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S u m m a r y  

A novel approach is proposed to derive the temperature dependent unperturbed dimen- 
sions of macromolecules as well as the influence of solvent action on these dimensions: 
The populations of conformers are analyzed by NMR using low molecular weight analogs 
in the respective milieu. The microconformers are summed up to yield the macro- 
conformation, applying Monte-Carlo calculation. Because long distance interactions 
are nonexisting in the conformational balance of those models, the macrodimensions 
derived in this way are the unperturbed ones, with and without specific solvent inf lu- 
ence, depending on the choosen solvent and temperature. 

Studies have been carried out using ditact ic unpolar head-to-head poly(propylene)s 
as well as polar head-to-head poly(vinylchloride)s and chlorinated poly(octenamer)s, 
respectively. Comparison with viscosity and light scattering data prove that for head- 
to-head poly(vinylchloride)s the dependence of the solvent modified unperturbed dimen- 
sions on configuration has identical tendency for calculated and measured data. 

As an unique consequence of the solvent action it has been derived from the NMR 
studies on the low molecular weight models for erythrodiisotactic poly(vinylchloride) 
that the short range interaction of polar solvents decreases the solvent modified 
unperturbed macrodimensions when compared with those in a vir tual ly non-interact- 
ing milieu. Separation of short from long range influences on the expansion factor 
appears to be realizable by the discussed approach. 

Solvent modified unperturbed dimensions are discussed in connection with dimensions 
of macromolecules in the e-state, in semidilute and in plasticized systems and in 
compatible polymer blends. 

I n t r o d u c t i o n  

The dimensions of macromolecular chains are influencing the properties of polymers 
both in solution and in bulk in a dominant manner. In this connection the unperturbed 
dimensions play a role first from the theoretical standpoint, because they are free 
from long range interactions. As theoret ical ly predicted by Flory 1) and verif ied by 
neutron scattering studies macromolecules exhibit their unperturbed dimensions also 
in the melt, in the glassy state and in concentrated solutions. 
Specific solvent action should influence, however, the dimensions of polar macromole- 
cules in concentrated solutions. Recent NMR investigations on polar low molecular 
weight compounds prove that the conformational balance may be strongly altered 
by solvent action: Trans-l,2-dichlorocyclohexane exhibits biaxial conformation domi- 
nantly in unpolar solvents, whereas in polar solvents the biequatorial conformation 
is preferred, which is also the arrangement in the crystalline state 2) Analog linear 
compounds show similar effects. Because the macromolecules are built up by sequences 
of such subunits, the unperturbed macrodimensions should depend on the solvent even 
in concentrated solutions of polar polymers. 
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Unperturbed dimensions may be der ived f rom RIS calculat ions 3) w i th  cer ta in  l i m i t a t -  
ions due to adjustable molecular  parameters.  Exper imenta l ly  they may be determined 
in O-solut ions ~1) d i rec t l y  or by ex t rapo la t ion  of  measurements in thermodynamica l l y  
good solvents 5). It has to be noted, however, that  dependences of such dimensions 
on the respect ive solvent systems have been found. In any case the pseudoideal state 
appears to be disturbed w i th  respect to the conformat ion at a segmental level:  The 
O-state is bui l t  up by the compet ing long range ef fects ,  the excluded volume, which 
expands the coi l ,  and the po lymer -po lymer  interact ions,  which cont rac t  the coi l .  

Solvent induced ef fec ts  on unperturbed dimensions are not accessible up to now by 
the RIS approach, which should take into considerat ion the solvent act ion on the con- 
fo rmat iona l  balance. 

Neutron scat te r ing  should be capable to detect  this e f fec t  by measurements in concen- 
t ra ted  solutions. There are no re levant  studies per formed up to now, however,  to  
our knowledge. Studies on compat ib le  po lymer  blends - deuterated po ly (s ty rene) /  
po ly (v iny lmethy le ther )  - by neutron scat ter ing have demonstrated that  the energet ic  
in te rac t ion  beetween the macromolecu lar  components is expanding the coil dimensions 
of the poly(styrene) 6 )  The conformat ion of  the monomer ic  subunits is not accessible, 
however,  in this way. NMR seems to be the most ly  promising method for  an analysis 
of  the inf luence of the solvent on the conformat ion at a segmental level .  In the present 
paper we t ry  to demonstrate that  unperturbed dimensions and solvent modi f ied  unper- 
turbed dimensions of macromolecules may be der ived f rom the NMR data too. 

