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Introduction 
The presence of certain polymeric materials is known 

to affect the crystallization of n-alkanes from solution. 
The interaction produces a lowering of the saturation 
temperature (cloud point) of the solution and changes 
the size and habit of the crystals formed.1,2 Polymers 
which function as crystal modifiers in this manner 
always contain a combination of long methylene chains 
and polar groups. A good example of such polymers, 
which were the subject of our previous  paper^,^^^ are the 
fumarate-vinyl acetate copolymers (FVA). In these 
materials the methylene sequences are in the side chain, 
which has to  be of a suitable length for the polymer to 
be active. We studied the mode of action of FVAs 
containing CIS (octadecyl) ester groups by electron spin 
resonance (ESR) spectroscopy by incorporating a stable 
nitroxide group (a spin label) in the p ~ l y m e r . ~ - ~  

Another group of materials which are active in 
modifying crystals are copolymers of ethylene and vinyl 
acetate (EVAsI. In these polymers the methylene 
sequences are part of the main chain which makes them 
structurally distinct from the WAS. In this paper we 
describe the preparation of a spin-labeled version of an 
EVA copolymer and its interaction, as revealed by ESR 
spectroscopy, with crystals of dotriacontane (C32H66)  
growing from dodecane solutions. We were particularly 
interested in investigating whether the ESR technique 
would reveal any differences in the modes of action of 
the FVAs and EVAs and whether in the latter the spin- 
label experiment would show the existence of any 
precrystallization association between the n-alkane and 
the EVA copolymer. 

Experiment and Theory 
An EVA random copolymer containing 11 mol D/O VA was 

spin-labeled by the procedure shown in Scheme 1. 
The acetate functions were first hydrolyzed by refluxing in 

methanolic potassium hydroxide for 2 h. On cooling, the 
solvent was decanted off, and the remaining solid was dis- 
solved in chloroform and reprecipitated from methanol. The 
resulting ethylene-vinyl alcohol copolymer was then dissolved 
in toluene, 2 equiv of 3-(chloroformyl)-2,2,5,5-tetramethyl- 
pyrrolin-1-oxyl, prepared by the method of Rosantzev,6 was 
added, and the mixture was stirred a t  room temperature 
overnight. Acetic anhydride was then added and the mix- 
ture refluxed for 3 h to reacetylate the remaining unreacted 
hydroxyl groups. The spin-labeled EVA, a sticky viscous gel, 
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was purified by repeated reprecipitation from methanol. The 
infrared spectrum of the polymer showed no remaining 
free hydroxyl groups, while analysis by gel permeation chro- 
matography (polystyrene standards) showed a single peak, M ,  
= 7500 and M, = 15900, with no low molecular weight 
material. 

ESR spectra were recorded on a Varian E-109 spectrometer 
fitted with a Varian E-257 variable-temperature accessory and 
interfaced with an Apple 11-plus computer. The spin concen- 
tration, calculated as described previ~usly,~ was found to be 
about 1.5 spins/polymer chain. 

The n-alkane solution contained 0.1% (wiw) spin-labeled 
EVA and 2% dotriacontane in dodecane, and the control 
solution contained 0.1% spin-labeled EVA in dodecane. 

were calculated by the well-established 
line-width analysis5s7 of the ESR spectra of the labeled 
polymer. An outline of the theory is given below; for a detailed 
account reference should be made to the more specialist 
l i t e r a t ~ r e . ~ . ~  

The dependence of the line widths (W in a motionally- 
narrowed ESR spectrum of a nitroxide on ml, the component 
of the nuclear spin along the direction of the applied field, is 
given by: 

Correlation times 

W(m,)  = A  + Bm, + Cm,' (1) 

where ml has the allowed values +1,0, and -1 corresponding 
to the low-, central-, and high-field lines, respectively. A, B,  
and C are parameters which depend on the magnetic 
tensors, the applied magnetic field, and the rotational correla- 
tion time, tc. Two values of the correlation time may be 
calculated 

z,( 1) = -(r- 4Wm, + r- - 2) 
b2 
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where 

4n 1 
b = --[A,, 3 - $Axx + AYJ] 

and 

Table 1. Principal Values for the g and A Tensors of 
Spin-labeled EVA 

(3) 

X 2.00841 
Y 2.00641 
z 2.00210 
is0 2.00564 

4.95 
4.45 

32.6 
14.0 

where A,,, A,, A,, and g,,, g,,, g,, are the principal values of 
the A and g tensors, respectively (see Table 1) and h is Planck's 
constant divided by 2n. 

