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ABSTRACT: Crystalline-amorphous layered structure constructed by comb-like poly[(methyl acrylate)-stat-(n-octadecyl 
acrylate)]s (PAx), which have crystallizable n-alkyl side chains and amorphous main chain, has been investigated by X-ray 
diffraction method. Small-angle X-ray scattering profiles of PAx and its blends with n-octadecanoic acid (Cl8) varies with the 
change of !//main, which is defined as the ratio of the number of then-alkyl side chain and Cl8 molecule to that of the main 
chain -CH 2-CH- unit. When !//main is smaller than 0.71, the layer spacing obtained from diffraction angle of a sharp peak 
at small-angle region gradually decreases with an increase of !//main· In the region of 1/fmain=0.73-0.89, a broad peak 
coexists with the sharp peak, and locates at smaller angle region than the sharp peak. When !//main is larger than 1.0, i.e., 
blends of poly(n-octadecyl acrylate) (PA 100) with C 18, a newly appeared sharp reflection can be observed at further smaller 
angle. These complicated variations in layer spacing are interpreted by three packing models, which are named as Interdigitating 
Form, End-to-end Form, and disordered End-to-end Form, respectively. Differential scanning calorimetry measurements for 
PA!00/Cl8 blends also suggest the existence of another crystalline form induced by the addition of Cl 8. In the blends of 
PAI00 with n-tetradecanoic acid, the chain length of which is shorter than Cl 8, the structural transformation observed in 
PA!00/Cl8 system can not be recognized. 

KEY WORDS Comb-Like Polymer/ n-Alkyl Fatty Acid/ Poly(n-octadecyl acrylate)/ Layered Structure 
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Comb-like polymers, in which crystallizable long n
alkyl side chains attach to amorphous main chain, 
have been extensively studied as reviewed by Plate and 
Shibaev. 1 In these polymers, the side chains are known 
to crystallize in solid state irrespective of their tactici
ty of main chain. X-Ray diffraction and differential 
scanning calorimetry (DSC) measurements suggest the 
formation of hexagonally-packed crystalline lattice of 
n-alkyl chain. In the X-ray profile at small-angle region, 
there exists an intense reflection, which is considered to 
originate from alternating crystalline-amorphous layered 
structure constructed by the side-chain-crystallized layer 
and main-chain-segregated amorphous layer as shown 
in Figure 1. The domain spacing of the layered structure, 
d, can be obtained by the diffraction angle of this 
reflection. Plate et al. 1 •2 reported striking difference in 
the diffraction pattern and layer spacing d between 
comb-like polyacrylates and polymethacrylates. In the 
diffractogram of poly(n-octadecyl acrylate), a relatively 
broad reflection was observed at small-angle region 
and its spacing was larger than 40 A, and in that of 
poly(n-octadecyl methacrylate), a sharp reflection was 
observed at the spacing of ca. 30 A. In order to interpret 
this difference in X-ray profiles, they proposed two 
chain-packing models: two-layer structure and one-layer 
structure for respective polymers. 1 •2 In the former 
model, the side chains extend on both side of the main 
chain, and the polymer chains pack closely because of 
the flexibility of the main chain. In the latter structure, 
disordered packing of the end groups of the side chains 
occurs because of the increased bulkiness of the main 
chain, and the polymer chains are arranged with the 
shift toward the extended side-chain axis, which leads 
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Figure 1. Schematic illustration of the alternating crystalline
amorphous layered structure constructed by side-chain-crystallizable 
comb-like polymer. The middle and bottom figures is the projection 
of the upper figure viewed as perpendicular to the main chain and 
viewed along the main chain, respectively. Thick lines in the middle 
figure and ellipses in the bottom figure represent the main chain, thin 
lines represent the side chain, and notched thin lines represent the 
crystallized side chain. The hatched domain is the crystalline layer. The 
layer spacing d is also indicated. 
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the layer spacing to be smaller value. Later, Hsieh et al. 3 

proposed a new model for solid-state poly(n-octadecyl 
methacrylate). In their model, the crystalline layer is 
formed by intercalating the side chains pointing in op
posite directions. They have mentioned that this mod
el can explain the experimentally-obtained intensity dis
tribution of X-ray reflections in small-angle region. 
Although detailed solid-state structures of these comb
like polymers have not been clarified as yet, the layered 
structure with the alternating segregation of the side
chain and main-chain domains is commonly accepted. 4 - 8 

The layered structure in Figure 1 recalls a lamellar 
morphology observed in, for example, A-B diblock 
copolymers. Microphase separation of block or graft 
copolymers having incompatible block segments has 
been widely interested and investigated by a large num
ber of researchers. 9 - 14 Equilibrium aspects of the mi
crodomain structure involve two requirements, i.e., in
compressibility and incompatibility. When A and B 
blocks in A-B diblock copolymer are strongly in
compatible, each segment segregate into the confined 
A and B domains, respectively. The incompressibility 
demands uniform overall segment density everywhere in 
the domain space. Morphology of the domain structure 
depends on the molecular weights of the constituent block 
segments and the interaction parameter between A-block 
and B-block segments. 

