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Lamellar Surfaces in Polymers 
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ABSTRACT: A model of flexible polymer chain ends, cilia, characterized by bend and twist between segments, is 
used to estimate motionally averaged NMR line widths for polyethylene, poly(viny1idene fluoride), and poly(ch1oro- 
trifluoroethylene). Comparison with existent data indicates that the model provides a simple format for qualitative 
discussion of the motion of cilia and loops. 

I. Introduction 

I t  is becoming increasingly evident from the interpretation 
of NMR relaxation data that there are often serious inade- 
quacies in the use of the simple two-phase model’ to describe 
a semicrystalline polymer. These conclusions are borne out 
in morphological studies which support the view that material, 
characteristic of the crystalline-amorphous boundary region, 
may be present in sufficient amounts as to constitute a sepa- 
rate macroscopic phase in model  calculation^.^-^^ This paper 
is the second in a series which deals with models of molecular 
motion applicable to molecules in this intermediate region. 

The need for such refinements was recognized a t  an early 
stage in sever,al studies that demonstrated the need for a third 
phase in the line shape analysis of broadline spectra from 
semicrystalline polymers.15-20 More recently, Fujimoto and 
co-workers21 utilized multiple pulse sequences to resolve three 

components in their T 2  and TI,,* measurements on Nylon and 
polyethylene which contrasted with the two-component de- 
cays usually observed. 

Even with two-component T2 decays there is an implicit 
need to invoke a third phase in order to arrive at  an adequate 
description of certain features of the longer T2 temperature 
curves; we specifically refer to the plateau which occurs a t  
temperatures well in excess of the glass transition temperature 
T,. Such behavior, which is typical of several polyrner~,22-~.~ 
may be rationalized with ease when it is recognized that the 
longer T2 in the two-component decay scheme is, in fact, a 
weighted average of the intermediate and long 2’2’s in the 
three-component analysis. 

The third phase, identified as the boundaries between 
crystalline and amorphous regions, contains a preponderance 
of chain folds and unterminated chain ends or  ilia.^-^^ These 
morphological entities exhibit motional behavior character- 
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istically different from that experienced by chains in either 
the crystalline or amorphous regions. The relative magnitudes 
of the component T2's in Fujimoto's data21 show that the 
degree of motional vigor attained by molecules in the 
boundary region is intermediate between the near liquid-like 
character of the the amorphous molecules above T ,  and the 
more restricted motions in the crystalline interior. Similar 
conclusions result from line shape analy~es.~~-*O The fact that 
the folds and cilia are anchored to the crystalline lamellar 
surfaces constitutes a limiting constraint upon the motions 
which are ultimately achieved. 

A precise understanding of the nature of fold and cilia be- 
havior is important for many reasons, not least of which stems 
from the fact that they exert an influence upon the overall 
relaxation properties of the polymer as, for example, the di- 
electric or mechanical ~ o s s . ~ ~ - ~ '  In another context, there is 
growing conviction that elastomers reinforced with filler 
particles such as carbon black are in many respects similar to 
semicrystalline polymers with regard to the molecular con- 
figurations and motions experienced by the amorphous mol- 
ecules. Recent NMR studies on filled rubbers tend to support 
this conclusion and reasonable interpretations are possible 
on the assumption that a t  least some of the rubber molecules 
can assume fold and cilia configurations on the surface of the 
filler particles.28 

An earlier paper has examined the constrained anisotropic 
motions of folds on the surface of crystal lamella using the 
wormlike chain as the basis for the modeLZ9 The predicted T2 
magnitudes were consistent with experimental observations. 
This paper is concerned exclusively with the construction of 
a simple model for calculation of the Tz resulting from motions 
of cilia. Relevant but more complicated models of cilia, based 
upon enumeration of configurations on lattice, have been 
presented by Lax,3o Meier,31 and Hesselink.:32 

11. Development of the Model 
A typical cilia is considered to be constructed from N con- 

nected chain segments. Local coordinate frames are defined 
for each segment where the polar axis in each case is con- 
strained to lie along the chain axis. X Y Z  is a crystal coordinate 
frame in which the X Y  plane represents the surface of the 
crystal and the Z direction is perpendicular to the crystal face. 
In any one of the local frames, say the Nth ,  a typical inter- 
nuclear vector is SO. The coordinates, s ,~ ,  of this internuclear 
vector in the crystal frame are related to SO by 

