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This work deals with the properties of the temperature-concentration phase diagram of ternary poly- 
acrylonitrile solutions that were mainly observed from the transverse magnetic relaxation of protons 
, attached to polymer chains, used to disclose the presence of solid-state domains. The binary solvent was 
a mixture of dimethylformamide (DMF) and water; the molar fraction of monomeric units was varied from 
0 to 0.5, while the relative molar fractions of DMF and water were l:l or 2:1. The solvent quality was 
found to decrease upon addition of water. A curve (liquidus) that relates the temperature of formation of 
solid-state domains to the initial polymer concentration in solution was drawn from nuclear magnetic 
resonance (n.m.r.). The demixing part of the liquidus, determined as a plateau from n.m.r., was identified 
on observing a cloud-point curve. The main feature of the phase diagram concerns the specific behaviour 
of solutions observed whenever the concentration of disordered segments becomes lower than half the 
initial polymer concentration. 

(Keywords: polyaerylonitrile; ternary solutions; n.m.r, characterization) 

I N T R O D U C T I O N  the addition of water under high pressure induces a 
melting-point depression, although water is not a good 

This work deals with the characterization of the ordering solvent of PAN 5. The polymer and the binary solvent 
effect of polyacrylonitrile (PAN) chains: it is usually form a ternary mixture in which both crystallization and 
considered that partial crystallization may occur in pure liquid-liquid phase separation may occur; however, the 
PAN 1'2. However, the high melting temperature T m of exact equilibrium phase behaviour of the mixture is still 
the pure polymer is not easily measured; it has been unknown. N.m.r. was applied to the determination of 
estimated only from the melting-point depression induced both the temperature of polymer ordering and the 
upon addition of a good solvent: T£ = 317 K 3. Further- 
more, crystallites are not easily characterized from X-ray melting point; it was also used to measure conveniently 
diffraction. Ordered domains are described as hexagonal the extent of polymeric order in solutions, observed under 
packings of rigid segments; these result from helical appropriate conditions. 

Experimental conditions are described in the next 
structures. The lateral order within crystallites is observed section, followed by a discussion of the results of 
without any ambiguity, while the length of rigid segments calorimetric measurements. The principle of the n.m.r. 
is not uniform; no periodicity has been disclosed along approach is then presented, and the temperature- 
the c axis 4. Consequently, no regular crystallization can concentration ordering curve determined. A qualitative 
be evoked for pure PAN. 

description of the melting-point depression is given in 
The purpose of this work was to characterize the the penultimate section. All results are discussed in the 

ordering property of PAN chains, observed in solution final section. 
in a binary solvent, in order to attempt to disclose the 
real nature of ordered domains. The addition of solvent 
was mainly used to lower conveniently the temperature EXPERIMENTAL 
interval of observation of the ordering process of PAN 

Materials 
chains. It was also supposed that the definition of the 
polymeric order that occurs within domains would be Atactic polyacrylonitrile samples were supplied by 
possibly better in solution than in pure PAN. The binary Rh6ne-Poulenc; the acrylonitrile-sodium methallylsul- 
solvent consisted of dimethylformamide (DMF) and fonate copolymer (AN69) was supplied by Hospal 
water; D M F  is a good solvent of pure polymer. Industry. 
Furthermore, water molecules play a particular role with Deuterated solvents used to perform n.m.r, experiments 
respect to PAN ordering, since it has been shown that were: D M F  (D=99.5%), glycerol (D=98%)  and water 

(D = 99.95 %); solvents were bought from Aldrich-Chimie. 
For  turbidimetry measurements, protonated solvents 

* To whom correspondence should be addressed were purchased from Prolabo. 
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Preparation of  solutions 

All concentrations are given as molar fractions of l~ 
monomeric units. A small amount of PAN or AN69 
(25mg) was first introduced into the n.m.r, tube; an 
appropriate amount of solvent was then added in order 
to adjust the polymer concentration to a given value. T 
Molar fractions up to 0.40 were obtained. N.m.r. tubes ~/ 
were sealed under a nitrogen atmosphere. Samples were 
heated up to 140°C and stirred to expedite their 
preparation. After waiting for 15 min, solutions were ~ ~ _ ~ ~ ' ~  
homogeneous and were slowly cooled down to room 
temperature. Resulting solutions were slightly yellow in 
colour. The coloration of PAN solutions upon heating 
is a well known property 6. The nature of the bound . . . . . . . . . . .  
chromophore is still undetermined 7. 5 . . . . . . . . . . .  