In Part I of this series, 15 we have reported cocrys
tallization behavior of blended n-octadecanoic acid 
(Cl8) with n-octadecyl side chains of poly[(methyl 
acrylate)-stat-(n-octadecyl acrylate)] (PAx) and poly
[(methyl methacrylate)-stat-(n-octadecyl methacrylate)] 
(PMx), where x is the composition of n-octadecyl ester 
residue in mo!%. In the cocrystallized solid, Cl8 mole
cules are incorporated into the hexagonal crystalline 
lattice formed by the side chains. 15 The cocrystallization 
of Cl8 with the side chain in the crystalline layer will 
increase the volume of this layer, and is anticipated to 
influence the segregation behavior and packing manner 
of the chains in the layered structure. 

In this report, we aim to investigate the layered 
structure of the comb-like PAx series, and their blends 
with n-alkyl fatty acid, Cn, where n is the number of 
carbon atoms in the fatty acid. Small-angle X-ray 
scattering profiles of these polymers vary complicatedly 
with the change of the composition of the n-octadecyl 
side chain in pure PAx or the content of Cn in the blend 
samples. These changes are reasonably interpreted by 
three kinds of packing model with considering volume 
of the crystalline and amorphous layers and area of the 
interface between them. The effect of chain length of 
blended fatty acid on the layered structure will also be 
discussed. 

EXPERIMENT AL 

Poly[(methyl acrylate )-stat-(n-octadecyl acrylate )]s 
(PAx) were prepared as described in the previous paper. 15 

In this work we use six kinds of copolymer, PA33, PA54, 
PA70, PA81, PA89, and PAlO0, the number in these 
codes represents the composition of the n-octadecyl ester 
residue in copolymer in mol¾. n-Tetradecanoic acid 
(Cl4), n-hexadecanoic acid (Cl6), n-octadecanoic acid 
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(Cl8), n-eicosanoic acid (C20), and n-docosanoic acid 
(C22) were commercially available and used without 
further purification. Blend samples of PAx with Cn were 
prepared by evaporation of solvent from tetrahydro
furan solution, annealing at 90°C, and subsequently 
cooled slowly to room temperature. 

X-Ray diffraction measurements were performed with 
Ni-filtered Cu-Ka radiation (wave length )"=l.5418A) 
generated from RU-200BH (Rigaku Co.) and an imag
ing plate detector (R-AXIS 110, Rigaku Co.) at room 
temperature. The distance between the sample and the 
imaging plate was calibrated by the 111 reflection of 
silicon powder sprinkled over the sample. Diffraction 
diagrams recorded on the flat imaging plate were con
verted to the one-dimensional profiles against diffrac
tion angle 20. DSC thermograms were recorded by a 
Perkin-Elmer DSC model II instrument. 

RESULTS 

Variation of X-ray diffraction profiles for pure PAx's 
with the change of the composition of n-octadecyl side 
chain, x, is shown in Figure 2. Diffraction angle 20 of a 
sharp peak increases with an increase of x for PA33, 
PA54, and PA 70. In the case of PAS 1, a broad peak is 
also observed at an angle smaller than that for the sharp 
peak. Both these two peaks can be recognized in the 
profile of PA81 and PA89, and in that of PAlO0, only 
the broad peak can be observed. As mentioned in Intro
duction, these reflection peaks are considered to originate 
from the alternating crystalline-amorphous layered 
structure. So, the variation of the X-ray profiles suggests 
a change of the packing manner of chains and a change 
of the arrangement of the crystalline and amorphous 
layers. 

The profiles of PA 70, P A8 l, and PA89 in Figure 2 are 
comparable with those of the blend samples PA70/Cl8 
presented in Figure 6 in Part I of this series. 15 In Part 
I, we have reported that the addition of Cl8 to PA70 
induces the formation of the layered structure observed 
in PAl00. From the resemblance between the profiles of 
pure copolymers (Figure 2) and blends of PA70/Cl8 
(Figure 6 in Part 115), we can say that the added Cl8 
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Figure 2. X-Ray diffraction profiles for pure copolymer PAx's, as 
shown, measured at room temperature. The base line for each profile 
is shifted up and down in order to avoid overlapping. 
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Figure 3. X-Ray diffraction profiles for PAI00/Cl8 blends with the 
shown C18 contents (mo!%). All measurements are performed at room 
temperature. The base line for each profile is shifted up and down in 
order to avoid overlapping. 

molecules behave as the n-alkyl side chain for the 
formation of the layered structure. 

