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The external habit of solution grown crystals of isotactic propylene/butene-1 copolymers have been 
investigated together with some thermodynamic quantities. The dissolution temperature, the density 
and the apparent enthalpy of fusion of the crystals of copolymers show a eutectic point correspond- 
ing to a composition of ~48 % w/w in butene-1. Wide-angle X-ray diffraction analysis of crystal aggre- 
gates has been carried out and the results compared with those from the bulk material. An expansion 
of the unit cell and a contraction is observed for the polypropylene and poly(butene-1 ) like phases 
respectively. The values of the baxis of the unit cell of polypropylene-like phase and of asin/3, cal- 
culated from the spacing of (110), (040), (130) reflections, as functions of the composition agree 
with those calculated by Turner-Jones on bulk materials. This result indicates that the process and 
the mechanism of formation of crystals from dilute solution and from the melt is fundamentally the 
same. Small-angle X-ray diffraction analysis leads to the conclusion that the ratio oe/AH f drastically 
increases with increase in the concentration of butene-1 units in the case of polypropylene-like phase, 
and of propylene units for the poly(butene-1)-Iike phase, along the chain of the copolymers. 

INTRODUCTION 

The present paper is part of a more general project leading 
to the determination of the effect which the insertion of a 
certain number of chain defects along the macromolecules 
has on the properties of polymeric materials and further 
to establish whether during the crystallization from melt 
and from dilute solution these chain defects are incorpo- 
rated or ejected from the crystal lattice of the polymer ~. 

Certain studies in the literature have concerned them- 
selves with crystallinity and lattice spacing determination 
of crystallizable bulk copolymers as a function of compo- 
sition. The importance of these studies relies mainly on 
the fact that the properties of the material are also func- 
tions of the composition and/or of the type of comono- 
meric units that act as constitutional or configurational 
defects along the chain of the homopolymer which is able 
to crystallize. 

This paper describes the cocrystallization behaviour 
from dilute solution of isotactic propylene/butene-1 ran- 
dom copolymers. The composition of copolymers exa- 
mined ranges from pure isotactic polypropylene to pure 
isotactic poly(butene-1). All the copolymers, in the range 
examined, are crystallizable. For low butene-1 concentra- 
tion we practically have a polypropylene chain with some 
butene-1 units acting as constitutional chain defects. On 
the other hand in the region of high butene-1 concentra- 
tion the copolymers may be considered as defective poly 
(butene-1) with propylene units as chain defects randomly 
spaced along the chain. 

Density, electron microscopy, differential scanning 
calorimetry and wide- and small-angle X-ray techniques 
have been used to study the properties of samples of single 
crystals isothermally grown from dilute solution. 

The main aim of the paper is to investigate the distribu- 
tion of the comonomer units in the single crystals as a 
function of the composition and of the crystallization 
conditions. 

The final aim is the construction of the phase diagram 
representing the melting and dissolution temperature, den- 
sity, enthalpy of fusion and spacing of the unit cell com- 
position relations for copolymer single crystals. 

EXPERIMENTAL 

Materials 
The isotactic random copolymer samples used in this 

investigation were kindly provided by Professor A. Zambelli 
(ICM, CNR, Milano, Italy). The copolymerization reactions 
were carried out with a TiCI3/AIEt2CI catalyst. Copolymer 
compositions were determined by i.r. analysis. In Table 1 
the compositions of the samples of copolymers are reported. 

Solution grown single crystals preparation 
For isotactic poly(butene-l) and for all copolymers 

solution grown single crystals were prepared by precipita- 
tion from dilute solution in isoamy] acetate. For polypro- 

Table 1 Composition of isotactic random propylene/butene-1 
copolymers 

Butene-1 composition 

Sample wt % tool % 

PP 0.0 0.00 
PP-P8-1 13.5 10.48 
PP--PB-2 26.8 21.54 
PP-PB-3 29.8 24.15 
PP--PB-4 34.5 28.32 
PP--PB-5 45.6 38.60 
PP--PB-6 47.9 40.81 
PP--PB-7 53.3 46.12 
PP--PB-8 70.0 63.64 
PP--PB-9 97.8 97.09 
PB 100.0 100.00 
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Table 2 Crystallization conditions used in the crystallization of random isotactic propylene/butene-1 copolymers. Tpc is the precrystalliza- 
tion temperature, T D is the apparent dissolution temperature, T s is the seeding temperature, and T c is the crystallization temperature 

Concentration T c TD TS Tc AT = T D -- T c 
Sample Solvent (% w/w) (°°C) (° C) (° C) (° C) (° C) 