N.m.r. measurements Figure 2 Thermogram recorded from a PAN solution (monomeric 
molar fraction is 0.30) 

The free induction decay of the proton magnetization, 
observed over a time interval equal to 100#s, was used 
to characterize the spin-system response. The residual In this work, X-ray patterns were recorded from PAN 
proton signals due to the probe and to the tube were solutions, at room temperature; they did not reveal any 
subtracted from the relaxation function of the solutions, feature about the ordering of PAN chains in solutions 

corresponding to polymer molar fractions equal to 0.2 
Turbidimetry measurements or 0.3. 

Demixing of PAN and AN69 solutions was observed 
Calorimetric observations by using laboratory-made equipment. The sample was 

put in a device whose temperature was controlled. The ordering transition of PAN in solution was 
The transmitted intensity of the laser beam (He-Ne, identified on heating by d.s.c, measurements. Polyacrylo- 
2=0.632#m) was measured by using a photodiode, nitrile solutions were prepared using a binary solvent 
Typical results of measurements of light intensity are (equal molar fractions of water and DMF); two (initial) 
reported in Figure 1. Monomeric molar fractions were polymer molar fractions were considered (q~ip =0.20 or 
equal to 0.01 or 0.09. 0.30). Solutions were rapidly cooled down to 293 K; then, 

the temperature was raised at a heating rate equal to 
10 K min-1. A typical result is shown in Figure 2. The 

PARTIAL OR DERING OF PAN SEGMENTS melting point T,, was determined as the temperature of 

,Y-ray observations the minimum of the melting endotherm: T m = 138°C for 
Early X-ray measurements performed on PAN have ~bip=0.3. This determination was in accordance with 

shown that hexagonal packings of rigid segments that n.m.r, observations reported in a later section. A striking 
form crystallites in the pure polymer are characterized feature is clearly perceived from Figure 2: the width of 
by a mean lateral size about equal to 80,~8. The mesh the melting endotherm is found to spread over more than 
size within the hexagonal packing is defined by a = 9.18 80°C. This result is in marked contrast to observations 
and b = 5.30 A; no periodicity has been disclosed along of the narrow peaks that usually characterize the melting 
the third direction 4. The average number of segments process of most linear polymers. The narrowness of 
that participate in the formation of one crystallite is about melting endotherms that are normally observed is 
12, and orientations of the crystallites are randomly interpreted by assuming that a growth process of 
distributed throughout the polymer sample. The crystal- crystallites occurs on heating; thus, the surface enthalpy 
linity estimated from X-ray measurements is about 30%. contribution to the free enthalpy of melting of ordered 

domains is reduced. Consequently, the melting tempera- 
ture of each domain tends to be closer to the melting 

,oo . . . . . . . . . . . . . . . . . . . . . . . .  temperature of the polymer in bulk 9. Anticipating the 
..... | discussion about n.m.r, results given later, the broad 
,00 +, ++ . . . . . . .  + * melting endotherm reported in Figure 2 implies that the 

• + ÷ + + ÷ +. * + ÷ + . . . .  ordering of PAN chains in solution occurs as a multi-step 
6 0 0  ÷ process: the simplest extension is a two-step process. The 
,00 first step would be a coil-helix transition that appears 

÷ within chains; such a transition corresponds to an 
,o, , . . . . . . . . . .  equilibrium between helical parts and coil segments in 

• " •• . . . .  • . . . . . . . . . .  one chain. For a biopolymer, for instance, the helix-coil 
3 0 °  

+ endotherm is known to spread over about 30°C for a 
~o0 given chain length 1°. The second step would correspond 

• ÷ to the formation of the lateral order that has been 
1 0 0  • + 

. . . . . . .  observed in the pure polymer, from X-ray measurements. 
• . . . . . . . . . . . . . . . . . . . . . . . .  Then, the broad melting endotherm would reveal the 
. . . . . . . . . . . . . .  o T(°C) ,50 existence of a wide distribution of sizes of ordered 