Distinct change in profile is observed in the system 
of PA100/Cl8. As shown in Figure 3, the blend with 
6mol% Cl8 gives a sharp peak at an angle smaller 
than that of pure PAIO0, and further addition of Cl8 
increases the scattering intensity of this peak. The profiles 
of pure PA 100 and C 18 show peaks at 20 = 2.1 ° and 2.2°, 
respectively, while the peak of the blend is located at 
20 = I.6°. As confirmed by the absence of the diffraction 
peaks assignable to the isolated Cl8 crystallite, Cl8 
molecules are cocrystallizing homogeneously with n
octadecyl side chain till the C 18 content of 22 mol % . 
These considerable changes in the shape and the 
scattering angle of the peak should mean the formation 
of another arrangement of the layered structure by the 
addition of Cl 8. 

The shift to the smaller-angle region and increase of 
the intensity for the peak in the X-ray profile are also 
recognized in the blends of PAIO0 with C20 or C22. 
However, as shown in Figure 4, PA100/C14 blends do 
not show such sudden change in the profile until the 
crystallization of the isolated Cl4 occurs. 

DISCUSSION 

Variation of X-Ray Profiles of P Ax/CJ8 with the Change 
of 1/fmain 
The similarity between the X-ray profiles in Figure 2 

and those in Figure 6 in Part I suggests that C18 mole
cules cocrystallize with the side chain of polymer15 

and behave such as the side chain for the formation of 
the layered structure. With taking this behavior into 
consideration, we can say that the X-ray scattering pro
file in the small-angle region for PAx/C18 system is de
termined by the number of n-alkyl chain in the sample. 
In Part I, we have defined the ratio of the number of the 
repeating unit of the main chain to that of the n-alkyl 
chain as !main• in order to compare the results of DSC 
measurements of pure polymers with those of their 
blends with C 18. 15 In the number of the n-alkyl chain, 
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Figure 4. X-Ray diffraction profiles for PAIO0/Cl4 blends with the 
shown C14 content (mo!%). All measurements are performed at room 
temperature. The base line for each profile is shifted up and down in 
order to avoid overlapping. 
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Figure 5. Observed and calculated layer spacings d for PAx/Cl8 
against 1 /!main• which is defined as the ratio of the number of n-alkyl 
chain to that of repeating unit of main chain. The experimental values 
of d for pure copolymers, PAx, and blend samples, PAx/Cl8, are 
plotted by open and filled symbols, respectively, with the same shape: 
(0, e) PA33; (6,..A.) PA54; (V, °Y) PA70; (0) PA81; (@) PA89; 
(D, •) PAl00. The solid lines are calculated with assuming Inter
digitating Form and End-to-end Form as shown in the figure. 

both n-octadecyl side chain and Cl8 molecule are in
cluded. Reciprocal off main corresponds to the composi
tion of n-octadecyl side chain of the pure copolymer, 
i.e., 1/fmain =x/100. We will use the parameter 1/fmain in 
order to represent the relative amount of crystallizable 
n-alkyl chain (both n-octadecyl side chain and Cl 8 
molecule) to the repeating unit of the amorphous main 
chain (-CH 2-CH- group). 

In Figure 5, the layer spacings d= Jc/(2sin 0) obtained 
for six kinds of pure PAx's are plotted against 1/fmain by 
the open symbols, and the results for their blends with 
Cl8 are plotted by the filled symbols which are the same 
shape as those of the respective pure PAx. The data in 
this figure are the only results for the blend samples in 
which no crystallite of isolated Cl8 is confirmed. For the 
pure copolymers PA33, PA54 and PA70 (l/fmain=0.33, 
0.54, and 0.70), and their blends with Cl 8, the obtained 
d values smoothly decrease with the increase of 1/fmain· 
This result indicates that the addition and cocrystalliza
tion of C18 give a similar effect on the formation of the 
layered structure with the increase of n-octadecyl side
chain composition. We can summarize the variation of 
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the X-ray profiles as follows: (1) in the range of 1/fmain = 

Layered Structure 

0.33--0.70, the layer spacing obtained from the sharp 
peak gradually decreases with the increase of 1/fmain• (2) 
when l/fmain=0.73-0.89, both the broad and sharp 
peaks can be observed, and only the former peak is 
observed when 1/fmain = 1.0: i.e., in the case of the pure 
PAl00, and (3) the sharp peak of d>50A appears in 
the range of 1/fmain = 1.06-1.28: i.e., in the case of the 
blends PA100/C18. 