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

In previous papers 7) 8) 2) the dependence of the populat ions of  conformers has been 
described for  the meth ine-meth ine  bond in d i t ac t i c  head-to-head poly(propylene)s. 
This has been e f fec ted  by 13C-NMR measurements on low molecular  models, which 
exh ib i t  conformat iona l  balance ident ical  w i th  the respect ive polymers. Their chemical  
sh i f t  under fast exchange condit ions, 6, is the consequence of the populat ions, Pi, and 
the chemical  shif ts, 6i, o f  the coexist ing rotamers:  

n 
6 = ~ Pi6i ( 1 )  

i=1 

The shif ts of  the ro tamers have been determined at low temperatures under slow 
exchange condit ions. The shi f t  d i f ferences are in the order of  ppm~s due to the ~/- 
e f fec t  occur ing for  gauche conformat ions.  The populat ions of  the ro tamers are co r re l -  
ated w i th  the respect ive energy di f ferences,  E i , m i being the number of  the respect ive 
ro tamers  : 

n 
Pi = m i e x p ( - E i / k T )  / ~ m i e x p ( - E i / k T )  ( 2 )  

i--1 
The measurements have been carr ied out in v i r tua l l y  non- in teract ing solvents for  
both the polymers and the low M. W. models. In any case solvatat ion of  unpolar mo le -  
cules is p rac t i ca l l y  not depending on the solvent because of the lack of  speci f ic  in te r -  
act ions. 

The s i tuat ion is d i f fe ren t  for  polar  polymers, i. e. d i t ac t i c  head-to-head po ly(v iny lch lor -  
ide)s and the i r  low molecular  weight  analogs, as discussed in the in t roduct ion.  The 
NMR pat terns for  the polar  chloro compounds may be concluded f rom considerat ions 
der ived f rom the exper iments  on the unpolar methy l  subst i tuted ones, as described 
before 2 )  I t  turns out that  the pre fer red conformat ions d i f fe r  for  both the types 
of compounds: Methyl  groups pre fer  to be s i tuated in gauche conformat ions,  whereas 
CI-groups pre fe r  ant i  (Figure 1). The chemical  shif ts for  a low molecular  weight  model 
for  threo type head-to-head poly(v iny lchlor ide) ,  d,l-2,3-dichlorobutane, versus 1/T are 
shown in Figure 2. It is evident that  the data recorded on the d, l -compound under 
fast exchange condit ions exh ib i t  a d i f fe ren t  tendency for  propane, the unpolar solvent, 
and for  ch loro form,  the polar one: In propane gauche + is preferred,  in ch loro form 
gauche-. In the meso-conf igurat ion anti  is favoured in the unpolar mi l ieu.  Polar solv- 
ents induce a tendency towards gauche. 
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Before  present ing our  approach to  ca lcu la te  macro -  f rom m ic rocon fo rma t i ons  we 
l ike  to  discuss and to  mod i f y  the concept  o f  per tu rbed and unl~erturbed dimensions 
o f  macromo lecu les .  For C-C chains the unper turbed dimensions, <r~> o ,  are co r re la ted  
w i th  the dimensions based on f ree ro ta t i on  around the va lence angle, O, <r2>of ,  

< r2>of  = nl 2 (I - cos 0 ) I  ( I + cosO) ( 3 ) 

th rough the h indrance pa rame te r  a (~ the tors ion angle) 

o 2 = (I -<cos~>) I (I +<cos~>) ( 4 ) 

< r 2 > o = ~ 2 < r 2 > o f  ( 5 )  

The per tu rbed  dimensions, <r 2 >, are expanded by a f ac to r  a : 

<r2> = a2 <r2>o = a 2 c~2<r2>of ( 6 ) 