Figure 1 Observation of the cloud point in PAN solutions (monomeric segments. The total enthalpy of melting AHm was found 
molar fractions are 0.01 (+) and 0.09 (A)) to be equal to 5.2 kJ mol-1; no significant variation of 
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AH m was detected by changing the polymer concentration . . . . . . . . . . . . . . . . . . . . . . . . . .  ' 
from 0.20 to 0.30. * " a • a A o ~,,~ 

2 4  

0 . 8  

P R I N C I P L E  OF THE N.M.R. A P P R O A C H  • 
2 2  

The n.m.r, approach was based on the discrimination of 0, 
the transverse relaxation of protons linked to segments 20 
located in a solid-state region, whether they are ordered 0, 
or not, from that of protons attached to segments still ,B 
in a coil state. For the sake of simplicity, all segments • 

o 

embedded in a solid state will be called ordered segments 0.2 b ° ° ,, 
throughout this work. This experimental n.m.r, approach ° , • 
has already been applied to observations of the kinetics . . . . . .  _- . . . . .  

polydimethylsiloxane 11 . . . . . . . . . . . . . . . . .  of crystallization of • 20 ,0 ,0 80 ,0o . . . . .  0 ~oc~ ,88 
Observing PAN chains in a deuterated binary solvent 

(DMF and water) and at temperatures lower than 130°C, Figure 4 Curve a: extent of segmental ordering X c observed as a 
function of temperature for a constant monomeric molar fraction 

the relaxation curve of the transverse magnetization of (0.245). Curve b: relaxation time A measured as a function of temperature. 
protons Mx(t) was shown, without any ambiguity, to Two behaviours are evidenced from temperature variations 
consist of two components M~(t) and M~(t). The presence 
of two components is illustrated in Figure 3a, where the 
two behaviours of the relaxatin function are well over about 300ms; this is specific to proton magnetic 
distinguished from each other within the temperature relaxation in the liquid state. Consequently, the MC~(t) 
range from 25 to 125°C; the monomeric molar fraction component was assigned to ordered monomeric units 
was equal to 0.18. The MCx(t) function was found to spread while the M~(t) component was supposed to represent 
over about 30/~s; this is specific to solid-state n.m.r. Long chain segments joining ordered domains. Above 125°C, 
components of relaxation curves, observed at tempera- no ordering effect was observed and a single-component 
tures lower than 140°C, are shown in Figure 3b. The relaxation curve was recorded. It is worth noting that 
non-exponential M~x(t) component was found to spread non-ordered segments are in a more and more dilute 

solution during the formation of segmental order; 
therefore, segmental motions must be faster and faster. 

. . . . . . . . . . . . . . . . . . . . . . . . . .  Consequently, the corresponding M~(t) component must 
a be described by a longer and longer time function, 

. . . . . . . . . .  ~ although the temperature is lowered; this effect is actually 
. . . . . . .  ~ . . . .  well illustrated in Figure 3b. 

Let X c denote the extent of segmental ordering; typical 
°" relaxation curves reported in Figure 3a show that the 

:~ experimental value of the fraction of ordered segments 
08 is easily derived from the relative amplitude of M~(t) 

~" corresponding to ordered segments; M~(t) was described as 
° '  a Gaussian function characterized by a time constant A. 

0.2 O R D E R I N G  PROCESS 

8 . . . . . . . . . . . . . . . . . . . . . . . .  The ordering process was observed in polyacrylonitrile 
. . . .  8 8o 80 ,00 t~.,~ ,20 in solution in a binary solvent (equal molar fractions of 

water and DMF). This process was found to occur during 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  a time interval shorter than the time interval required to 

b reach thermal equilibrium of the polymeric system, after 
, introducing the n.m.r, probe in the spectrometer. 

