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Properties of Racemic and Optically Active 
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ABSTRACT: Optically active and racemic poly(a-methyl-a-ethyl-/3-propiolactones) (PMEPL) were studied 
by calorimetry (crystallization and fusion), polarized microscopy, small-angle light scattering, X-ray diffraction, 
and static and dynamic mechanical methods. Optically active PMEPL's have higher equilibrium melting 
points, enthalpies of fusion, and crystallization rates than the racemic PMEPL's. They have lower solubilities, 
different crystal structures, but  similar Tis .  PMEPL's of intermediate optical purities were also studied. 
The observed results are discussed in terms of the stereoregularity of PMEPL chains. They are compared 
to  the properties of other poly(a,a-disubstituted-0-propiolactones). 

Introduction 
Racemic  monomers m a y  lead to optically act ive poly- 

mers via  a stereoselective polymerization. For example, 
optically act ive polyoxiranes and polythiiranes were pre- 
pared in this fashion.'-4 However ,  this method leads to 
poly(a-methyl-a-n-propyl-P-propiolactones) ( P M P P L )  of 
low optical p u r i t i e ~ ~ , ~  and the physical properties of the 
racemic and optically act ive PMPPL's were shown  to be 
very ~ i m i l a r . ~  

H i g h  opt ical  pu r i ty  polylactones,  similar to the h igh  
optical pu r i ty  polyamides prepared by Schmidts from 
P-lactams containing one or two  asymmetric centers, must 
then be prepared f r o m  lactone enant iomers .  Schmidt 
showed that the optically active poly(P-amides) have higher 

0024-9297/83/2216-0302~01.50/0 

mel t ing  points and lower solubilities than the corre- 
sponding racemic polymers. Similarly, D 'Hond t  and Lenz9 
and Carrigre and EisenbachlO p repa red  poly(cu-pheny1-a- 
ethyl-P-propiolactones) ( P P E P L )  having optical puri t ies  
of 80 and 95%, respectively. T h e y  showed that optically 
active PPEPL's have  a melt ing point of about 130 "C 
higher  than the racemic PPEPL's. 

More recent ly ,  we  h a v e  p repa red  poly(a-methy1-a-  
ethyl-P-propio1actones)'l ( P M E P L )  having optical purities 
of 99%. We have shown  that the high optical pu r i ty  
PMEPL's have  a higher mel t ing point, Tf, and a higher 
e n t h a l p y  of fusion, AHf, than the racemic one,  in agree- 
ment with the previous examples.  However,  the increase 
in Tf and AHf is not l inear:  Tf and AHf remain  cons t an t  

0 1983 American Chemical Society 
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Figure 1. Typical DSC crystallization exotherm. The arrow 
indicates when the sample reaches the crystallization temperature. 
This is followed by a temporary thermal imbalance. to is the time 
when the crystallization begins. 

up to optical purities of 55% and then they increase rap- 
idly. 

It is the purpose of the present paper to investigate the 
thermal, mechanical, optical, and crystalline properties of 
PMEPL's of different degrees of optical purity. These 
properties will be compared to those of other disubstituted 
polylactones. 

Experimental Section 
PMEPL's were polymerized from a-methyl-a-ethyl-fi-propio- 

lactone (MEPL). A potassium acetate/dicyclohexyl-18-crown-6 
complex was used as anionic initiator." AU polymerizations were 
carried out in tetrahydrofuran at 55 "C. Using a racemic MEPL, 
the S(-) enantiomer, and the R(+) enantiomer, we prepared 
several PMEPL's: a racemic polymer (PMEPL-RAC), three 
S(-)-enriched polyesters whose optical purities equal 27,55, and 

and two high optical purity homopolymers (PMEPL-S(-)-99 and 
PMEPL-R(+)-97). The initial S(-) and R(+) enantiomers had 
optical purities of 99 and 9770, respectively. The molecular 
weights of all polymers are close to 50000. 

The crystallization and melting experiments were conducted 
on a Perkin-Elmer DSC-1B differential scanning calorimeter 
calibrated with pure indium and gallium. Heating rates of 20 
"C/min were used in all cases; we have verified that the melting 
temperatures and enthalpies of fusion were identical for smaller 
heating rates. 

The polymer samples were melted, kept at about 30 "C above 
their melting point for 5 min, and brought rapidly to the crys- 
tallization temperature, where the crystallization exotherms were 
recorded (Figure 1). It can be shownI2 that the width at half- 
height, Atll2,  of the exotherm is directly proportional to the time 
of half-crystallization, tIl2 The proportionality constant between 
Atl/* and tl12 is only a function of the nucleation mode and of 
the dimensionality of the crystal growth. 