Analyses of the Layered Structure 
The discontinuity of the value of d with the increase 

of 1 If main in Figure 5 suggests a transformation of the 
layered structure, i.e., change of the packing manner 
of chains and rearrangement of the crystalline and 
amorphous layers. Although some structural models for 
these comb-like polymers have been proposed 1 - 4 as 
described in Introduction, it seems to be difficult to 
interpret these experimental results shown in Figure 5 
by these models. Main factor that determines the pack
ing manner of the comb-like polymers in solid state may 
be segregation of the crystallizable n-alkyl side chains 
and amorphous main chains. Because of the covalent 
bonds between the side chain and main chain, the 
segregation will result in the alternating crystalline and 
amorphous layers. Schematic molecular structure in 
solid state is shown in Figure 6. If the crystallizable and 
amorphous segments are segregated distinctly and the 
interface between the crystalline and amorphous layers 
is sharp (see Figure 6), the domain spacing of the 
amorphous layer can be determined from its volume and 
the area of the interface owing to the demand of in
compressibility of the segments. 12 - 14 We assume that 
the tacticity of the comb-like polymer is a tactic, and that 
the distribution of the position of the long side chains 
along the main chain is statistically random. On these 
assumptions, we propose two structural models for the 
packing of the comb-like polymers in the alternating 
crystalline and amorphous layers. These are schemati
cally illustrated in Figures 7a and 7b, and named as 
Interdigitating Form and End-to-end Form, respec
tively. Interdigitating Form corresponds to the structural 
model proposed by Hsieh et al., 3 and End-to-end Form 
is similar to the schema of Figure 4 in ref 4. In both 
models, the crystalline layer contains only crystallized 
methylene units in then-alkyl chains, and the amorphous 
layer contains the main chains and a portion of the n
alkyl chain near the main chain because it is not plausible 
that all the methylene groups in the side chain of atactic 
polymer are incorporated into the crystalline layer. The 
crystallized n-alkyl chains are assumed to be oriented so 
that their chain axes are perpendicular to the interface 
between the crystalline and amorphous layers. In the 
amorphous layer, the averaged direction of the main 
chain is parallel to the interface because of the covalent 
bonds between the side chain and main chain. As a 
result, the main chain may take a prolate conformation 
in the confined amorphous layer, which is like the main 
chain of side-chain liquid-crystalline polymers in smectic 
phase. 16 The difference between these two models is the 
packing manner of the n-alkyl chain in the crystalline 
layer. In Interdigitating Form, then-alkyl chains which 
are extending from both sides of the crystalline layer are 
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Figure 6. Schematic illustration of chain packing of the side-chain 
crystallizable comb-like polymer in alternating crystalline-amorphous 
layered structure. Thick and thin lines represent main chain and side 
chains, respectively. Cylinders indicate the hexagonally-packed n-alkyl 
chains. 

(a) 

(b) 

--d--

Figure 7. Models for the crystalline-amorphous layered structure. 
(a) Interdigitating Form and (b) End-to-end Form. The upper and 
lower figures in both models are illustrated in the same way as the 
middle and bottom figures in Figure I. 

interdigitated with each other, and the terminal methyl 
groups in the side chains are located around the interface. 
In End-to-end Form, the n-alkyl chains are packed in 
an end-to-end manner, and the terminal methyl groups 
should be located in the middle of the crystalline layer. 
The area of the interface can be determined by the number 
of the hexagonally-crystallized n-alkyl chain, and so, 
varies with the change of the packing manner. From the 
wide-angle X-ray diffraction peak at 20 = 21 °, which 
gives the interchain distance for the crystallized n-alkyl 
chain in the hexagonal lattice, the area, Aside• of cross
section perpendicular to the chain axis of one crystallized 
n-alkyl chain is obtained to be 20.4A2 • If m methylene 
units in one n-alkyl chain are included in the crystalline 
layer, the width of the crystalline layer in Figure 7 will 
be expressed by m · Pctt 2 for Interdigitating Form and 
2m · P CH2 for End-to-end Form, where P CH2 is the pitch 
for one CH2 unit along the chain axis of the crystallized 
n-alkyl chain. Assuming that the volume of the amor
phous layer per -CH2-CH- unit of the main chain, 
vamorph• is the sum of the volume of amorphous poly
~methyl acrylate) (vPAo) and volume ofCH2 groups (vCH,) 
m amorphous state, vamorph can be expressed, with 
considering the composition of n-alkyl chain, by 
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Vamorph = VPAO + VcttiCmt-m)(l/fmain) · (1) 