+'! 
Y2yI(sAv) = D,,,'"* (Q,,)Y24(SO) (1) 

y=-:! 

where it is convenient, in an NMR context, to work in the 
spherical harmonic notation.:':i The Euler angles, denoted by 
Q.\;, bring the crystal frame, X Y Z ,  into coincidence with the 
N t h  local coordinate frame. The symbol Y2y(S) denotes the 
second order spherical harmonic, (-1)q[5(2 - q)!/4(2 + 
q)!]-P2q(B)e1y@, where P p ( 0 )  is the associated Legendre 
polynomial and 0 and C#J are the polar and azimuthal angles of 
S. The rotation matrix elements, D q l q ( 2 ) * ( Q . ~ ) ,  define the 
linear transformation between spherical harmonics in the 
crystal and Nth  local coordinate frames. The transformation 
of coordinates defined by eq 1 may be alternatively effected 
by repeated transformations for successive segments of the 
cilia. Thus 

(2) 
where, in general, wh ( a h , P h , y h )  are Euler angles which take 
the hth frame into coincidence with the ( k  + 1) frame. 
Equation 2 may be conveniently rewritten 

D,,q'"*(Q,) = D y , q " ) * ( W N , W ' Y - l , ~  . . W 2 , W d  

where q2Y+l = q. 

At this point we inject specific character into the model by 
identifying the Euler angles (a;@jy,) to be (a j ,P; ,  -aj +6;) 
as in the earlier analysis on folds.2g 0, is the angle between 
successive polar axes and denotes the magnitude of the bend 
between the respective chain segments. The direction in which 
the chain bends is determined by a,; averaging aj over 2 7 ~  
makes the bend direction random about the preceding polar 
axis. For succeeding coordinate systems to return as closely 
as possible to the preceding configuration, that is to achieve 
minimal twist consistent with the given bend, the third angle 
y is -a,; a twist of 6 away from this least strained configura- 
tion identifies y as -a, + 6. The angle 6 can assume a distri- 
bution of values for the various segments of the cilia. If, 
however, the same twist angle is used throughout, this ap- 
proximates a rotation of the chain through 6 about a fixed 
chain axis configuration. Averaging 6 over 27~ provides com- 
plete rotation of the chain. As with all motional averaging the 
average is performed on eq 1 prior to squaring; we recall that 
eq 1 is ultimately squared to obtain T2, the NMR parameter 
of interest here. 

Motions of folds and cilia which are observable in the ex- 
perimental NMR data occur a t  temperatures in the region of 
the glass transition and above. Thus the truly amorphous 
molecules are in vigorous motion. I t  is reasonable then to as- 
sume that the cilia are also in a state of extensive motion. With 
this in mind, we consider a model in which each successive 
element of the chain is rotating about the polar axis of the 
previous element. This motional effect is not to be confused 
with the element adopting a statistically random direction 
with respect to the previous element (the latter is effected by 
performing the average over a after eq 1 is squared). 

The motionally averaged expression, obtained by ran- 
domizing a in eq 1 over a circle, may be written 

Y2q1(S,V) = ( e - l q l h  dy,y,("(P)}h Y ~ Y I ( S O )  . (4) 

For P small { d q , y l ( 2 ) ( / 3 ) ~ ~ N  takes the convenient approximate 
form 

{ ~ q l q l ( 2 ) ( P ) } N  e-.vlfi--Yl~ldv4 (5) 

Substitution of eq 5 into eq 4 and squaring the resulting ex- 
pression leads to 

I y 2 ~ ~ ( S ~ v ) l e  = e - : v [ ~ - ~ ~ ~ l i P / '  I Y P ( S " ) l ~  (6) 

The use of eq 6 along with established formula34-c36 permits 
the direct evaluation of T2 for each element of the cilia. As 
with earlier calculations, only intra contributions within the 
individual elements are considered. If, in addition to each 
element rotating about the polar axis of the previous element, 
the molecule is rotating internally about its own axis, then 6 
assumes a motional average over a circle in which case q = 
0 in eq 4 and subsequent expressions. 