For mechanical property measurements, polymer films were 
prepared by solvent casting from a chloroform solution on a 
mercury bath at room temperature. Stress-strain curves were 
obtained on an Instron tester, table model 1130. Dynamic me- 
chanical properties measurements were made with a Rheovibron 
DDV-I1 apparatus at 110 Hz. 

X-ray measurements were conducted on an X-ray apparatus 
consisting of a Philips generator equipped with a Warhus-Statton 
camera. A Cu Ka target was used and the incident beam was 
nickel filtered. The camera was calibrated with NaCl crystals. 

Microscopy measurements were made with a Zeiss polarizing 
microscope. Small-angle light scattering (SALS) patterns were 
recorded with an apparatus consisting of a He-Ne laser, a po- 
larizer, an analyzer, a microscope stage, a shutter, and a Polaroid 

So-called H, SALS patterns were obtained, the polarizer 
being vertical and the analyzer horizontal. For SALS, samples 
were melted on a Mettler hot stage and slowly cooled to room 
temperature at a cooling rate of 0.2 "C/min. Finally, glass 
transition temperature measurements were also conducted on the 
DSC-1B apparatus. 

Results 
Calorimetry. Figure 2 shows the PMEPL's melting 

endotherms for samples crystallized at a supercooling of 

74% (PMEPL-S(-)-27, PMEPL-S(-)-55, and PMEPL-S(-)-74), 

n 

7 0  90 110 130 I S 0  170 

T E M P E R A T U R E  ( O C )  

Figure 2. PMEPL melting endotherms at a supercooling of 60 
"C. 

10 30 50 7 0  90 

T, ('C) 

Figure 3. Fractional surface area of peak 2 as a function of the 
crystallization temperature T,. A2 is the surface area of peak 2 
and Al that of peak 1. 

60 "C. The racemic polymer shows two melting peaks and 
the surface area of its low-temperature peak (peak 2) in- 
creases regularly with the crystallization temperature, T,, 
whereas the surface area of its high-temperature peak 
(peak 1) decreases, as shown in Figure 3. 

The observation of a melting endotherm with two 
maxima is a common feature of semicrystalline polymers. 
It has been reported for isotactic p~lys tyrene , '~J~  for 
poly(ethy1ene terephthalate),16J7 for nylon 6,6,l8J9 and for 
several polylactones: poly(pivalolactone),zo~zl p;:y(O- 
propiolactone),22 poly(a,a-diethyl-6-propiolactone), and 
poly(a-methyl-a-n-propyl-~-propiolactone),7 to mention 
just a few examples. These two maxima are sometimes 
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Table I 
PMEPL Glass Transition Temperature, Tg, Enthalpy of 
Fusion,  AH^, and Equilibrium Melting Temperature of 

Peaks 1 ( TfCli ) and 2 (Tf(2; ) 

T g l  A H f I  Tf@ T'6"dI 
polymer c (Jig) 

PMEPL-RAC -17 27 1 2 1  134  
PMEPL-S(-)-27 -17 27 1 2 0  134  
PMEPL-S(-)-55 -16 38  1 2 5  134  
PMEPL-S(-)-74 -15 59  1 4 5  
PMEPL-S(-)-99 -15 59  1 6 4  
PMEPL-R(+)-97 -15 60 1 6 3  

8 0  - C / r n l n  

90 110 130 

T E M P E R A T U R E  1.C) 

Figure 4. PMEPL-RAC melting endotherms at different heating 
rates. 

related to the presence of two different crystal structures. 
More often, they are related to the presence of two dif- 
ferent morphological structures. For PMEPL-RAC, the 
same X-ray diffraction patterns were found for samples 
crystallized at  30 and 85 "C. In the first case, peak 1 is 
the most important one and in the latter case, peak 2 has 
a greater surface area than peak 1 (Figure 3). The same 
crystal structure is then found for peaks 1 and 2 and their 
origin must be morphological. 

It has also been proposed that melting endotherms with 
two maxima result from the melting of peak 2 followed by 
the recrystallization of the polymer and its remelting at  
a higher temperature (peak 1) during the DSC run; peak 
1 then results from the thickening of the polymer lamellae. 
When this process occurs, the relative surface areas of 
peaks 1 and 2 depend upon the heating rate, peak 1 surface 
area decreasing with increasing heating rates.7,M,23-25 This 
explanation does not hold for PMEPL-RAC since the 
relative surface areas of peaks 1 and 2 do not change sig- 
nificantly with heating rates, at a given crystallization 
temperature, as is shown in Figure 4. 