In eq 1, mt is the number of the methylene unit in one 
n-alkyl chain and mt= 17 is used in the present case. 
The term (mt-m) means the averaged number of the 
methylene unit in the amorphous layer per n-alkyl chain. 
The volume of the amorphous layer corresponding to 
one n-alkyl chain is Vamorph · /main for Interdigitating 
Form and 2vamorph · /main for End-to-end Form, and the 
width of the amorphous layer can be obtained by dividing 
these values by Aside· Finally, the layer spacing dcaic is 
calculated by the sum of the widths of the crystalline and 
amorphous layers. 

dcalc = ( Vamorph · /main)/ Aside+ m · p CH2 

for Interdigitating Form (2) 

dcalc = (2vamorph · /main)/ Aside+ 2m · p CH2 

for End-to-end Form (3) 

The following values are used for calculations 1 7 : vPAo = 
l 16.8A3, Vctt2 =27.3 A3, and Pctt2 = 1.25 A. From the ex
perimentally-obtained heat of fusion, Jordan et al.4 de
duced that ca. 9 methylene units are crystallizing in 
one side chain for solid-state poly(n-octadecyl acrylate), 
and m = 10 will be used in the following calculations. In 
practice, change of the value of m has little effect on the 
calculated layer spacing, so we can obtain dca1c as a 
function of 1 //main for both packing models. 

The results are drawn by the solid curves in Figure 5. 
The value of dca1c decreases in inversely-proportional 
manner with the increase of 1/fmain· This phenomenon 
can be interpreted by the schematic illustration in Figure 
8. When the relative number of then-alkyl chain to the 
repeating unit of main chain is small, the main chain 
can take a relatively flexible conformation something 
like Figure 8a. With the increase of llfmain, possible 
conformations for the main chain may be restricted, and 
the main chain should be confined in the narrow 
amorphous layer (Figure 8b ). These figures suggest that 
the comb-like polymer having a lot of side chains can 
not be packed into Interdigitating Form because of the 
excess number of the crystalline n-alkyl chain as 

(b~~ 

Figure 8. Packing manner of the comb-like chains in Interdigitating 
Form when the composition of the side chain is large (a) and small 
(b ). See legend to Figure 7. 
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compared with the volume of the amorphous layer. If 
the largest size of the area at the interface for one 
repeating unit of main chain ofpoly(methyl acrylate) can 
be evaluated, we may calculate an upper limit of 1/fmain 
to take the packing manner of Interdigitating Form. 
Now, we tentatively consider interchain distance of the 
amorphous poly(methyl acrylate) as follows. Contour 
length of one repeating unit of locally-extended main 
chain is 2.5 A. When the side chain methyl ester group 
is fully-extended, the terminal hydrogen atom in the 
methyl group locates for 4.46 A apart from the main 
chain. From these dimensions and the molecular volume 
of one monomer unit ( vPAo = 116.8 A 3), the interchain 
distance is calculated to be 5.2 A. Therefore, the area 
at the interface for one monomer unit is obtained as 
13.1 A2 , which corresponds to the upper limit for the 
comb-like polymer in order to pack into Interdigitating 
Form. Comparison of this value with the cross-section 
Aside of one hexagonally-packed n-alkyl chain (20.4 A 2) 

suggests that the comb-like P Ax can not be packed into 
Interdigitating Form when the side-chain composition is 
greater than 0.64 ( = 13.1/20.4) because the side chains 
are attached too crowdedly to the main chain. Similar 
calculation has been also conducted for End-to-end 
Form, and the upper limit of the side-chain composition 
is evaluated to be 1.28. Then, the curves for dcatc in 
Figure 5 terminate at 1 //main= 0.64 for Interdigitating 
Form and at 1.28 for End-to-end Form. 

The experimentally-obtained layer spacings for PA33, 
PA54, and PA70, and their blends with Cl8 (1/fmain= 
0.33-0.71), are well reproduced by Interdigitating Form 
as seen in Figure 5. Around the region of 1/fmain = 
0.73-0.89, the X-ray profiles suggest the coexistence of 
two kinds of the layered structure for both pure and 
blend samples. The value of 1/fmain =0.73 is similar to 
the upper limit of l/fmain=0.64 for Interdigitating Form 
calculated above. The sharp and intense reflections are 
observed in the profiles of PA100/Cl8 system, and the 
layer spacings of which are ca. 53 A. This value is found 
to be well explained by End-to-end Form as shown 
by the filled squares at 1/fmain = 1.06, 1.12, and 1.28 in 
Figure 5, which correspond to the profiles of 6, 11, and 
22mol% Cl8 content in Figure 3, respectively. In the 
blends with 1 //main> 1.28, crystallization of the isolated 
Cl8 molecules occurs as shown in the profile of PAl00/ 
Cl 8 with 33 mol¾ Cl8 in Figure 3. The value of 1/fmain = 
1.28 is comparable with the upper limit in order to pack 
the chain into End-to-end Form as described above. 