° Ordering temperature 
o.8  ~ o  

× , o The temperature of the polymeric solution was progres- 
× 

05 , o sively lowered step-by-step from the initial temperature 
~- ×× * °o T~= 140°C, until a two-component relaxation function 
E ×~, o 

× • o was detected without any ambiguity. Then, the tempera- 
0.4  ~ • o 

i i i i  i ~ '  °o turewasagain l°wereds tep-by-s tep(AT---10°C)andthe  
° - . . ~ .  o X~ fraction of protons in the ordered phase was 

• J ,  ° o ~, • determined for each temperature. A typical variation of o . 2  . . . . . . .  ! i ~  
• *** '*~*,  ~ ~, t ! t ! t t ~ t i | | | | | X~(T) is illustrated in Figure 4 (curve a) for an initial 

J . . . .  _ . . . .  i . . . . . . . . . . . . . . . .  

5 monomeric molar fraction ~0=0.245. The ordering 
o 5 0  l o o  15o  200  2 5 0  ao8  t (ms) 5 5 o  

temperature T~ was defined as the intersection of the 
Figure 3 Proton transverse relaxation functions recorded from PAN Xe(T) curve with the temperature axis; no significant 
solutions (monomeric fraction is 0.245). (a) Observation over a shor t  change of the relaxation function was detected at T = T~. 
timescale. Sample temperatures (°C) are: 25 (0), 40 (O), 70 (A), 90 Variations of the time constant A corresponding to the 
(+), 110 (x), 120 (~), 125 (I-q), 130 (©). (b) Observation over a long G a u s s i a n  f u n c t i o n  a s s o c i a t e d  wi th  t he  fast  M~x(t) c o m -  
timescale. Sample temperatures (°C) are: 40 (O), 60 (Q), 80 (A), 100 
(+), l l0(x), 115 (O), 120 (&), 140 (O) ponent of the relaxation function are also reported in 
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Figure 4 (curve b). Two domains  are clearly perceived in . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ;A 
Figure 4. In domain  A, there is a s t rong var ia t ion of Xc L _~ °~ - - - - ' ' ' ' ' ' ~  
over  a short  t empera ture  interval, while in domain  B the ,,0 - 
var ia t ion of Xc spreads over  abou t  100°C. The  crossover  ~ ~ s 
point  is defined by X~-~0.5 and T =  10°C. ,oo 

~ '00  Ordering curve 

Construct ion of a partial  phase d iagram was at tempted,  00 
first, by drawing a curve (the liquidus) that  relates the 
ordering tempera ture  T~ to the monomer i c  mola r  fraction ,0 n 0 n 
in the liquid state, and, secondly, by drawing a curve (the 
solidus) that  relates the t empera ture  T~ to the monomer i c  2o 

molar  fract ion in the solid state. Before drawing these a 

it was necessary to prove  that  water  molecules 0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  two curves " ' 0.05 0.1 0.1G 0.2 0.25 0.3 0.35 

of the binary solvent were completely  expelled f rom the %' o, %" 
ordered state. This p roper ty  was shown by recording 
relaxat ion functions of  P A N  chains in solut ion either in 1,0 . . . . . . . . . . . . . . . . . . . . . . . .  ~,, 
deuterated water  and D M F  or in p ro tona ted  water  and . . . . .  o. ~ × ~ ° ~ ° ° 
deuterated D M F .  The  monomer i c  mola r  fraction was ,20 × • s 
~bp=0.25. Variat ions of  the relative number  of  p ro tons  ,0o -i  -~ ÷ °r 
X,  in the solid state with respect to the total  n u m b e r  of / / × 
pro tons  in water  and in the disordered po lymer  are shown 00 /+ 
as a function of T~ in Figure 5 (curve a). Curve  a'  (X'~(t)) ~ / 7 T 
was drawn from curve a by assuming tha t  all water  ~-00 ,/ ? /~ 
molecules are expelled f rom the ordered state. Then, l /  .... 

curve a'  was compared  with curbe b (Xc(t)) drawn from ,0 + 
relaxat ion curves observed f rom P A N  chains in solution ×~ 
in a completely  deuterated b inary  solvent. Curves  a '  and 2o n i n 

b were found to be coincident with each other  within b 
experimental  uncertainty.  Therefore,  the ordered state °0 0.00 0., 0,0 o., o . ,  0.3 , 

corresponds  to pure  po lymer  and the solidus (S) is a %' o r * "  

straight line, parallel to the t empera ture  axis and d rawn 
for the monomer i c  mola r  fraction equal  to 1 (Figure 6a). Figure 6 (a) Ordering temperatures determined from several initial 