PP e-chloronaphthalene 0.039 107 130 136 107 23 
PP--PB-1 I soamylacetate 0.044 18 115 - 89 26 
PP-PB-2 Isoamylacetate 0.043 25 96 -- 60 36 
PP-PB-3 Isoamylacetate 0.039 25 89 -- 65 24 
PP--PB-4 Isoamylacetate 0.045 20 90 - 60 30 
PP--PB-5 Isoamylacetate 0.045 21 65 -- 44 21 
PP--PB-6 Isoamylacetate 0.045 21 64 -- 44 20 
PP--PB-7 Isoamylacetate 0.040 25 70 72 30.5 39.5 
PP-PB-8 Isoamylacetate 0.026 33 66 68 24 42 
PP--PB-9 Isoamylacetate 0.038 30 68.5 75.5 45 23.5 
PB Isoamylacetate 0.039 25 72.5 - 51.5 21 

d , l~m 

Figure 1 Electron micrographs of solution grown crystals of: (a) isotactic polypropylene (magnification 22 000 X}; (b) sample PP--PB-2 
(magnification 14000 X); (c) sample PP--PB-5 (magnification 18000 X); (d) sample PP--PB-9 (magnification 17000 X); (e) isotactic poly 
(butene-1), (magnification 11 000 X) 

pylene, c~-chloronaphthalene was used as solvent. The self- 
seeding 2 technique was used for some of the copolymers. 
The crystallization conditions are summarized in Table 2. 

Single crystal characterization 

The external crystal habit was examined by means of a 
Philips E.M. 300 transmission electron microscope. 

Wide-angle X-ray diffraction patterns of dried mats of 
crystals were obtained by using a flat-plate camera with 
MgO as internal standard in order to enable the sample-  
film distance to be accurately determined. 

Small-angle X-ray diffraction experiments were perform- 
ed using a pinhole collimated Rigaku-Denki camera. Ni 
filtered CuKa radiation was used. 

Thermal properties of single crystal mats were studied 
by means of a DSCI-B and DSC2 Perkin-Elmer apparatus. 
The heating rate used throughout was 20°C/min. The 

apparent enthalpy of fusion AHy* was computed using a 
calibration factor determined from melting a known weight 
of indium. A value of 6.8 cal/g was taken for the heat of 
fusion of the indium. 

Density measurements were obtained by flotation using 
several combinations of liquids and taking as the density of 
the sample the average value from various experiments. The 
measurements were performed at 24°C. 

RESULTS AND DISCUSSION 

Morphology and dissolution behaviour 
Representative electron micrographs of single crystals 

of isotactic polypropylene, isotactic poly(butene-1) and 
some copolymers are given in Figure 1. The basic mor- 
phology of the crystals is lamellar though their external 
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Figure 3 Examples of d.s.c, thermograms of single crystal aggre- 
gates of some random isotactic propylene/butene-1 copolymers and 
of the homopolymers. (a) PB; (b) PP-PB9; (c) PP-PB8; (d) PP-- 
PB7; (e) PP--PB4; (f) PP-PB2; (g) PP-PB1 

appearance is strongly dependent upon the composition. 
In the case of polypropylene the crystals are very regu- 

lar and monolayer with a lath-shaped habit similar to that 
observed by Kojma 3 (see Figure la). 

In the case of copolymers, on increasing the percentage 
of butene-1, a deterioration of the external habit is observ- 
ed. The crystals of samples from PP-PB-1 to PP-PB-7 are 
as matter of fact very poorly defined and similar in shape 
to crystals of ethylene/propylene copolymers grown by 
Martuscelli and Pracella 4 (see Figures lb and lc). 

Very well defined single crystals of poly(butene-1) and 
of PP-PB-9 sample have been grown from dilute solution. 
They have an elongated ovoidal external habit with ridges 
and cracks indicating that in suspension they are of ovoidal 
hollow type (see Figures ld and le). 

The dissolution temperature To defined as the clearing 
point of suspension of crystals isothermally grown at Tpc 
is dependent upon the composition of the copolymers. The 
trend shown in Figure 2, is of eutectic-type with a mini- 
mum in T D at 64°C corresponding to a composition in 
butene-1 o f " 4 8  % w/w. For concentrations in butene-1 
lower than that of the minimum, TD decreases linearly 
with the percentage of butene-1. For concentrations higher 
than 48%, the slope of the branch of the curve that des- 
cribes the dependence of To upon the percentage of butene 
1 is lower. 

Figure 2 indicates that the thermodynamic stability of 
crystals of copolymers in the concentration range from 
13.5 to 48% in butene-1, is lower than that of pure poly- 
propylene. Analogously, single crystals with percentage of 
butene-1 higher than 48% have a thermodynamic stability 
lower than that of pure poly(butene-1). 

Density and melting behaviour 
Typical d.s.c, thermograms of mats of solution grown 

single crystals of PP-PB copolymers and of polypropylene 
and poly(butene-1) are given in Figure 3. Thermograms of 
polypropylene and of PP-PB-9 copolymer show only one 
peak whilst poly(butene-1) and all others copolymers show 
melting endotherms with multiple peaks. 