Equation 6 states simply that the three lattice sums re- 
quired for the evaluation of Tz (41 = 0, 1, 2) are the corre- 
sponding intra rigid lattice sums multiplied by the expo- 
nential factor exp(q12 - 6)NP2/2. In order to compute an 
overall Tz for the cilia, a simple average over the array of in- 
dividual element T2's is performed. In doing so it is realistic 
to exclude those elements of the cilia characterised by a T 2  
which is within a factor of 2 of the value for element N = 0,  
that  is, the first element which is constrained to emerge a t  
right angles from the crystal lamellar surface. The excluded 
elements are essentially indistinguishable from the crystalline 
T2 component in a semicrystalline polymer. Let us suppose 
that the first m elements are excluded and that a total of P 
elements are considered. The actual magnitude to be assigned 
to m will depend upon crystallographic parameters of the 
polymer under consideration. The average over the ( P  - m )  
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Table I 
Experimental 2'2 Data Pertaining to the Intermediate 

Region 

ln n 

$ 60- 
w v) 

0 a 
4 0 -  - 
20 

c" 

Resolved 
Type of intermediate Expt l  

Polymer sample T2 T 2 , p s  Ref 

- 

- 

PE Isotropic No 65 22 
Isotropic Yes 46 21 

y' = 54 No 160 23 
y' = 90 150 

PVF2 Isotropic I9F No 65 24 
'H 50 

P C T F E  Fiber y' = 0 100 
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Figure 1. Calculated powder-average, motionally averaged relaxation 
time, t 2 ,  of 'H as a function of the number of CH2 units in the cilia. 
Chain flexibility is characterized by the bend angle between units, 
@. Interunit contributions to T2 are neglected. 
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Figure 2. Calculated powder-average, motionally averaged relaxation 
time, 7'2, of 'H and 19F as a function of the number of CH2CF2 units 
in the cilia. Chain flexibility is characterized by the bend angle be- 
tween units, @. Interunit contributions to T2 are neglected. 

e lements  m a y  b e  performed direct ly  on the preexponent ia l  
factor  as follows. 

1 f e(q12-6)N$2/2 

(P - m )  N=m+l  
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Figure 3. Calculated fiber-average, motionally averaged relaxation 
time, T2, 19F as a function of the number of CF2 units in the cilia for 
three fiber orientations, y' = 90,54, and Oo,  where y is the angle be- 
tween fiber axis and magnetic field. Chain flexibility is characterized 
by the bend angle between unts, @. Interunit contributions to T2 are 
neglected. 
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Figure 4. Q ,  the ratio of the powder-average, motionally averaged 
relaxation time, 2'2, to the rigid-lattice powder-average relaxation 
time. 7 ' 2 ~ ~  as a function of the number of units in the cilia. Interunit 
contributions to 2'2 are neglected. The cilia units are rotating rapidly 
about the chain axis. 

For  the internal ly  rotat ing cilia molecule T2 for each  ele- 
m e n t  takes the form 

T2-2 = e-3,VP'T2RL-2 (8) 

where T ~ R L  is the intra rigid la t t ice  T2. The n u m b e r  of ex- 
c luded e lements  m a y  be readily computed  to be (2  In 2)/3/3'. 
Subs t i tu t ion  in to  e q  7 provides t h e  T2 for t h e  internal ly  ro- 
ta t ing  cilia a n d ,  as a resul t  of the absence of q1  dependence ,  
T S  m a y  be wri t ten 

P denotes  the-total n u m b e r  of e lements  considered and m N 

(2 In 2)/3/3*, t h e  n u m b e r  of excluded elements .  
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Table I1 
Comparison of Data and Model T2 for PCTFE 

Fiber Exptl Exptl Calcd 
orientation noncrystalline T:! assigned noncrystalline 

angle, T’, deg Tz, ~ 1 s  to cilia,a ps TZRL, ws Q T2, PS 

0 
54 
90 

See text. 

100 
160 
150 

111. Comparison with Experiment 
The theory outlined above may be applied to three poly- 

mers for which adequate experimental data are available: 
branched polyethylene (PE),22 poly(chlorotrifluoroethy1ene) 
fibers (PCTFE),23 and poly(viny1idene fluoride) (PVF2).24 
The relevant experimental data are summarized in Table I. 
The T 2  component assigned to the intermediate lamellar 
surface region is unresolved from the highly mobile amor- 
phous signal in all cases with the exception of the P E  data of 
Fujimoto et aLZ1 Consequently, we shall have to make plau- 
sible assignments of T2 magnitudes to the amorphous T:! in 
order to check whether or not the motions available to the cilia 
are sufficient to account for the observed plateau. This of 
course does not infer that the plateau is due to cilia alone but 
rather that they have the capability, as already demonstrated 
in the case of folds,29 of providing 2’2’s of the correct order of 
magnitude. 