Figure 2 also shows that PMEPL-S(-)-99 exhibits a 
narrow melting endotherm. Measurements made at  dif- 
ferent T,'s indicate that this peak is composed of two 
different peaks that are poorly resolved; peak 2 gets closer 
to peak 1 with increasing T,  since the width at  half-height 
of the endotherm goes gradually from 6.6 to 5.5 "C when 
T,  increases from 105 to 140 "C. The resolution of these 
two peaks could not be made at  any T, and a single melting 
point Tf was determined a t  the end of the endotherm 
whereas for PMEPL-RAC, peaks 1 and 2 were resolved 
and two Tf's were recorded at  the end of each peak. 

Samples PMEPL-S(-)-27 and PMEPL-R(+)-97 have a 
melting behavior identical with that of samples PMEPL- 
RAC and PMEPL-S(-)-99, respectively. 

Samples PMEPL-S(-)-55 and PMEPL-S(-)-74 have a 
melting behavior intermediate between that of samples 
PMEPL-RAC and PMEPL-S(-)-99. The melting endo- 
therms shown in Figure 2, the equilibrium melting points 
Tfo, and the enthalpies of fusion AHf given in Table I, 
however, indicate that PMEPL-S(-)-55 is more similar to 
PMEPL-RAC while PMEPL-S(-)-74 is more similar to 

Figure 5 shows a plot of Tf vs. T, for several PMEPL's. 
Two Tis are reported for PMEPL-RAC and only one for 
the others. As shown in Table I, the resolution of peaks 

PMEPL-S(-)-99. 

I 8 O  I 
140 

,' 1 .' 4\ 

40 6 0  8 0  100 120 140 160 180 

Tc ( ' C )  

Figure 5. Melting temperature, Tf, vs. crystallization tempera- 
ture, T,, for PMEPL-RAC (@), PMEPL-S(-)-55 @). PMEPL- 
S(-)-74 (X), and PMEPL-S(-)-99 (0). 

110 1 
0 2 0  40 6 0  8 0  100 

O P T I C A L  P U R I T Y  ( X )  

Figure 6. Equilibrium melting point, T,", vs. optical purity of 
PMEPL's. 

1 and 2 could not be made for the higher optical purity 
samples. [The second Tf of PMEPL-S(-)-55 is not drawn 
on Figure 5 for clarity reasons.] I t  is seen that the Tf of 
peak 1 does not depend much upon T, whereas the Tf of 
peak 2 changes rapidly with T,. It is also seen that peak 
2 gets closer to peak 1 as T, increases. For both peaks, Tf 
can be extrapolated to the point where Tf = T, according 
to the Hoffman-Weeks method.26 This points defines Tf". 
Values of Tfo obtained in this manner are given in Table 
I. 

Figure 6 shows that both Tfo's remain the same up to 
optical purities of 50%. For larger optical purities, both 
values get very close and they increase regularly up to a 
value of 164 "C. 

AHf values were recorded for all PMEPL's a t  several 
Tc's. As mentioned before, AHf of peak 2 increases and 
AHf of peak 1 decreases with increasing T,. However, the 
total value of AHf remains constant for each PMEPL. This 
result is similar to that observed previously with poly- 
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Table I1 
Crystallization Kinetics Parameters of PMEPL's, Poly(pivalo1actone) (PPL), Poly(a-methyl-a-n-propyl-P-propiolactone) 

(PMPPL), Poly(a,a-diethyl-P-propiolactone) (PDEPL), Poly(ethy1ene sebacate) (PES), and Poly(ethy1ene adipate) (PEA) 
peak 0 x 10-71 u* I 0, x 10-71 q /  

polymer (regime) A/nm2 (J/cm*) GJs-' (kJ/mol) Kg/K (J/cm2) (kJ/mol) 
0.502 11 7.64 x 105 
0.502 11 9.00 x l o 8  
0.496 a 2.33 X l o 6  
0.496 a 2.70 x 109 
a a 8.14 x 103 
a a 7.92 x 107 
0.519 b 4.73 x l o 6  
0.522 20 6.83 X 10" 

PMEPL-RAC 1 (11) 
2 (1) 

PMEPL-S(-)-27 1 ( W  
2 (1) 

PMEPL-S(-)-5 5 1 (11) 
2 (1) 

PMEPL-S(-)-74 1 (11) 
PMEPL-S(-)-99 1 (11) 
PMEPL-R( +)-97 1(II) 

PMPPL43 1(I) 
PDEPLa3 2 (1) 
PES' (11) 
PEA3' (II) 

0.528 b 1.63 x 107 

PPLQ 0.447 18 
0.568 17 

0.365 9 
0.363 9 

12 3.16 X 10" 

a Used the value of PMEPL-RAC. Used the value of PMEPL-S(-)-99. 