The ordering curve (liquidus) was drawn experimentally PAN concentrations, ~b~ (0). A continuous curve (L) was empirically 
drawn through experimental points. Two thermodynamic domains I 

in the following two ways: and II are disclosed. The solidus (S) is also reported on the diagram. 
(i) Several initial po lymer  fractions were observed; for Open points correspond to the concentration of non-ordered polymer, 

each concentrat ion,  the ordering tempera ture  was deter- $;, determined at a given temperature, by keeping the polymer 
mined f rom the intersection of the corresponding Xc(T ) concentration constant. Initial monomeric molar fractions are: 0.245 
curve with the tempera ture  axis. The  tempera ture  T~ is (a), 0.21 (×), 0.18 (©), o.]2 (<>), o.o9 (+), o.o45 (El), o.03 (®). (b) 

Ordering temperatures related to different concentrations of non- 
repor ted as a function of the initial monomer i c  unit ordered PAN, ~bp, are reported to give evidence for two behaviours of 
fraction 4~ip in Figure 6a (filled symbols). An empirical  polymer solutions. 
curve was drawn through the exper imental  points  
obta ined  in this way. Two  domains  are perceived f rom 
Figure 6a: in domain  I, defined by 4~ip>0.10, a small (ii) In the second approach  to determining the ordering 
decrease of  the ordering tempera ture  is observed when curve, the monomer i c  mola r  fraction was kept  cons tant  
the po lymer  mola r  fraction is lowered. A pla teau can be while the sample t empera ture  was lowered s tep-by-step 
drawn in domain  I I  (q~p<0.10). down to 20°C. The extent of  polymeric  order  X¢ was 

measured  as a function of  temperature .  Then, the 
, concentra t ion  of po lymer  ~b~' left in solution was derived 

f rom X¢, considering that  the solvent was fully expelled 
o f rom ordered domains.  The  concentra t ion  of disordered 

0.8 o polymer  ~b~ was expressed as: 
a '  go b 

i i 
X ~ o (]); = [- 1 - -  X c ( t ) ' ]  (~) p/[-  1 - X ¢ ( T ) ¢ p ]  ( 1 )  

0.6 o 

~o o Exper imenta l  points  that  represent  the ~b~, concent ra t ion  
o • a for a given tempera ture  are repor ted  in Figure 6a (open x-  • o 

°.' ° ~ symbols); for the sake of clarity, ordering tempera tures  
° lower than  105°C are not  repor ted  in Figure 6a. 

• ~ Exper imenta l  points  were found to be reasonably  located 0.2 • 

• ~ on the ordering curve already d rawn empirically based 
• on the first approach.  

o ' . . . . . . . . . . . . . . . . . . . . . . . . . .  These two experimental  approaches  reinforce the 
o 3o ,o 3o so ,0o ,20 ~ c,c~ , ,o in terpreta t ion of the ordering curve as a liquidus and the 

F i g u r e  5 Curve a: extent of segmental ordering X, observed by taking existence of two domains.  However ,  this liquidus is 
water protons into account. Curve a': extent of segmental ordering X', lowered with respect to the melt ing curve; the finite size 
calculated by eliminating water protons. Curve b: extent of segmental 
ordering X~ observed in the presence of deuterated water of  the ordered domains  yields a lowering of the ordering 
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curve of PAN chains, as in all polymeric systems. This "° . . . . . . . . . . . . . .  ' . . . . . . . . . . . . . . . . . . .  
effect is discussed in the next section. ,3, 

Finally, all ordering temperatures measured from 
n.m.r, in the second approach are reported in Figure 6b. ,3o j .  
In addition to the two domains revealed in the thermo- ,,, • 
dynamic diagram, a specific behaviour of the ordering G . ~ L  
temperature is clearly observed below about 105°C when ~-, =0 
the monomeric molar fraction of disordered segments q~, 
is decreased. More precisely, the specific behaviour of the " '  , " 
ordering temperature was analysed by drawing empirical ,, 0 
straight lines through experimental points. The inverse of , , _ 
the slope s of each straight line is reported as a function ,0, 
of the initial monomeric molar fraction q~p in Figure 7a; 

l o g  ~ ,  , , i r , , , I , , , , J . . . .  I . . . .  I . . . .  J . . . .  