Equations 6 and 7 have been used along with the usual ex- 
pression for T 2  to compute an average T:! for the nonrotating 
cilia. The results for the three polymers are plotted for bend 
angles @ = 10, 15, and 20” in Figures 1-3. Figure 4 displays the 
dependence of Q, the factor required in the computation of 
T:! for the rotating cilia, upon the total number of elements, 
P,  for the same three bend angles. 

It is immediately apparent from Figure 1 that the model can 
comfortably accommodate a T2 of 46 ps as observed in PE.21 
Typically, about 30 elements and a bend angle of 20” will 
provide an adequate description of the experimental obser- 
vations. For rotating cilia, some 12 elements are required for 
the same bend angle as deduced from Figure 4 on the basis of 
T ~ K I ,  = 12.2 ps. The weighted Tz of 65 ps for the intermediate 
and amorphous regions observed by McCall and FalconeZ2 is 
consistent with the results of Fujimoto et al.” which provide 
an amorphous Tza = 200 ps of about the same intensity as the 
T:! from the intermediate region. 

The overall relaxation behavior of branched PE would tend 
to indicate that rotating cilia are more probable.2s The yc re- 
laxation is fully active in the plateau temperature region (-50 
“C). In addition, this is precisely the temperature a t  which the 
arTl,, minimum occurs22 (We recall that TI,, corresponds 
roughly to the same correlation frequencies as Tz). Both re- 
laxations have been interpreted in terms of chain rota- 

We now turn our attention to PVFz for which the T 2  plateau 
magnitudes are Tz(’H) = 50 ps and T2(I9F) = 65 ps for proton 
and fluorine resonance, respectively.24 These magnitudes 
represent the weighted T:! for the intermediate surface regions 
(40%) and amorphous regions (60%). Proceeding on the basis 
of the reasonable assumption of T2a = 200 ps, the average cilia 
TZ’S required to achieve agreement with experiment are 32.2 
and 42.5 1 s  for proton and fluorine resonance, respectively. 
The corresponding rigid lattice T2’s are T&H)RL = 15 ps and 
T2(I9F)~1, = 20.4 ps.24 I t  is evident that far fewer elements are 
required for any given angle pas  compared with PE for either 
rotating or nonrotating cilia. Alternatively stated, a smaller 
bend angle is predicted for an equivalent number of elements. 

tion.2,5 

49 
102 
91 

20.4 2.4 122 
29.3 3.5 153 
23.9 3.8 136 

This is consistent with the expectation that the PVFZ chain 
is much less flexible than the P E  chain. 

The theoretical predictions for the nonrotating PCTFE cilia 
are especially interesting in a fundamental respect: the an- 
isotropy in T2 as a function of angle is a t  odds with experi- 
mental observation of a maximum in T2 at  an orientation 
angle w’ = 54”. This would tend to rule out nonrotating cilia, 
a conclusion in agreement with earlier i n t e r p r e t a t i ~ n . ~ ~  The 
data pertaining to rotating cilia are summarized in Table I1 
wherein theoretical predictions are compared with experi- 
mental data. As with the earlier calculation on folds,2g an 
amorphous T2 of 200 ps is assumed and the intermediate re- 
gion comprises 20% of the noncrystalline material present. In 
calculating the overall T2 noncrystalline component (cilia plus 
amorphous) a mean Q of 3.2 has been used. The results indi- 
cate that the model experiences difficulty in developing suf- 
ficient anisotropy in T2 as a function of orientation angle y‘. 
Indeed a much better fit can be achieved at  higher tempera- 
tures (-160”) where T:!(y’ = 0) rapidly approaches T2(y’ = 
54”, 90). Thus one must turn to another feature, such as folds, 
in order to adequately account for the PCTFE data. 
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ABSTRACT: Measurements have been made by dielectric relaxation and electric field birefringence on poly(n-hexyl 
isocyanate)-toluene solutions. Four molecular weights in the range 62 000 to 290 000 have been studied over a wide 
concentration range. The results by the two methods are in good accord and suggest the existence of both linear head- 
to-tail and antiparallel side-by-side aggregation for the low molecular weight samples and only antiparallel side-by- 
side aggregation for the high molecular weight samples. The relative amounts of aggregation have been shown to  be 
concentration and temperature dependant. 