(a,~~-diethyl-/3-propiolactone).~~ For PMEPL, the total 
value of AHf follows the same trend as Tf" as a function 
of optical purity (Table I). 

It is well-known that a diluent added to a semicrystalline 
polymer will lead to a decrease in melting point which is 
predicted as  follow^:^' 

where Tf is the melting temperature of the polymer con- 
taining a diluent, Tf' is the melting temperature of the pure 
polymer, R is the gas constant, AHo is the enthalpy of 
fusion of the fully crystallized polymer, u and u1 are the 
molar volumes of the polymer repeat unit and of the di- 
luent, @1 is the diluent volume fraction, and B is the 
polymer-diluent interaction parameter. As shown in 
Figure 7 for PMEPL/dibutyl phthalate mixtures, a plot 
of (l/Tf - l/Tf')/& vs. 4,/Tf leads to a straight line whose 
intercept equals (R /AHo) (u /u l ) .  The data of Figure 7 lead 
to S o ' s  equal to 9.6 and 17.5 kJ/mol for PMEPL-RAC 
and PMEPL-S(-)-99, respectively. Using these values and 
the AH'S given in Table I, one computes a degree of 
crystallinity of 31% for the former sample and a degree 
of crystallinity of 39% for the latter. 

Polymer crystal growth rates, G, obey the Turnbull- 
Fisher equation:28 

(2) 
where AF* is the transport free activation energy a t  the 
liquid-solid interface, A@* is the free energy of formation 
of a crystal of critical size, k is the Boltzmann constant, 
and Go is a constant. Following Hoffman,29 Suzuki and 
K o v a c ~ ~ ~  have recently tested several expressions of AF* 
and A@*. They finally proposed the equation 

G = Go exp[AP*/kT,] exp[A@*/kT,J 

U* Tfo(Tfo + T J  
= Go R(Tc - T.) ] -Kg2T,2(Tfo -51 

(3) 
where U* is a parameter related to the viscosity of the 
melt,31 Kg is a constant that will be discussed below, and 
T ,  is the temperature where all molecular motion asso- 
ciated with viscous flow ceases. T. can be set equal to (Tg 
- 30),30,32-36 Tg being the glass transition temperature. 

We have observed the heterogeneous nucleation of all 
PMEPL samples12 and have assumed that the concen- 
tration of nuclei is constant as a function of T,, not too 
close to Tm.37,59 Then the width at  half-height, At1/2, of 

8.6 3 24 41 
10.8 626 39 
9 .4  334 42  

11.6 645 41  
4.3 337 42  
7.5 674 42  
11.0 361 44 
23.5 381 46 
13.0 379 45 

43 
17.2 624 35 
17.2 642 40 
17.2 95 41  
17.2 106 45 

18 
17 
19  
18 
19 
19 
14 
16 
15 

18 
12 
17 
14 
1 6  

1 5  2 o  I 
2 4 6 8 I O  I 2  14 16 

I l O ' . K - '  I 

Figure 7. PMEPL/dibutyl phthalate melting point data ac- 
cording to eq 1. The full circle data were obtained for 
PMEPL-S(-)-99 and the empty circle data for PMEPL-RAC. 

the crystallization exotherms can be related to the growth 
rate:12,37 

G l / A t , / z  (4) 

The experimental values of At l j z ,  (Atl/2)exptl, can then be 
compared with the theoretical values, (Atli2)cald, calculated 
with eq 3 and 4. This calculation was made for PMEPL's 
by an iterative method where the parameters U*, Kg, and 
Go were chosen such as to give the smallest standard de- 
viation, @, for each curve, where 

4 = [ 1 ni=1 i: ( ( l / ~ t , , Z ) c a , c ,  - ( l / i t l / 2 ) e x p t l ) ?  1 0 . 5  ( 5 )  

Figure 8 shows the experimental values of l / A t 1 / 2  as a 
function of the reduced crystallization temperature (T,  - 
T g ) / ( T f o  - Tg), on which are superposed the calculated 
curves. The calculations were made by using the U*, Kg, 
and Go parameters listed in Table 11. For PMEPL-RAC, 
PMEPL-S(-)-27, and PMEPL-S(-)-55, two values of K,  
were calculated from the two Tfo's listed in Table I. From 
Figure 8, it is seen that the growth rate increases signifi- 
cantly with optical purity and that each series of data can 
be represented satisfactorily by the theory. 