In the expansion f ac to r  th ree components are comprehended,  exc luded vo lume,  p o l y m e r -  
so lvent  and p o l y m e r - p o l y m e r  i n te rac t i on .  Al l  o f  them are i n te rp re ted  as long range 
in te rac t i ons  common ly .  E f f e c t i v e l y  the so l ven t -po l ymer  i n te rac t i on  is o f  short  range 
type,  however ,  which occurs w i th  low mo lecu la r  we ight  compounds also, as demon-  
s t ra ted  c l ea r l y  by NMR data.  There fore ,  we may  spl i t  up in components,  w i th  the 
indices ev fo r  exc luded vo lume,  12 for  po lymer -so lven t  and 22 for  p o l y m e r - p o l y m e r  
i n te rac t i on :  

< r 2 > I 1 2  = a e v  a22 a12 ~ < r 2 > o f  I12 ( 7 )  

Taking in to  cons idera t ion  t h a t a 1 2  may  be accessible v ia NMR data o f  low mo lecu la r  
we igh t  compounds in an i n te rac t i ng  so lvent ,  we def ine  a solvent  mod i f i ed  hindrance 
pa ramete r ,  os : 

as = a 1 2 ~  =c~c~laeva22 ( 8 )  

The order  o f  magn i tude  for  the two  long range components o f  a is around 2 f o r a e v  
and < I fo r  a22. Both are e f f e c t i v e  for  mac romo lecu la r  chains only.  a12 is not necessar- 
i l y  >I ,  as i t  w i l l  be demons t ra ted  in the f o l l ow ing  by NMR measurements  on low mo lec -  
u lar  we igh t  model  compounds. 

In consequence o f  the fac t  tha t  long range in te rac t ions  are non-ex is t ing  in low mo lec -  
u lar  we igh t  models fo r  macromo lecu les  the chance is o f fe red  to  sum up the i r  con fo rm-  
ers by a M o n t e - C a r l o  ca lcu la t ion  to y ie ld  the unper turbed dimensions, <r2>o , as wel l  as 
the so lvent  mod i f i ed  ones, <r2>s, o f  the respec t i ve  macromolecu les .  Solvent  mod i f i ed  
unper tu rbed dimensions are not accessible up to  now by the RIS approach, because 
the so lvent  ac t ion  on the con fo rma t i ona l  balance cannot be taken in to account  in 
an approp r ia te  way.  These dimensions may  be ve ry  useful l ,  however ,  to  understand 
so lvent  dependent  e f fec ts  in po l ymer  systems as discussed be low.  

In the M o n t e - C a r l o  ca lcu la t ion  the con t r ibu t ions  o f  the ro tamers  around the me th ine -  
me th ine  bonds as de te rm ined  by NMR analysis o f  the respect ive  low mo lecu la r  we ight  
models  are inserted,  whereas those for  the m e t h y l e n e - m e t h y l e n e  bond have been 
assumed to  r e f l e c t  the s i tua t ion  in po ly (e thy lene) .  For the me thy l ene -me th i ne  bond 
an energy  d i f f e rence  of  1.0 kJ be tween gauche and ant i  has been assumed. In a f i rs t  
app rox ima t i on ,  the tors ion angles have been supposed to  be the und is to r ted  ones, 
60 ~ and 300 ~ fo r  the gauche and 180 ~ fo r  the ant i  conformers.  Ca lcu la t ions  have 
been car r ied  out  fo r  head- to -head  poly(propylene)s and po ly (v iny lch lor ide)s ,  w i th  
e r y t h r o  and th reo  con f igu ra t ion  as wel l  as for  a s ta t i s t i ca l  1:1 m i x t u r e  of  both o f  
them,  in n -pentane and, fo r  the hh-PVC's, in THF add i t i ona l l y .  The deta i ls  o f  the 
ca lcu la t i on  procedure wi l l  be publ ished e lsewhere 9). 