The melting temperatures, corresponding to the maxima 
in the d.s.c, endotherms, as a function of composition are 
given in Figure 4. As will be reported in detail later in this 

,8° i 
140 

G 
o 

IOC 

6C 

0 

Figure 4 

I 

, . I , 
20 40  60 80 I00  

But~n¢-I(% w/w) 
Melting temperatures from d.s.c, traces as functions of 

the composition for propylene/butene-1 copolymers. A, Lower 
temperature peak of the polypropylene phase; B, higher tempera- 
ture peak of the polypropylene phase; C, melting temperature of 
the main peak of the poly(butene-1) phase 

44  POLYMER, 1977, Vol 18, January 



Properties of  solution grown crystals 

3O 

22 

~,,. 14 

6 

I I 

o 6 0  ;o ,oo 
Buten¢-t Plow/w) 

Figure 5 Overall apparent enthalpy of fusion A/-/f* of single 
crystals of random isotactic propylene/butene-1 copolymers as a 
function of composition 
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Figure 6 Overall density (g/era 3) of single crystal aggregates of 
random isotactic propylene/butene-1 copolymers as a fu notion of 
composition 
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are a t t r ibu ted to  a po l y (bu tene - l ) phase  that  w i l l  include 
some propylene units as defects in the crystal lattice. Ac- 
cordingly the trends of the melting points observed are re- 
ported in Figure 4. 

The overall apparent enthalpy of fusion and the density 
of single crystal aggregates as functions of the composition 
are reported in Figures 5 and 6, respectively. It is interest- 
ing to note that in both curves a eutectic minimum results 
at a concentration of ~48% in butene-1 at the intersection 
of the curves that describe the two branches of composi- 
tion. The second run d.s.c, thermograms of melt recrystal- 
lized single crystal aggregates are generally characterized 
by a main sharp peak with very weak secondary broader 
peaks. Poly(butene-1) and PP-PB-9 copolymer show on 
the run II d.s.c, thermograms one fusion endotherm with a 
well defined maximum. 

In Figure 7 the dependence of the temperatures of 
fusion of melt recrystallized materials related to the main 
peaks are reported against the percentage ofbutene-1. Wide- 
angle X-ray analysis of the samples of copolymers melt and 
recrystallized shows that samples from PP-PB-1 to PP-PB-4 
crystallize in a polypropylene phase. In sample PP-PB-7 
there is a coexistence of polypropylene and poly(butene-1) 
phases whilst copolymers at higher concentrations crystal- 
lize in the poly(butene-1) form 1 phase. 

It is interesting to observe that the temperature of fusion 
of the poly(butene-1) phase in single crystals of PP-PB-7 
sample is practically coincident to that of melt recrystal- 
lized. The melting temperatures of melt recrystallized sam- 
pies PP-PB-9 and pure poly(butene-1) are higher than that 
of the corresponding single crystals. However, the different 
behaviour in the melting of single crystal aggregates and of 
melt recrystallized material must be pointed out. 

Wide- and small-angle X-ray analysis of single crystal aggre- 
gates of  isotactic propylene/butene-1 random copolymers 

According to the kinetic theory of crystallization of 
polymer from solution s the most probable thickness L of a 
lamellar crystal is related to the equilibrium melting tem- 
perature T O, AHf, the surface free energy of folding o e 
and the undercooling AT by means of the relation: 

LAT = (2oerO/at-Ir) + 6l (3) 

paper, single crystal aggregates of copolymer with butene-1 
concentration lower that ~50% show, in the wide-angle 
X-ray diffraction, only reflections of polypropylene. On 
the other hand the aggregates of copolymers with butene-1 
concentration higher than ~50% give only reflections of 
poly(butene-1) in form 1. The copolymer with 53% butene- 
1 shows both reflections of polypropylene and poly(butene-l). 

In the case of mats of single crystals of pure poly(butene- 
1), X-ray reflections of the various crystalline forms are co- 
existent. 

On this basis the lower temperature endotherms of fusion 
of copolymers PP-PB-1, PP-PB-2, PP-PB-4 and that at an 
intermediate temperature of PP-PB-7 are related to the melt- 
ing of a polypropylene phase with a lower thermodynamic 
stability probably due to the inclusion in the lattice of but- 
ene-1 units. The higher temperature endotherms of the same 
samples of copolymers are likely to be attributed to a more 
pure polypropylene phase with higher thermodynamic 
stability. 