Polymer crystal growth obeys one of the two following 
crystallization regimes:38 under regime I, each surface 
nucleus leads to the rapid addition of a polymer layer on 
the surface of the crystal before a new nucleus can occur; 
under regime 11, a large number of surface nuclei form on 
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Figure 8. Crystallization rate, (Atl &l, vs. the reduced crys- 
tallization temperature for PMEPL-kAC (@), PMEPL-S(-)-27 

(01, and PMEPL-S(-)-97 (A). The curves were drawn according 
to eq 3 and 4. 

the crystal and their lateral growth is slow. L a ~ r i t z e n ~ ~  
has shown that it is possible to distinguish between regimes 
I and I1 by making a comparison between the crystalline 
lamellae width, L,  calculated in each case since 
regime I: 

( 6 4  

regime 11: 
(6b) 

where a '  is the width of the polymer molecule (see the 
Crystal Structure Analysis section, from which it can be 
shown that a' = a /2  for PMEPL's). For the experimental 
values of Kg, T,, and Tfo, two values of L are then calcu- 
lated and normally one of these two values is unrealistic, 
which allows the rejection of the corresponding regime (L  
is expected to lie somewhere in the range 50-1000 nm]. 
Using this method, it was possible to conclude that 
PMEPL crystallization obeys regime I1 when Tf(l)" is used; 
it obeys regime I1 when Tf(2)0 is used (Table 11). 

The lateral surface interfacial free energy, u, the fold 
surface interfacial free energy, u,, and the work required 
to fold a chain, q, can be calculated from the following 
 relation^:^^^^^,^^ 

u = 0.lla'A.H" ( 7 4  
u, = It  / (0.1 lyA)K, (7b) 

9 = 2A(u, - a) (74  
where A is the chain cross-sectional area ( A  = (ab sin y)/2; 
see the Crystal Structure Analysis section) and y is a 
constant equal to 4 in regime I and equal to 2 in regime 
11. 

In Table 11, PMEPL u, and q values are reported. It 
is remarkable that all of them are, within experimental 
error, constant. They are also identical with the values 
reported in the literature for several other polyesters. The 
constancy of these values may appear surprising but it 
must be remembered that q is a parameter that is related 
to the structure of the amorphous chain and not of the 
crystallized chain. Constant values of q indicate that the 
folding of a PMEPL chain does not depend upon its 

(A), PMEPL-S(-)-55 (W), PMEPL-S(-)-74 (X), PMEPL-S(-)-99 

L 5 2 ~ ' ( l O - ~  exp[Kg/(Tc(T,O - T,))l)0.5 

L I 2 ~ ' ( l O - ~  exp[2K,/(TC(T," - Tc))])0.5 

Table I11 
PMEPL Spherulite Radii Measured by 

Small- Angle Light Scattering 
radius/ radius/ 

Dolsmer um polymer um 
PMEPL-RAC 30 PMEPL-S(-)-74 7.5 
PMEPL-S(-)-27 27 PMEPL-S(-)-99 4.2 
PMEPL-S(-)-SS 9.8 PMEPL-R(+)-97 4.6 

stereoregularity as measured by optical purity and that the 
folding of poly(a,cu-disubstituted-Spropiolactones) and of 
poly(P-monosubstitutd-/3-propiolactones) does not depend 
upon the size of the substituents on the chain. Small 
fluctuations observed in Table 11, from 41 X to 45 x 

J/cm2 for u, and from 15 to 18 kJ/mol for q, are not 
significant. 

Morphology. Polarized microscopy and small-angle 
light scattering (SALS) techniques were used to study the 
morphology of PMEPL's. 

As shown in Figure 9, all samples give rise to a spheru- 
litic morphology. The spherulites are, however, very large 
for PMEPL-RAC (and PMEPL-S(-)-27), smaller for 
PMEPL-S(-)-55, and very small, of the order of a few 
microns, for the other samples. The spherulitic structure 
is not well resolved by microscopy in the latter case, but 
the four-leaf-clover pattern observed by SALS leaves no 
doubt. On the other hand, large spherulites are seen by 
microscopy for the former samples but the corresponding 
SALS four-leaf-clover pattern is not well defined because 
the number of spherulites under illumination is small and 
because interspherulitic interference occurs, leading to a 
highly speckled pattern.M 

From SALS, the average radius of the spherulites, R, can 
be determined by45 

R = 4.1X/4a sin (0/2) (8) 

where X is the wavelength of the scattered light in the 
scattering medium and 0 is the scattering angle where the 
maximum in intensity of the clover-leaf pattern is found, 
after correction for the air-sample interface. PMEPL's 
spherulite sizes were determined and are reported in Table 
111. Radii of about 30 pm were found for low optical purity 
samples. These radii decrease regularly with increasing 
optical purities down to about 4 pm for PMEPL-S(-)-99. 