From these observations, we infer the following 
mechanism of the transformation of the layered structure 
of PAx and its blends with Cl 8. When there are not so 
many crystallizable n-octadecyl side chains or Cl8 
molecules as compared with the repeating unit of the 
main chain, the n-alkyl chains extending from opposite 
side of the crystalline layer interdigitate with each other 
in order to closely pack. With the increase of the number 
of the n-alkyl chain, Interdigitating Form constrains the 
main chain to take an extended conformation. When the 
value of 1/fmain exceeds the limit described above, the 
polymer and Cl8 can not be packed into Interdigitat
ing Form and transform to End-to-end Form. Both 
structural models in Figure 7 are assumed an ordered 
packing, i.e., the chain axes of the crystallized n-alkyl 
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Figure 9. Schematic representation of disordered End-to-end Form. 
See legend to Figure 7. 

chains are perpendicular to the interface between the 
crystalline and amorphous layers. The sharpness of 
reflections at d::::: 30 A and 50 A, which are respectively 
estimated to originate from Interdigitating and End-to
end Form, suggests the highly-ordered layered structure. 
Here we consider the relatively broad reflection of 
d:::::40 A, which seems to coexist with the sharp reflection 
as seen in Figures 2 and 3. The transformation from 
Interdigitating Form to End-to-end Form will result in 
a decrease of the area of the interface and a sudden 
change of the balance of the volume of the crystalline 
and amorphous layers, and will make it difficult to take 
a regularly arranged structure in Figure 7. One way to 
cancel this imbalance of the volume of these two layers 
is to pack the chains with the interface inclined as 
illustrated in Figure 9, which enlarges the area of the 
interface. The packing manner in Figure 9, which we will 
call disordered End-to-end Form, reduces the layer 
spacing than that of End-to-end Form in the regularly 
arranged packing. So as not to disturb the hexagonally
packed crystalline order, it seems most plausible that 
the chains pack in a way such that the position of the 
interface is shifted by one crystallographical repeating 
unit, i.e., two methylene units, from that of the neigh
boring n-alkyl chain (Figure 9). By use of the repeating 
distance along the chain axis of the crystallized n-alkyl 
chain (2P ctt) and the interchain distance for the 
hexagonal lattice (4.85A.), the layer spacing dfor PAIO0 
(1 /f m'l}n = 1.0) in this packing manner is calculated to be 
42.5 A, which well reproduces the experimental value. 
From these considerations, it follows that the layered 
structure of PA l 00 can be described by disordered 
End-to-end Form, which is the transient structure be
tween the regularly ordered packing manner, i.e., Inter
digitating and End-to-end Form. Disordered End-to
end Form coexists with Interdigitating Form in the 
range of l/fmain=0.73-0.89 as shown in Figure 5. The 
orderliness of the interface of disordered End-to-end 
Form may be worse than that of the ordered arrange
ments, which is the probable reason that the reflection 
peak in the X-ray profile of PAIO0 is broad. The 
transformation of the layered structure observed in 
PA100/C18 system can be said to be induced by the 
incorporation of Cl8 molecules into the crystalline 
lattice of the side chain15 as shown in Figure 10. 

DSC Measurements for PAJO0/CJ8 System 
In DSC cooling thermograms of PA100/Cl8 blends 

measured at the rate of 20 deg min - 1 , split of the transi
tion peak for the cocrystallization of Cl 8 with side chain 
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Figure 10. Transformation of the layered structure of PAI00 induced 
by the addition of Cl8 molecules, which are represented by notched 
thin line with filled circle. See legend to Figure 7. 
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Figure 11. DSC cooling thermograms for PA!00/Cl8 blends with 
the shown Cl8 content (mo!%), measured at the rate of Sdegmin- 1 • 