a straight line can be reasonably drawn through the o 0.03 o . . . . . .  o.= o.=, o . . . . . .  
calculated points. The linear variation of s -  1 is written as • '  

s -  1 = ~:t~ip (2) Figure 8 Temperatures of demixing (cloud points, A) are compared 
with the liquidus (L) 

with x - l ~ - 4 . 3 x 1 0 - 3 K .  Then, the concentration ~b~, 
corresponding to the intersection of each straight line 
drawn in domain II with the ordering curve was reported the equation of each straight line drawn in Figure 6b is 
as a function of the initial monomeric molar fraction in determined by combining empirical equations (2) and (3): 
Figure 7t); a linear variation was found. This is repre- 
sented by: T -  T~ = ~ (~b~, - 4~p) (4) 

e i q~p = z~bp (3) 
o r  

with X = 0.5. This short analysis shows that the crossover 
concentration that separates the two different behaviours T -  Tc = (X/~c)(4~/4~,- 1) (5) 
of polymer solutions is about equal to 0.54~ip. Furthermore, with T¢ -- 105°C. 

Consequently, a single empirical representation can be 
used to describe the dependence of the ordering tempera- 
ture on the monomeric molar fraction whenever the 

°°° . . . . . . . . . . . . . . . . . . . . . . . .  concentration of segments, still in a disordered state, 
becomes smaller than half the initial polymer concen- 

0.°00° tration; this representation relies upon the existence of a 
reduced variable ~b~,/~b~,. Starting from domain I, an 

...... unusual behaviour of the liquidus is observed when the 
s' polymer molar fraction is decreased or when the 

temperature of the solution is lowered. Then, the onset 
...... of a different behaviour occurs when the reduced variable 

a i ~bp/~bp is smaller than 0.5. 
/ ~  The existence of two behaviours of polymer solutions 

°°00' is also perceived in Figure 4; the crossover point is also 
given by Xc=0.5. 

a It is presumed that the ordering process of PAN chains 
. . . . . . . . . . .  0.2 ddpi 0.25 occurs in the following two ways. As long as the 

monomeric molar fraction of disordered segments is 
0.,, higher than 0.5q~, both segmental order and lateral order 

. . . . . . . . . . . . . . . . . . .  ~ '  . . . .  of segments are formed. However, interactions between 
.... . ~ chain segments become negligible when the molar 

fraction of polymer left disordered is smaller than 0.5~b~. 
o., Then, it is supposed that there is only a segmental 

ordering, which takes place without the formation of any 
.... lateral order. 

j /  

°°' ~ ,  ~ / ~ t ~ t  D EMIX IN G  PROCESS 

.... The demixing curve was identified by observing cloud 

.... ~ points. Experimental results are reported in Figure 8. It 
b is seen that the demixing curve is determined within the 

0 . . . . . . . . . . . . . . . . . . . . . . .  range of polymer molar fractions that define domain II. 
0.0~ 0, 0,5 02 0,3 It is suggested that domain II can be identified with the 

• ,' demixing process of PAN chains. 
Figure 7 (a) The inverse s -  1 (K-  1) of the slope of each straight line 
drawn in Figure 6b is reported as a function of the initial monomeric M E L T I N G - P O I N T  DEPRESSION 
molar fraction ~b~" (b) The concentration ~b~ of intersection of each 
straight line drawn in Figure 6b is reported as a function of the initial The melting point was identified in n . m . r ,  m e a s u r e m e n t s  
monomeric molar fraction q~ as the temperature corresponding to the onset of the 
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3 5 0  ' t I r I The variation of ,oi . . . . . . . . . . . . . .  /~p (Tm, Po,~bp) as a function of the 
r (oc) temperature and the polymer molar fraction ~bp was 

a00  assigned to a pure entropic effect within the range 
0.15 ~< ~bp ~< 0.5. The variation of entropy of mixing of the 
polymer and D M F  was expressed as: 