Mechanical Properties. Stress-strain curves of 
PMEPL's were recorded. Low optical purity samples are 
highly deformable and can be stretched up to elongations 
of several tenth percent as reported before.46 They show 
a yield point, a necking phenomenon, and a ductile frac- 
ture. High optical purity samples show a fragile fracture 
a t  an elongation of about 4% before any yield point. In 
all samples, the Young's modulus is about 310 MPa. 
Schmidt* also observed similar Young's Poduli  for opti- 
cally active and racemic poly(&butyrolactams). 

An a-P transition has been reported before for racemic 
PMEPL,46 where form CY has a 21 helical chain conforma- 
tion and form p a planar-zigzag chain conformation. Low 
optical purity PMEPL's show this transition but high 
optical purity PMEPL's do not since the samples break 
before the yield point from which the transition starts. 

Dynamic mechanical properties are reported in Figure 
10 for PMEPL-RAC and PMEPL-S(-)-99. In both cases, 
a single huge peak is seen but that of the latter sample is 
broader than that of the former. The maximum of this 
peak is found at  17 f 3 and 25 f 3 "C for PMEPL-RAC 
and PMEPL-S(-)-99, respectively. If this maximum tem- 
perature is associated to Tg,  it is concluded that the Tg's 
of racemic and optically active PMEPL's are close, in 
agreement with the DSC Tis (Table I). The dynamic 
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R A C  S(-) - 5 5  S( - )  - 99 

Figure 9. Photomicrographs (top) and Hv small-angle light scattering patterns (bottom) for PMEPL-RAC, PMEPL-S(-)-55, and 
PMEPL-S(-)-BS crystallized by slowly cooling at a rate of 0.2 "C/min from the melt. (SALS patterns were not taken a t  the same 
sample-film distance.) 

-80 4 0  10 *e 

T I l l t l l l Y l E  ,.L1 

Figure 10. PMEPL-RAC (0) and PMEPL-S(-)-BS (0) values 
of tan 6 as a function of temperature at 110 Hz. 
mechanical T '8  are, however, much higher than the DSC 
Tis because d e  former measurements were made at a high 
frequency. The PMEPL-RAC tan 6 curve shown in Figure 
10 is similar to that reported before." 
Crystal Structure Analysis. Highly oriented optically 

active PMEPL films and fibers could not be obtained. 
Highly oriented racemic PMEPL films could be obtained 
but, as mentioned above, an a-8 transition occurs upon 
orientation and the oriented polymer corresponds to form 
8. X-ray fiber patterns of form a could not be obtained 
in any case. The PMEPL crystal structure analysis was 
then carried out on unoriented samples. 

The X-ray diffraction patterns of samples PMEPL-RAC 
and PMEPL-S(-)-99 are shown in Figure 11. Important 
differences are seen between the peak positions and in- 

R A C  s (-) - 99 

1 

I 
Figure 11. X-ray diffraction 
PMEPL-S(-)-99. 

patterns of PMEPLRAC and 

tensities of the two patterns, suggesting different unit cell 
parameters, 

It is, however, noticed that there are simiitiea between 
these two patterns and that  of poly(piva1olactone) 
(PPL)j7" For example, the peak with the highest in- 
tensity, corresponding to the (100) plane of PPL, is found 
at  interplanar spacings of 0.764 nm for PPL, of 0.850 nm 
for PMEPL-RAC, and of 0.907 nm for PMEPL-S(-)-99. 
The peak with the second highest intensity is observed at  
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interplanar spacings of 0.571,0.586, and 0.565 nm for PPL, 
PMEPL-RAC, and PMEPL-S(-)-99, respectively. Simi- 
larly, a third peak of high intensity is found at interplanar 
spacings of 0.492,0.510, and 0.495 nm for the same three 
polymers. I t  is possible to proceed in the same manner 
for each peak of the PMEPL patterns and to find a cor- 
responding peak on the PPL pattern. 

In view of this similarity between PMEPL and PPL 
patterns, we have assumed a similar crystal structure in 
both cases. The PPL Miller indices have been associated 
to the corresponding PMEPL peaks. Assuming a mono- 
clinic unit cell having dimensions a ,  b, and c and an angle 
y, we calculated interplanar spacings (ddd) and compared 
them with the experimental values (dexptl): 

-- - 1 

dcalcd2 
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2hk 
cos (180 - y) (9) 

12 + - -  k2 h2 + 
a2 sin2 y b2 sin2 y c2 ab  sin2 y 

Values of a ,  b, c ,  and y were changed by an iteration 
procedure and the values leading to the smallest standard 
deviation, 4, between dcdcd and dexptl were retained. As 
shown in Table IV, a satisfactory agreement between ddcd 
and de, tl is found by this method, which was applied to 
all PMhPL's except PMEPL-S(-)-55, for which a satis- 
factory agreement could not be found. In that particular 
case, a comparison of the X-ray diffraction pattern with 
those of PMEPL-RAC and PMEPL-S(-)-99 indicates that 
it contains all peaks of the former sample and some peaks 
of the latter one. This result suggests that this polymer 
contains a small amount of long isotactic blocks of S 
configuration that can crystallize like PMEPL-S(-)-99. 
The remaining segments of the polymer are forming short 
isotactic blocks that crystallize like PMEPL-RAC. 