The endotherms at lower temperatures for sample 
PP-PB-7 and those for samples PP-PB-8 and PP-PB-9 

81 is an additional term allowing for low values of AT to 
be neglected. 
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Figure 7 Dependence of melting temperature of melt recrystallized 
material (from d.s.c. II run) upon composition (see text) 
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In Figure 8 the quantity LAT for single crystal aggre- 
gates is given as a function of the percentage of butene-1 
in the copolymer samples. AThas been assumed to be 
TD-T C. From the examination of the Figure we observe 
that both in the region of stability of the polypropylene 
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Figure 8 Variation of the quantity L AT with the percentage of 
butene-1 in the case of single crystal aggregates of isotactic propy- 
lene/butene-1 copolymers 

and poly(butene-1)phases the quantity 2oeTO/~d-I I in- 
creases with increase in number of chain defects along the 
chain. 

Since it is very unlikely that T ° will increase by increas- 
ing the number of defects along the chain we have to con- 
clude that the ratio Oe/~-I] drastically increases with in- 
crease in the concentration ofbutene-1 units, in the case of 
the polypropylene-like phase and propylene units for the 
poly(butene-1)-like phase, along the chain of the copoly- 
mers. In Figure 9 wide-angle X-ray diffraction spectra, 
obtained with a flat-plate camera, of a series of samples of 
solution grown single crystal aggregates of propylene/butene 
-1 copolymers and of pure homopolymers are shown. 

Accurate analysis of the reflections and the determina- 
tions of the Bragg spacings leads to the following conclu- 
sions. 

(a) In the single crystal aggregates of solution grown 
single crystals of poly(butene-1 ), reflections of polymor- 
phic phases are coexistent. 

(b) Copolymers PP-PB-1, PP-PB-2 and PP-PB-4 show 
only reflections of the polypropylene phase though an 
expansion of the unit cell is observed. 

(c) In single crystal aggregates of copolymers PP-PB-9 
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Figure 9 Wide-angle X-ray diffraction spectra of samples of single crystals aggregates of propylene/butene-1 copolymers: (a) sample PP; (b) 
sample PP--PB-1 ; (c) sample PP--PB-4; (d) sample PP--PB-7; (e) sample PP--PB--9; (f) sample PB 
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Figure 10 Bragg spacings of the most intense reflections of poly- 
propylene and poly(butene-1} phases as functions of composition. 
A, (110)pB; B, (110)pp; C, (040)pp; D, (130)pp 

and PP-PB-8 only reflections of poly(butene-1) in form 1 
are present; a contraction in the unit cell in this case is 
observed. 

(d) in the X-ray diffraction pattern of single crystal 
aggregates of sample PP-PB-7 reflections of both poly- 
propylene and poly(butene-1) are observed. 

These results agree with the findings of Turner-Jones 6 
obtained on bulk materials. 

1he Bragg spacings obtained from the flat-plate camera 
photographs at room temperature of the most intense 
reflections of the polypropylene-like phase and of the 
poly(butene-1) form 1 phase are given in Figure 10 as 
functions of the percentage of butene-1. The values of 
the b'axis of the unit cell of polypropylene and of asin/3 
calculated from the spacing of (110), (040), (130) reflec- 
tions are shown in Figure 11 as functions of composition. 
They agree very well with those calculated by Turner- 
Jones 6 on bulk materials (see Figure 11). 

This last result is rather interesting since it is an indica- 
tion that both on crystallization from dilute solution and 
from the melt, crystals in polypropylene-like phase with 
the same amount of butene-1 units incorporated in the 
crystal lattice are obtained. This should also indicate that 
the process and the mechanism that lead to the formation 
of crystals from dilute solution and from the melt is funda- 
mentally the same. It is interesting to note that, just as in 

of isotactic propylene/butene- 1 copolymers: P. Cavallo et al. 

the case of bulk propylene/butene-I copolymers, a small 
amount of propylene units in the chain stabilizes the form 
1 of isotactic poly(butene-1) of sample crystallized from 
dilute solution. The relative variation (D-Do)/D 0 of the 
Bragg spacings of the reflections (130), (110), and (040) 
of polypropylene-like phase as a function of the composi- 
tion is shown in Figure 12. The trend is linear. The slope 
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Figure 11 Values of the b'axis and of asin ~ of polypropylene 
phase as functions of composition: O, El Turner-Jones data (bulk); 
• , • present paper (single crystals) 
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Figure 12 Relative variation of some of the Bragg spacings of 
polypropylene phase of single crystal aggregates of propylene/ 
butene-1 copolymers as a function of composition. • (040); O (130); 
[] (110) 
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of these lines give a measure of  the increase in the distance 
of  the corresponding crystallographic planes. The values 
of the slopes are 0.23 × 10 -2,  0.17 × 10 -2 ,  0.17 × 10 -2  
for reflections (040), ( l  10) and (130), respectively. The 
difference found in the values of  the slopes shows that the 
expansion of  the unit cell of  polypropylene caused by the 
inclusion of butene-1 units, is probably anisotropic. 
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