has been observed as commented in Part I of this series. 15 

For the blends containing other copolymers, such 
thermograms have not been obtained. DSC thermo
grams of PAI00/Cl8 are measured at slower cooling 
rate ( 5 deg min - 1) and shown in Figure I 1. Shapes 
and temperatures of the transition peaks vary with the 
change of Cl8 content in a complicated manner. Crys
tallization temperature of the blend with 6 mo!% Cl8 
is slightly lower than that of pure PAI00, and for the 
blends of 11 mo!% and 22 mol % , crystallization tem
peratures increase with the increase of Cl8 content. A 
subsequent peak appears in the thermo gram of 22 mo!%, 
and the height of this peak becomes large with the 
increase of C 18 content (22-43 mol % ). At a higher 
temperature, a broad peak can be seen in the thermo gram 
of 43 mol % . Its height and temperature increase with 
Cl8 content (43-91 mo!¾), and the temperature ap
proaches the crystallization point of pure CI8. On the 
other hand, height of the peak at lower temperature is 
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Figure 12. Plots of the crystallization temperature of PA100/Cl8 
blends obtained from the DSC cooling thermogram in Figure 11 
against the fraction ofC18. Expected liquidus curves and eutectic lines 
are also shown. In the upper axis, values of !//main, which are equivalent 
to the mole fraction of Cl8 in the lower axis, are graduated. 

decreased with the increase of Cl8 content. These 
complicated behaviors in DSC thermogram of PAlO0I 
Cl8 have not been observed in thermograms measured 
at the faster cooling rate of 20 deg min - 1 , or the heating 
rate of 5 deg min - 1 for the samples cooled at 5 deg min - 1 

in advance. The crystallization temperatures obtained 
from Figure 11 are plotted against mole fraction of Cl8 
in Figure 12. This diagram may be interpreted with 
assuming the formation of a new crystalline form at the 
fraction of ca. 22 mol%, i.e., an eutectic crystallization 
of the new crystalline form with the crystallite of PAlO0 
occurs in the range of0---22mol%, and another eutectic 
crystallization of the new form with the crystallite ofC18 
occurs in the range of22-100mol%. Expected liquidus 
curves and eutectic lines are also drawn by solid lines in 
Figure 12. 

In the upper axis of Figure 12, values of llfmain, which 
is equivalent to the mole fraction of Cl8 in the lower 
axis, are graduated. The blends of PAlO0IC18 cor
respond to the region of 1 If main> 1.0, where the distinct 
change in X-ray profiles has been observed as seen in 
Figure 3 and Figure 5. The new crystalline form at 
22 mol% Cl8 content recalls End-to-end Form described 
in the preceding section. The above interpretation for 
the phase behavior can describe the change of the X-ray 
profiles in Figure 3. Although the coexistence of the 
ordered and disordered arrangements of End-to-end 
From is not clearly confirmed because the peak for the 
latter form is diffuse (see the profiles of 6 and 11 mol% 
Cl8 content), the profile for 33mol% Cl8 suggests the 
coexistence of End-to-end Form and C-form ofC18. 15•18 

The fraction of 22 mol % C 18 corresponds to 1 If main= 
1.28, which is comparable with the upper limit in order 
to pack into End-to-end Form (see the preceding sec
tion). These results of DSC measurements confirm the 
transformation of the layered structure described above. 

The diagram in Figure 12 is similar to the phase 
diagram of the system of poly(ethylene oxide) (PEO) 
with resorcinol, 19 which is known to form 2: 1 stoichi
ometry molecular complex. In its phase diagram, there 
exist two eutectic points, i.e., pure PEO with the mo
lecular complex, and pure resorcinol with the molecular 
complex. Flexible PEO chain is also reported to form 
complex with urea, HgC12 , CaC12, and so on, by the 
force of hydrogen bond.20 In PA100IC18 system, a 
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Figure 13. Layer spacings d of blends of PAI00 with Cl 4, Cl 6, Cl 8, 
C20, and C22 as a function of the mole fraction of added fatty acid. 

possible interaction between the side chain of PAI00 and 
Cl8 is van der Waals interaction, which is weaker than 
the interaction of hydrogen bond. However, because of 
the strong necessity to avoid the imbalance between the 
volume of crystalline and amorphous layers by the 
cocrystallization, the PA100IC18 blends are consider
ed to show the phase behavior similar to that of the 
strongly-interacted PEOlresorcinol system. 

Dependence of Chain Length of Fatty Acid 
In the above sections in Discussion, we have discussed 

the structure and phase behavior of PAxlC18 systems. 
In this section, the dependence of chain length of the 
added n-alkyl fatty acid on the X-ray profile will be 
considered. The observed layer spacings d of the blends 
of PAlO0 with Cl 4, Cl 6, Cl 8, C20, or C22 are plotted 
against the fraction of fatty acid in Figure 13. In this 
figure, we show only data of the samples in which no 
crystallization of the isolated Cn has been confirmed. In 
the case of Cl8, C20, and C22, the addition of small 
amount of fatty acid induces a distinct increase of d. The 
value of d increases with the chain length of the added 
fatty acid. In the case of PA100IC16, the layer spacing 
increases slowly with Cl6 content. However, in the 
system containing short Cl4 chain, such distinct change 
in profile can not be recognized as shown in Figure 4. 