250 AS m = - k(n 1 log x 1 + nv log ~bp) (8) 

Here n 1 and np are the numbers of solvent molecules and 
200 ¢ 

• • • •• polymer chains, respectively, while xl and ~bp are the 
molar fractions of solvent and monomeric units, respec- 

l s0~f  a ' ~ _ - - "  ~"  ~ _ ~  b _ ~  tively. The variation of the chemical potential per 
T A monomeric unit upon mixing is given by: 

m _ ~  ~ ,  so, I ,,, _ kT(1 _ t~p) (9) 1oo ~ / jp  - /~p_  

Therefore, the melting-point depression is described by: 

0 f 1 1 = k ( ~ p - ~ )  (10) 

0 I Tm Tm ~ Ahm(T~) 
iOma o r  

. s o  ' ' ' ' '  t, , , , , , , , r , , Tm~_TmA-~ k(TmA)2 (/I~ -- t '~A'~ (11) 
Ahm(Tm A)' 'p ~-p, o 0.2 0.4 o.e o.8 I 

i 
* ~ The numerical analysis of curve a in Figure 9 yields 

Figure 9 Melting-point depression observed as a function ofpoluymer Ahm(T A) = 6.0 _ 0.6 kJ mol-  1; enthalpic effects were 
mole fraction, q~, in pure DMF (<>) in accordance with ref. 3. neglected. 
Melting-point depression observed in binary solvents: equal molar 
fractions of water and DMF (A); DMF molar fraction twice that of Binary  solvent 
water ((3). Melting-point depression induced by the presence of water The melting-point depression was also observed using 
in accordance with ref. 5 (@) a binary solvent; a straight line (b) was drawn through 

the three experimental points reported in Figure 9 and 
regime of one-component relaxation curves of protons corresponding to a molar fraction xl of D M F  equal to 
over a heating cycle. Melting-point depression was twice the molar fraction x2 of water. Two features are 
observed within a small range of polymer concentration perceived from Figure 9: 
because of the difficulty in preparing homogeneous (i) The presence of water raises the melting point of 
concentrated solutions of PAN. the solution for a given polymer molar fraction. 

Samples were first rapidly cooled down to 20°C, (ii) It is assumed that straight lines a and b are nearly 
after which the temperature was raised step-by-step parallel to each other within experimental uncertainty. 
(AT--- 10°C). Experimental results are reported in Figure To describe the melting-point depression, the chemical 
9. Polymer melting was observed in pure D M F  and also potential sol /~p (Tm, Po, Xl, /tp (Tm, po, ~bp) is replaced with sol, 
in binary solvents with two different molar fractions of 1 - ~ b p - x l )  in equation (7). For curve b, the reference 
water with respect to DMF.  temperature is still arbitrarily chosen equal to 7"A; it 

corresponds to q~ = 0.15. This value is determined from: 
Binary solution 

=/tp(Tm, Po)-Pp (T~,po, X 1, 1 - x l - c ~ )  (12) The melting-point depression observed in pure D M F  Agm(T A) I sol, A 
is illustrated in Figure 9 (curve a). The melting tempera- The entropy of mixing of the three components is 
ture is lowered from 140°C to 75°C when the polymer expressed in a simple way: 
concentration varies from 0.5 to 0.15. To analyse the AS'= - k ( n l l o g x l + n 2 1 o g x 2 + n p l o g ~ p )  (13) melting-point depression curve, a reference temperature 
was arbitrarily chosen Tm A = 110°C; it corresponds to and the entropic contribution to the variation of chemical 
~b A -- 0.34. The melting-point depression curve is repre- potential per monomeric unit upon mixing is again given 
sented by a straight line within the temperature range of by equation (9). Then, the melting-point depression is 
observation. Let sol I #p(Tm, po) denote the lip (Tm, Po, q~p) and described by: 
chemical potentials per monomeric unit in solution and k(T~m)2 , ,  
in the pure polymer in the liquid state, respectively. Also, T " -  Tm A-t A ~ )  tq~p- q~) (14) 
the free enthalpy of melting is expressed as: 

Agm(T)=Ahm(TmA)(1-  T/TR A) (6) again neglecting enthalpic contributions. 
The difference between the melting temperature T m 