F igure 3 gives the compar ison o f  the results for  both the po lymer  types in n-pentane.  
Assuming tha t  due to  the lack o f  spec i f ic  i n te rac t i on  unper turbed data are y ie lded,  
the h indrance f ac to r  ~ is p lo t t ed  versus e r y t h r o - t h r e o  ra t i o  and t empera tu re .  
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Figure 3 : Monte-Car lo  ca lcu la t ion of  the unperturbed hindrance fac to r ,  o , fo r  head- 
to-head poly(propylene)s, O . . . .  , and poly(v inylchlor ide)s,  �9 - -  , versus e ry th ro -  
threo content  and tempera tu re .  Solvent: n-pentane 
Lowest  energy conformers for  e ry th ro  and threo chains v isual ized 

The inf luences of  t a c t i c i t y  as wel l  as of  the po la r i t y  of  the macromo lecu la r  chains 
are much more dominant  than the tempera tu re  inf luence on the hindrance fac to r  
and the unperturbed dimensions, consequently. In accordance w i th  the s i tuat ion v isual-  
ized in Figure 1 the threo head-to-head poly(propylene)s favour the a l l -an t i  con fo rma t -  
ion, whereas the e ry th ro  chain prefers a gauche kink w i th  the consequence of  smal ler  
unperturbed dimensions. For the corresponding head-to-head poly(v iny lch lor ide)s 
the s i tuat ion is just inverse, as a consequence o f  the po la r i t y  of  the subst i tuents.  
I t  seems to  be strange, at  a f i rs t  v iew, to  discuss unperturbed dimensions o f  po ly (v iny l -  
chlorideJs in an actual  non-solvent.  The point  is tha t  the lack of  so lub i l i t y  is a consequ- 
ence of  po l ymer -po l ymer  in terac t ion (er exc lus ively .  The unperturbed dimensions 
of  the polar  e ry th ro  macromolecu le  are s ign i f i can t ly  g rea ter  than those of  the respect -  
ive unpolar one. 

In Figure 4 the s i tuat ion is compared for  head- to-head poly(v iny lch lor ide)s in the unpolar 
n-pentane and in the polar  THF. For e ry th ro - t ype  chains the unperturbed hindrance 
fac to r  exceeds the solvent mod i f ied  one: In THF the chain has more gauche tendency 
than in n-pentane. Under speci f ic  solvent act ion the coi l  has the tendency to  shrink, 
when po l ymer -po l ymer  in te rac t ion  is not taken into considerat ion.  Because THF is a 
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Figure 4 :  Monte-Car lo  ca lcu la t ion of  the unperturbed hindrance fac tor ,  (~ � 9  
and the solvent mod i f ied  hindrance fac tor ,  o s �9 . . . .  , for  head-to-head poly(v iny l -  
chloride)s, versus e ry th ro - th reo  content  and tempera tu re  
Solvents: n-pentane and THF. Lowest energy conformers v isual ized 

the rmodynamica l l y  good solvent, po lymer -po lymer  in teract ion is suppressed, and 
the per turbed dimension are high. For the threo type head-to-head poly(v iny lch lor ide)  
hindrance fac tors  and unperturbed dimensions are near ly invar iant  w i th  respect to 
the po la r i t y .  This is a consequence of  the fac t  that  polar  in terac t ion induces preference 
of gauche-kinks when compared w i th  the gauche + tendency in unpolar mi l ieu,  w i thout  
s ign i f icant  inf luence on the macroconfo rmat ion .  I t  is evident too that  the average 
sequence lenght of  ant i  conformers has to be re la t i ve l y  high in order to generate 
s ign i f icant  e f fec ts  on the coi l  size: In 1:1 e ry th ro - th reo  chains one observes minor  
d i f ferences between the unperturbed and the solvent modi f ied  dimensions only. 