The transformation of the layered structure for 
PA100IC18 is considered to be induced by the increase 
of the volume of the crystalline domain by the co
crystallization of Cl8 with the side chain of PAlO0 
(Figure 10). The sudden increase of the layer spacing 
observed in the systems PAlO0IC20 and PAI00IC22 
suggests the occurrence of the structural transformation 
similar to that of PA100IC18. As described in the second 
section of Discussion, we assume that m methylene 
groups are crystallizing in one n-alkyl chain and the 
other (17-m) methylenes are in the amorphous layer 
for PA100IC18 system. If the value of m shows a little 
change even when C20 or C22 is added, which seems 
plausible when the fraction of fatty acid is small, there 
may be more methylene groups in the amorphous layer 
than the case of PAlO0IC18 system. Increase of the 
volume of the amorphous layer means the decrease of 
llfmain, which increases the layer spacing as shown in 
Figure 5. This consideration can interpret the finding 
that the layer spacing is increased with the increase of 
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chain length of the added n-alkyl fatty acid. 
On the other hand, in the system of Cl6 and C14, the 

sudden increase oflayer spacing is not observed as shown 
in Figure 13. This means that, in order to transform the 
layered structure as shown in Figure 10, the added fatty 
acid is needed to have a longer chain length than the 
side chain of the comb-like polymer. When the chain 
length of added Cn is short, the fatty acid can not 
cocrystallize with the side chain and may exist mainly in 
the amorphous layer. This suggests that, in the blend of 
comb-like polymer with Cn, the location of the fatty acid 
in the layered structure depends on its chain length. 
There have been some reports on molecular-weight 
dependence of spatial distribution of added homo
polymer in the microphase-separated domain of diblock 
copolymers. 21 - 23 

CONCLUDING REMARKS 

The crystalline-amorphous layered structure of side
chain-crystallizable comb-like polymers, PAx, and their 
blends with n-alkyl fatty acid, Cn, has been investigated 
by X-ray diffraction measurements conducted at room 
temperature. In PAx/Cl8 systems, the X-ray diffraction 
profiles in small-angle region vary with the composition 
of n-octadecyl side chain of PAx or Cl8 content in the 
blends. The tendency of the variation of d for PAx/Cl8 
blends with 1 //main is similar to that for pure P Ax, which 
suggests that the added Cl8 molecules are cocrystallizing 
with the side chain and behave like then-alkyl side chain. 
The observed d values are well interpreted by the trans
formation of layered structure in the order of Inter
digitating Form, disordered End-to-end Form, and 
End-to-end Form with the increase of 1/fmain· The plots 
of the crystallization temperature of PA 100 /C 18 obtained 
from the peak in DSC cooling thermograms suggest the 
existence of a new crystalline form, which is consistent 
with the results of the X-ray diffraction measurements. 
The structural transformation is also recognized in the 
systems of PA100/C20 and PA100/C22, however, the 
blends containing n-alkyl fatty acid shorter than C18 do 
not show such distinct change in the X-ray profile. 

In this paper, we have shown the possibility to control 
the transformation of the layered structure and its 
domain spacing of the comb-like polymers by changing 
the balance of the volume of the crystalline and amor
phous layers, i.e., changing the composition of the long 
n-alkyl side chain by copolymerization and/or addition 
of n-alkyl fatty acid with various chain length. 

We have also tried to plot the value of d for the 
systems of polymethacrylates, PMx. From the structural 
consideration, all the series of PMx prepared in Part I 15 

(PM16, PM43, PM53, PM71, and PMIO0) should pack 
into Interdigitating Form. However, the experimentally-
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obtained layer spacing shows a weaker dependence on 
the change of 1/fmain than the theoretically-expected one. 
As discussed in Part I, 15 the crystallization behavior of 
the side chain of PMx is influenced by the structure of 
main chain more strongly than that of PAx, which is the 
result of the difference in the segmental mobility of 
main-chain group. Namely, in PAx series, the high 
segmental mobility of the main chain do not prevent the 
side chain from the regular packing. By the same reason, 
the assumption in the proposed layered structures that 
there are few defects in the crystalline layer may be 
attained not in the systems of PMx, but in those of PAx 
only. This is the reason why the PAx/Cl8 systems show 
the drastic change in the layered structure with the change 
of the fraction of n-alkyl chain. 
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