Ahm(Tm A) is the enthalpy of melting of the pure polymer observed in the presence of water and the melting 
defined at Tm A = 383 K; it may differ from the enthalpy of temperature T m observed in the absence of water is given 
melting measured at T m = 598 K, the melting temperature by: 
of the pure polymer. The temperature T A is defined as A 2  

k(T2)  "~ t ,hA_ the ratio of Ahm(T A) over the entropy variation ASm(TmA). T ' -  Tm+ Ahm(T~)"~'P ~bva) (15) 
Then, at equilibrium, the following condition must be 

fulfilled: The numerical value of Ah m estimated from Figure 9 is 
l sol Ag~,(T~) =/~p(T~, po) - / lp  (Tin, po, ~bp) (7) again equal to 6 kJ mol - 1 The enthalpic contribution to 
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,,o . . . . . . . .  ~- . . . . . . . . . . . . . . . . . . . .  , . . . .  small because of difficulty in preparing concentrated 
• solutions, ternary solutions of polyacrylonitrile were 

found to exhibit a specific behaviour induced by lowering 
1 4 0  

• the temperature once the liquidus is reached. More 
precisely, representative points of the polymer system in 

,30 , " ~ • the phase diagram depart from the liquidus whenever the 
, , concentration of segments still in solution becomes 

• smaller than half the initial concentration of polymer; 
,,o then, the temperature-concentration curve can be de- 

scribed as a straight line within a reasonable approxi- 
,,° . mation. This behaviour was observed below both the 

-" -" demixing plateau and the ordering domain of the 
liquidus. 

100  . . . .  i . . . .  I . . . .  I . . . .  I . . . .  ] . . . .  I , , , , 

According to this striking result, the change of 
0 00, 0 . . . . . .  02 02~ 03 %, 03~ behaviour of polymer solutions does not occur for a fixed 

Figure 10 The liquidus (L) and the melting curve (A) are compared polymer concentration; this change occurs whenever half 
with each other for PAN in solution in a binary solvent (equal molar the polymer chains are in a solid state. In the absence of 
fractions of DMF and water) any direct observation of polyacrylonitrile chains, except 

from n.m.r., the proposed qualitative interpretation relies 
upon the assumption that properties of solutions, 

the free enthalpy of mixing is neglected in the description observed on or below the liquidus, are based primarily 
of linear variations of 7" but it is involved in the on the formation of segmental order. The partial ordering 
concentration shift from ~bp x to ~bp n induced by addition of segments can be pictured as a coil-helix transition. 
of water. The lengths of ordered segments probably obey a broad 

In the case where the molar fraction xl of D M F  is equal distribution function. Two cases are considered: 
to the molar fraction x 2 of water (x 1 = x2 = ( 1 -  ~bp)/2), a (i) For  polymer concentrations higher than 0.1, there 
new reference temperature 7m A' must be chosen and is a two-step process that occurs on or below the liquidus. 
enthalpic effects can no longer be neglected. An ordered packing of ordered segments is formed by 

Melting and ordering temperatures corresponding to lowering the temperature when the liquidus is reached. 
equal fractions of water and D M P  are reported in This segmental order is probably the source of the 
Figure 10. observed broad melting endotherm. Then, remaining 

disordered segments undergo an ordering process, re- 
flected by straight lines, whenever the concentration of 

DISCUSSION polymer still in solution is smaller than half the initial 

One of the main problems encountered in studying the concentrations; there is a disordered packing of segments. 
temperature--concentration phase diagram of polyacrylo- (ii) For polymer concentrations smaller than 0.I, de- 
nitrile solutions concerns the difficult observation of mixing yields only a disordered solid state formed by 
ordered domains, which are induced by lowering the ordered segments; the segmental ordering is also linear. 
temperature or by increasing the polymer concentration. Ordered segments, whether they form ordered packings 
Conventional X-ray observations did not detect any or not, probably govern the structure of the porous 
order in solutions. However, n.m.r, proved to be a medium formed by polyacrylonitrile solutions cooled 
convenient tool, which disclosed the presence of solid- down to room temperature. 
state domains even though their size could not be 
estimated. It must be noted that it is not easy to A C K N O W L E D G E M E N T  
discriminate an ordered polymeric state from a dis- 
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