The solution properties of poly(alky1 isocyanates) have 
attracted much interest recently because of their apparent 
helical conformation and high chain stiffness. Of these iso- 
cyanates both the highly polar n-butyl isocyanate (PBIC) and 
n-hexyl isocyanate (PHIC) have been studied in various sol- 
vents by light viscosity,3-5 infrared spectroscopy,6 
electric birefringence,'S8 and dielectric relaxation meth0ds.9-l~ 
It has been shown by several authors that both these polymers 
can be described by a wormlike chain model. 

I t  is generally concluded that aggregation does not occur 
with these systems. However, this conclusion appears to have 
been made for measurements with nonpolar solvents over a 
restricted concentration range or for polar solvents. While it 
is well known that highly polar polypeptide (helical and rod- 
like) molecules do not generally form aggregates in polar sol- 
vents they do so in nonpolar  solvent^.^^-^^ I t  is therefore 
perhaps surprising that the isocyanates with similar charac- 
teristics do not show the same behavior in nonpolar sol- 
vents. 

We have chosen to examine this behavior in well fraction- 
ated PHIC samples in toluene solutions. Measurements were 
made by dielectric relaxation and electric field birefringence, 
both methods being sensitive to structural changes, over a 
large concentration range. For these solutions temperature 
dependence studies were also made. The results clearly indi- 
cate the existence of aggregation in these solutions and fur- 
ther, we believe, explain the discontinuities recently recorded 
in temperature dependence studies.16Ji Finally we compare 
salient characteristics of the current results with those ob- 
tained with polypeptides in nonpolar 

Experimental Section 
The PHIC samples were kindly donated by J. Pierre of Professor 

Desreux's group at  Liege University. They were prepared according 
to the method described by Shashoualg and fractionated by precipi- 
tation using the carbon tetrachloride-methanol system. Their weight 
average molecular weights determined by light scattering in chloro- 
form were 62 000,90 000,140 000 and 290 000, and these samples will 
be denoted PHIC (62 OOO), PHIC (90 OOO), PHIC (140 000) and PHIC 

* Address correspondence to this author a t  the Physics Depart- 
ment, Brunel University, Uxbridge, Middx, UB39H, U.K. 

(290 OOO), respectively. The ratio of the weight to the number average 
molecular weight as determined by gel permeation chromatography 
in tetrahydrofuran (THF) at  25 "C was less than 1.2, indicating a low 
polydispersity. 

Solutions were made up with freshly distilled toluene on a gravi- 
metric basis, and measurements were made a t  room temperature of 
23.0 f 0.5 "C, unless otherwise stated. 

The dielectric absorption measurements, in the range 20 Hz to 2 
MHz, were made on the two impedance bridges described previously2" 
and a General Radio 1616 bridge. Two stainless steel cylindrical cells 
of air capacitance 13 and 196 pF were used. They were enclosed in a 
thermostatically controlled chamber which maintained their tem- 
perature to within f O . l  "C. 

The birefringence measurements were made by the pulsed dc field 
method. The sample cell (length 7 .5  cm) was placed between crossed 
Glan-Thomson polarizers with the applied field at  45" to the polarizer 
azimuth. The system was such that the beam of the low powered 
He-Ne laser (A 633 nm) probed the field induced birefringence which 
was recorded as an intensity change via a red sensitive photomulti- 
plier-storage oscilloscope system. The pulsed dc field was from 0 to 
2.5 kV cm-I and of duration variable from 10 w s  to 10 ms. This ap- 
paratus which included novel features in the cell design will be de- 
scribed in greater detail elsewhere.?' 

Theory 
Macromolecules in solution are free to orientate, being on 

average randomly oriented in the absence of an applied field. 
If these molecules are polar they tend to align under the ap- 
plication of an electric field. In this situation the polarizability 
produced is measured through the dielectric constant, and the 
induced or inherent optical anisotropy is manifest through the 
induced birefringence. Both the dielectric and the birefrin- 
gence techniques give information on dipole moments and 
rotational relaxation times and both have been used in the 
present work. Each method has its advantages. At low 
frequencies of applied field we measure the dielectric constant 
to, at high frequencies, where the dipoles have insufficient time 
to obtain an equilibrium distribution a t  each stage of the al- 
ternating cycle, we measure e m .  The dielectric increment Le 

the following: 
- - e,-, - t m  is related to the mean-square dipole moment 2 by 