Table V lists the PMEPL unit cell dimensions obtained 
by the above procedure. This iterative method was also 
applied to PPL and PMPPL and it leads to the literature 
values: the unit cell dimensions reported in Table V for 
these two polymers were calculated in this manner. At- 
tempts were initially made to force y = 90' (orthorhombic 
unit cell). These attempts led to exceedingly large 4. The 
periodicity of all PMEPL's is found close to 0.6 nm, sug- 
gesting a 21 helical conformation for these polymers, as 
found for PPL, PMPPL, and PPBL. 

From unit cell dimensions, the PMEPL crystal density 
was calculated assuming four polymer repeat units per unit 
cell. The densities calculated are slightly larger than those 
measured for the semicrystalline polymers. Some 
amorphous densities are given in Table V. These were 
calculated from the crystal density, the polymer density, 
and the degree of crystallinity determined from mH, (Table 
I) and AHo. 

Table V indicates that PMEPL-RAC and PMEPL-S- 
(-)-27 have, within experimental error, the same unit cell 
dimensions. PMEPL-S(-)-99 and PMEPL-R(+)-97 have 
also, within experimental error, the same unit cell di- 
mensions. However, the dimensions of the racemic poly- 
mer unit cell are slightly different from those of the op- 
tically active polymers. PMEPL-S(-)-74 has unit cell 
dimensions similar to those of the optically active poly- 
mers. Its isotactic content is high but not as much as for 
polymers of higher optical purity. I t  crystallizes in the 
same crystal structure as the latter but its smaller isotactic 
content leads to smaller Tfo values. 

Discussion 
Polylactones, having the  general formula 

-[CHR3CR1R2C00]-,, are usually found in a helical 21 

0 
0.1 
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Table V 
Crystal Structure Characteristics of PMEPL's, Poly(pivalo1actone) (PPL), Poly(a-methyl-a-n-propyl-0-propiolactone) 

(PMPPL), Poly(5-butyrolactone) (PPBL), and Poly(P-valerolactone) (PPVL) 
crystal dimensions density/(g/cm3) 

polymer crystal system space group a/nm b/nm c/nm r/deg @/nm amorp cryst polymer 
PMEPLRAC monoclinic P2, -C? 0.96 1.19 0.61 118 0.003 1.07 1.23 1.115 
PMEPLS(-)-27 monoclinic P2;-C% 0.96 
PMEPL-S(-)-74 monoclinic PZ,-C1, 1.00 
PMEPL-S(-)-99 monoclinic P2,-Ci 1.00 
PMEPL-R( +)-97 monoclinic P2,-C: 1 .oo 

PMPPL4) monoclinic P2,-C1, 1.10 
PPL4'9" monoclinic P2,Ib-C$, 0.905 

PPBL53 orthorhombic P2,2, 2,-D4 0.596 
PPVLJ4 orthorhombic P2,2,2,-Di 0.932 

0 . C A R B O N  

0- O X Y G E N  

Figure 12. ab and bc projections of the unit cell of optically pure 
PMEPL. 

conformation, with a periodicity of about 0.6 nm, when the 
substituents R1, R2, and R3 are not too These 
substituents are normally pointing away from the helix 
axis. This sort of conformation is analogous to the a-helical 
conformation of polypeptides. 

The crystalline arrangement of polylactones is only 
stabilized by interactions between nonbonded atoms since 
hydrogen bonds are not found in these polymers. Their 
final conformation depends upon the bulkiness of the 
substituents. Small fluctuations in the size of the sub- 
stituents can lead to different crystal structures and unit 
cell dimensions. For several polylactones, it has been 
shown in the literature that R3 is pointing in the same 
direction as the carbonyl group and in a perpendicular 
direction to R1 and b . 4 7 @ 7 5 0 9 5 3 9 5 4  As a result of that, a- and 
@-substituted polylactones are expected to have different 
crystal structures. In Table V, the @-substituted poly- 
lactones are reported to have an orthorhombic crystal 
structure whereas the a,a-disubstituted polylactones ex- 
hibit a monoclinic crystal structure. 