In Figure 5 the Monte-Car lo  data for  the unperturbed hindrance fac tor ,  o ,  are compared 
w i th  those measured by l ight  scat ter ing and solut ion viscosi ty 5) (own measurements 
and l i t e ra tu re  data 10)). Add i t i ona l l y  the computed data for  the THF mod i f ied  hindrance 
fac to r ,  os, are p lo t ted .  Calcu lated and measured values have ident ical  tendency. This 
indicates that  the proposed approach takes into considerat ion conf igurat iona l  and 
con format iona l  inf luences in a cor rec t  way. The exper imenta l  data are higher, indeed, 
by a fac to r  1.7 to 1.9. This is an e f fec t ,  which uccurs genera l ly  in a s imi lar  way when 
de te rmin ing  unperturbed dimensions by RIS calculat ions.  Some reasons for  the sys temat -  
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T viscosity 
e~ 1.5] ~ light scattering 

~s � 9  Pentane 

I Monte-Carlo~ 
1.2L . ~ -  �9 
erythro threo 

Figure 5 : Hindrance fac to r  for  head- 
to-head PVC,o exper imenta l  and ca lc-  
ulated, o s in THF, ca lcu la ted 

ical deviat ions may be discussed short ly .  
First ,  the p robab i l i t y  of  ident ical  sense 
gauche conformers is overes t imated  in the 
calculat ions,  as i t  is wel l  known for  po ly (e thy l -  
ene), i. e. Second, inf luence of the next 
neigboured subunit is not taken into consider-  
at ion in our calculat ions.  For head-to-head 
chains this should be to lerab le ,  however,  
especia l ly  fo r  the ch lor inated po ly (oc tenam-  
er)s, which w i l l  be discussed la ter .  Here 
the head-to-head groups are decoupled by 
the long methy lene sequence. Third, the 
torsion angle for  gauche deviates s ign i f icant ly ,  
which is proven by force f ie ld  calculat ions 
11) and by NMR measurements 12) on d ime th -  
y lbutane.  Forth,  the admi t ted  energy d i f f e r -  
ence fo r  the methy lene-meth ine  ro tamers  may 
be not exact .  Work is in progress to take 
into account the discussed e f fec ts  in our Mon- 
te -Car lo  ca lcu la t ion.  Ta i l - t o - t a i l  low M. W. 
models w i l l  be synthesized in this connect ion.  

7---'-....'>,.., / ""<? 
,( 1.2-I- " " " - - . . / .  ,. 

T/K37 ery thr~ threo 

Fiaure 6 :  Monte-Car lo  ca lcu la t ion of  the unperturbed hindrance fac tor ,  o � 9  
head-to-head poly(v iny lchlor ide)s and �9 . . . .  for  ch lor inated poly(octenamer)s,  versus 
e ry th ro - th reo  content  and tempera tu re .  Solvent: n-pentane 
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By ch lor inat ion of  high-cis and high-trans poly(octenamer)s one gets polar head- to-  
head macromolecules,  which exhib i t  six methylenes per subunit. Assignment of  the 
conformers is possible here by d i rec t  solid state NMR analysis of  the po lymer  13) 
Figure 6 compares the unperturbed hindrance fac to r  of  those polymers w i th  that  
of  the head-to-head poly(v inylchlor ide)s.  As expected the dependence of o on the con- 
f iguara t ion  is f l a t t e r  for  the chlor inated poly(octenamer)s,  and the dimensions are 
greater. 

In conclusion, the concept proposed for  the de termina t ion  of  macroconformat ions 
f rom exper imenta l  data of  the mic roconformat ions  as der ived f rom low molecular  
weight  analogs seems to be a promising one. Solvent modi f ied  unperturbed dimensions 
may o f fe r  new insights into the complex phenomena occuring by solvatat ion of  macro-  
molecules, because long and short range influences are separated: 

- The e - s t a t e  may be understood be t te r  on a molecular  base, especial ly concerning 
solvent inf luences on the unperturbed dimensions. 

- Solvent e f fec ts  on the dimensions in semid i lu te solutions may be invest igated. 

- In p las t ic ized systems conformat iona l  analysis is possible not only w i th  respect 
to  the macromolecules,  but for  the p las t ic izer  molecules also. 

- In compat ib le  blends conformat iona l  analysis of  both the in terac t ing macromolecu la r  
components may be rea l izable.  

General ly  the proposed approach may be developped fu r ther  in order to der ive unper tur -  
bed and solvent mod i f ied  unperturbed dimensions of  macromolecules on the base 
of exper imenta l  data on low molecular  weight  analogs exc lus ive ly .  
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