Ho is the applied magnetic field and p is the Bohr magneton. 
The parameters r+ and r- are given by 

where Wco, is the peak-to-peak width of the central line (ml= 
0 )  in the spectrum and W,l represents the widths of the outer 
lines with ml = &l. 

As in earlier work involving this type of line-width ana ly~ i s ,~  
only Wco, was measured directly because the ratios ri are more 
conveniently and more accurately determined from the peak- 
to-peak intensities, Y,  through the relationship: 

Y(0, 1'2 
= [Z] = [K] 

Provided rotation of the nitroxide labels is isotropic, as 
assumed in the derivation of eqs 2a and 2b, values of tc(l) and 
tc (2 )  will be identical. Diverging values of s,(l) and t,(2) are 
therefore indicative of anisotropic motion. 

The need to apply corrections for inhomogeneous broadening 
of the linesg is avoided if, as in the present work, the spectra 
are recorded in an air atmosphere. This is known as the 
method of "additional broadening".1° 

Results and Discussion 
Addition of the EVA t o  the dotriacontane solution 

lowered the cloud point by 3-4 "C to 20 "C. The crystals 
which formed below this temperature were very small 
and irregular in shape in contrast to the large flat plates 
of the normal n-alkane crystals. 

Above the cloud point a sharp fast-motion spectrum 
was observed (Figure 1). As the temperature was 
lowered, this type of spectrum remained, with the 
spectral lines broadening slightly with decreasing tem- 
perature. However, there was no obvious discrete 
change in the ESR spectrum as the temperature dropped 
below the cloud point. Thus, the steady buildup of a 
second, slow-motion component, such as was observed 
with the FVA in the same ~ i t u a t i o n , ~  was not observed. 
A slow-motion component was just detectable in the 
spectrum a t  15 "C, but this never exceeded 5% of the 
total even at  temperatures as low as 4 "C. When the 
experiment was repeated with the control solution of 
0.1% labeled EVA in pure dodecane, a sharp, fast- 
motion spectrum, broadening slightly with decreasing 
temperature, was seen a t  all temperatures above 0 "C.  

While the visual inspection of the ESR spectrum of 
the polymer reveals no evidence of an interaction 
between the polymer and the crystallizing alkane, the 
dramatic change in crystal habit of the dotriacontane 
when crystallized in the presence of the EVA provides 
unequivocal evidence that there is indeed an interaction. 
The nature of this interaction must be such that the 
rotation of the spin labels is not greatly restricted. Such 

Figure 1. ESR spectra of a spin-labeled EVA copolymer 
(0.1%) with n-dotriacontane (2%) in a dodecane solution.at (a) 
30 and (b) 15 "C (cloud point 20 "C). 

unhindered motion of the label suggests that most of 
the polymer is associated with the surface of the 
dotriacontane crystals rather than being locked within 
the interior of the crystals. In that sense, the results 
with EVA are similar to those from our earlier work 
with FVA copolymers4 and are consistent with the view 
that crystal modifiers, in general, function by being 
selectively adsorbed on developing crystals at specific 
faces where further growth is blocked.ll 

To examine the interplay of polymer and crystallizing 
n-alkane more closely, the rotational correlation times 
d l )  and t d 2 )  of the spin labels, in both the presence 
and absence of dotriacontane, were calculated by ana- 
lyzing the ESR spectra (see the Experiment and Theory 
section). 

Figure 2 shows Arrhenius plots for the control solu- 
tion and for the solution containing both labeled EVA 
copolymer and dotriacontane. For the former, the two 
values of zc a t  a given temperature are very close, 
indicating near-isotropic rotation of the label, and over 
the temperature range studied lie on a smooth line with 
no obvious discontinuities. 