Figure 12 shows the ab and bc projections of the pro- 
posed unit cell of optically active PMEPL, where we have 
assumed a similar crystal structure for PMEPL and PPL 
and have used the atomic coordinates in the crystalline 
conformation given in ref 47 and 48. An antiparallel 
packing of the neighboring chains is required in the bc 
plane. Each chain is then identical with its second 
neighbor. The methyl groups (RJ of PMEPL are all or- 
iented in the same direction (in the bc projection, they are 
oriented toward the top of Figure 12) and the ethyl groups 
(R2) are oriented in a different direction (toward the 
bottom of Figure 12 in the bc plane). The packing of the 
chain is then optimized since the R2 substituents are al- 
ways facing the R1 substituents; in other words, bulky 

1.17 0.61 118 0.004 1.25 
1.15 0.60 115 0.004 1.21 
1.15 0.60 115 0.003 1.09 1.21 1.134 
1.16 0.60 115 0.002 1.20 

1.158 0.603 121.5 0.0004 1.10 1.234 
1.21 0.60 121 0.006 1.05 1.24 1.07 
1.320 0.596 90.0 1.26 1.24 
1.002 0.556 90.0 1.28 1.20 

substituents are always in front of small substituents. This 
efficient packing can be reached for stereoregular 
PMEPL's containing few tacticity defects. I t  can be 
reached for PMEPL-S(-)-99 and PMEPL-R(+)-97 and 
these two polymers have identical crystalline properties. 

The racemic polymer unit cell is also made of antipar- 
allel chains. However, it does not have a stereoregular 
structure, contrary to the optically active polymers, which 
are isotactic. Consequently, the position of its substituents 
R1 and R2 is random. In the unit cell, all R1 are not di- 
rected in one direction and all R2 in a different direction. 
Their direction is determined a t  random. A bulky R2 
substituent can face another bulky substituent, creating 
some interference. This interference leads to disorder in 
the chain packing. This disorder leads to a decrease in T,O 
of 43 "C and in AHf of 32 J g as compared with those of 

for racemic and optically active poly(@-butyrolactams), 
where the latter has a melting point 17 "C higher than the 
former. Polylactam crystal structures are stabilized by 
hydrogen bonds whereas polylactones are not. We 
therefore expect to observe a greater perturbation in 
melting point in the former series as compared to the latter 
due to changes in stereoregularity. 

The equilibrium melting points of poly(a,cY-disubsti- 
tuted-@-propiolactones) vary significantly as a function of 
their substituents. Values of 258, 240, 103, and 121 "C 
were found for diethyl,23 dimethy121 (PPL), methyl-n- 
propyl," and methylethyl substituents (racemic polymers 
only). For symmetric substituents (R, = Rz), melting 
points of the order of 247 "C are found. For asymmetric 
substituents (R, # R2), the higher the R1/Rz ratio, the 
lower the melting point due to increasing disorder in the 
chain packing. 

Despite the 0.6-nm periodicity found for a large number 
of polylactones of formula -[CHR3CR1R2C00]-,, indi- 
cating a 2,-helical conformation of the chain, the simplest 
member of the series, poly(@-propiolactone) (PPL), where 
R1 = R2 = R3 = H, shows a periodicity of 0.702 nm and 
a low equilibrium melting point a t  121 0C.22,55-57 This 
exception resembles that met with poly(a-amino acids) 
where the simplest polypeptide, poly(L-alanine), does not 
follow the regular a-helical conformation of the other 
members of the series.58 PPL does not bear any bulky 
substituent and it can pack more densely than the sub- 
stituted poly(@-propiolactones). A more extended helix 
favors the more efficient packing. PPL has a crystalline 
density of 1.445 g / ~ m ~ , ~ ~  a value that is higher than those 
found for other substituted poly(@-propiolactones) (Table 
V) . 

Measurements presented in this paper finally indicate 
that the crystalline properties of racemic and optically 
active PMEPL's are very different: different equilibrium 
melting points, different enthalpies of fusion, different 

PMEPL-S(-)-99. Schmidt l observed a similar behavior 
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melting endotherms, different crystallization rates, and 
different crystal structures. These differences are due to 
the stereoregularity of the optically active polymers as 
compared to the atacticity of the racemic one. However, 
our measurements indicate a t  the same time that the 
amorphous properties of racemic and optically active 
PMEPL’s are very similar: similar interfacial free energies, 
similar work of chain folding, and similar Tis. The 
stereoregularity of the poly(a,a-disubstituted-B-propio- 
lactones) has then a pronounced influence on their crys- 
tallization behavior but not on their properties in the melt. 
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