the solid llnr on Fig. 2 s not 
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Fig.1. SEC c h r o m a t o g r a m s  for  t he  seven Fig.2. Radius of gyra t ion  as func t ion  of 
f r ac t ions  of PBNP. molecu la r  weights.  See t ex t  for  details .  

a l e a s f  s q u a r e s  IZ t fSng of the f i l led  circles,  ins tead i t  r ep re sen t s  a scal ing law 

f o r  magni tudes  cor responding  to ideally monodisperse  samples.  The goodness of th is  

scal ing law can be judged by comparing open and f i l led c i rc les  t ha t  r ep resen t ,  

respect ive ly ,  exper imenta l  and theore t i ca l  values obtained fo r  actual  polydisperse  

f r ac t ions .  As Fig. 2 indicates ,  when exper imenta l  magnitudes are  d i rec t ly  employed 

in the  f i t t i ng ,  the  use of d i f f e r e n t  averages  fo r  radius  of gyra t ion  and molecular  

weights  produce an overes t imat ion  of the slope. 

Radius of gyra t ion  de termined  by LS are  f requent ly  converted into end to end 

d i s tances  <r2> by the  re la t ionship  <r2> z 6<s2> and compared wi th  the r e su l t s  
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Fig.3. Ratio b e t w e e n  end  to  end  d i s t ances  Fig.4. Ratio between LS and VIS magni tudes  
a n d  m o l e c u l a r  weights  as func t ion  of M. as function of M. 
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obta ined by VIS. This comparison is shown in Fig. 3 t ha t  r ep re sen t s  the  values of 

Log(<r2>/M) versus  Log(M). The open c i rc les  indicate the viscometr ic  resu l t s ,  i.e. 

were  computed wi th  the  Flory-Fox equation [~]M v = r 3 /2  and the  dimensions 

values of M were  used fo r  the hor izonta l  axis. Least  squares  f i t t i n g  of these  
v 

data ,  r e p r e s e n t e d  by the dot line, gives <r2>/M = 5.90 10 -4  M 0"13, or w r i t t e n  in 

another  form,  <r2> ~ M 1"13 which indicates  a normal behavior of a random coil in a 

good solvent  (2,16). Filled c i rc les  r ep re sen t  weight  averages  obtained by using 

eq. 4 to  compute <s2> and exper imenta l  values of M for  the evaluation of <r2>/M 
w w w 

2 
= 6<s > /M whose logar i thm is r ep re sen ted  versus Log(M ). The leas t  square  

w w w 
2 0 52 

f i t t i ng  is r e p r e s e n t e d  by the solid line and gives <r > ~ M " . The discrepancy 

be tween viscosi ty  and weight  averages  is more clear ly shown in Fig. 4 where  the 

~" = [<r2>/M]w/[<r2>/M] v is p lo t ted  agains t  the molecular  weight.  The open r a t i o  

c i rc les  r e p r e s e n t  values of ~' versus  Log(M v) while f i l led c i rc les  were  drawn using 

LoE(M ) in the hor izonta l  axis.  However, the d i f f e rences  between both kind of 
w 

r e p r e s e n t a t i o n s  a re  r a t h e r  minor and the solid line indicates  the f i t t i ng  of all 

the  points  to  the power  funct ion  ~" = 6.06 103 M -0"62. 

The behavior  r e p r e s e n t e d  in Figs. 3 and 4 can be easily explained by assuming tha t  

in te rmolecular  aggrega tes  a re  fo rmed in the solution. The presence  of these  

agg rega te s  do not  pe r t u rb  the viscosi ty measurements  but leads to overes t imat ions  

on the rad ius  of gyra t ion  de termined by LS tha t  become la rger  wi th  decreas ing  

molecular  size. For  th is  reason,  the  ex t rapola t ion  to M -~ 0 in order  to evaluate 

unper tu rbed  dimensions is good when pe r fo rmed  with  VIS resu l t s  and r a t h e r  poor 

when obtained f r o m  LS values. Moreover, the d i f f e rences  in cha rac t e r i s t i c  r a t ios  

C = <r2> /n~ 2 obtained wi th  th is  ex t rapola t ion  are  much l a rge r  than  the  
n o 

d i f f e r e n c e s  in pe r tu rbed  dimensions actually measured fo r  most  of the f rac t ions ,  

special ly f o r  those  of h igher  molecular  weight.  
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