The corresponding data for the solution containing 
dotriacontane show markedly different behavior. At 
temperatures well above the cloud point (20 "C) the 
curve is virtually coincident with that of the control 
solution. Below the cloud point, the two curves deviate 
strongly, the one from the dotriacontane solution falling 
well below the control curve. Furthermore, the marked 
separation between corresponding values of z,(l) and 
2,(2) for the dotriacontane solution as the temperature 
decreases progressively below the cloud point shows that 
the motion of the label becomes increasingly anisotropic 
as the temperature is lowered. Thus, Figure 2 provides 
clear evidence of an interaction between the polymer 
and the crystallizing n-alkane, the latter imposing 
restrictions on both the rate and mode of rotation of the 
polymer. 
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Figure 2. Arrhenius plot of correlation time re of spin-labeled 
EVA (0) rc (1) and (0) ~ ~ ( 2 )  for 0.1% EVA in dodecane (control 
solution); (0) r , ( l )  and (W)  ~ ~ ( 2 )  for 0.1% EVA with 2% 
dotriacontane in dodecane (c.P. = cloud point). 

The values of tc below the cloud point in the presence 
of dotriacontane should be regarded as relative rather 
than absolute, for two reasons. First, the line-width 
analysis becomes less reliable as the degree of aniso- 
tropy of rotation increases. Second, the theory underly- 
ing the calculations of tc assumes the existence of a 
single correlation time,7 while, in reality, below the 
cloud point there must be at  least two distinct popula- 
tions of spin labels-those attached to polymer segments 
in solution (or remote from the crystal) and those 
attached to  polymer segments on or near the crystal 
surface. 

The evidence from the comparative spin-label studies 
of the FVA and EVA copolymers suggests that the 
former tend to be more tightly bound to  the alkane 
crystal, though precisely why this should be so is 
unclear at present. 

It is interesting to note in Figure 2 that the curve for 
the dotriacontane-containing solutions begins to decline 
below that of the control solution at  temperatures just 
above the cloud point. In other words, in the alkane 
solution there is an increase in zc in anticipation of 
crystallization. This is what one would expect if crys- 
tallization is preceeded by an association between the 
alkane and polymer molecules. The spin-label experi- 
ment with the EVA appears to  be more sensitive in this 
respect than that with the FVA where no precrystalli- 
zation aggregation was dete~table .~ 

The extent of aggregation can be calculated very 
approximately in the following manner. It is assumed 
that rotation of the label is dominated by whole- 
molecule rotation in solution; in view of the low molar 
mass of the EVA copolymers, this is not unrea~onable.~ 
The rotational correlation time zc is therefore given by 
the relationship12 

where M is the polymer molecular weight, [VI the 
limiting viscosity number of the polymer solution, ~0 the 
solvent viscosity, and K a constant that depends on 
whether the polymer is a free-draining or nondraining 
coil. 

At 24 "C tc in pure dodecane and in the 2% dotria- 
contane solutions are 4.9 x and 5.7 x s, 
respectively. Assuming that the higher value of tc at 
24 "C in the presence of 2% dotriocontane is due only 
to association of the polymer with the n-alkane (i.e., the 
dotriacontane does not affect K, [VI, or 1701, the effective 
molecular weight M of the aggregate is given by: 

7500 x 5.7 = 8724 
4.9 M =  

The molecular weight of the aggregate at  24 "C is 
therefore equivalent to about three molecules of dotria- 
contane (MW 450) per molecule of polymer. Because 
of the fairly sweeping approximations involved in the 
above calculation, the absolute composition of the mate- 
rial aggregating at  24 "C is uncertain. We can assert, 
however, that the spin-label experiment is sensitive to  
the early stages of molecular association in advance of 
the actual crystallization. 

Conclusions 
The results of this study are consistent with the view 

that crystal modification of n-alkanes by EVA copoly- 
mers is a consequence of selective adsorption of the 
polymer at growing crystal faces. 

The ESR experiment is capable of detecting associa- 
tion of the n-alkane and the EVA, i.e., precrystallization 
aggregation, at  temperatures above the cloud point. 
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