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In this paper, we examine a new block copolymer 
architecture-cyclic block copolymers. The physical 
behavior of cyclic polymers, both in solution1 and in the 

has been the subject of continual research. 
Current issues concern their dynamics415 and topological 
 characteristic^.'+^ Due to the challenges present in the 
synthesis of cyclic polymers,1° the morphology of mi- 
crophase-separated cyclic block copolymer systems has 
not been investigated previously. Recently, however, 
well-characterized cyclic polystyrene-poly(2-vinylpyri- 
dine) (PS-P2VP) and polystyrene-poly(dimethylsi1ox- 
ane) (PS-PDMS) block copolymers have been synthe- 
sized from their linear triblock  precursor^.^'-'^ The 
morphology of these microphase-separated systems is 
the topic of the present study. 

The focus of our study is to probe the effect of loops 
versus bridges on the morphological characteristics of 
microphase-separated block copolymer systems. Cyclic 
A-B diblocks only assume doubly-looped chain confor- 
mations in the microphase-separated state, while their 
linear A-B-A triblock precursors are looped and bridged. 
We anticipate this difference to  be manifest in the 
relative spacings of their respective microlattices. The 
microstructural characteristics of these systems are 
examined through transmission electron microscopy 
(TEM) and small-angle X-ray scattering (SAXS) of 
systems exhibiting varying degrees of quench into the 
microphase-separated state. These observations are 
then compared to our theoretical predictions. 

Cyclic PS-P2VP and PS-PDMS were prepared by 
end-coupling their linear triblock precursors bis-anionic 
LiP2VP-PS-P2VPLi and LiPDMS-PS-PDMSLi with 
1,4-bis(bromomethyl)benzene and C12Si(CH&, respec- 
tively. The details of the synthesis of the precursor 
triblocks, coupling reactions, and characterization of the 
block copolymers are given e1~ewhere.ll-l~ The molec- 
ular characteristics of the cyclic diblock and linear 
triblock precursors used in this study are shown in 
Table 1. The nomenclature used to describe the samples 
is as follows: (PDMS-PS-PDMSIl 6/15/6 is a linear 
PDMS-PS-PDMS triblock copolymer, where M ,  = 
6450 for each the two PDMS outer blocks and M ,  = 
14 800 for the polystyrene middle block. The cyclic 
systems are named in a similar fashion. 

Specimens for TEM and SAXS characterization were 
quiescently cast from a toluene solution (-5% w/v) over 
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a period of 1 week. Toluene was selected as the solvent 
since it is a good compromise to a nonpreferential 
solvent for these systems.14 The resulting films, ap- 
proximately 1 mm thick, were then placed under 
vacuum at room temperature for 1 day to remove any 
residual solvent. In an effort to obtain near-equilibrium 
microstructures, the films were subsequently annealed 
above the Tg of the PS and P2VP components, at 115 
“C for 5 days, under vacuum. We expect these condi- 
tions will yield microstructures with optimum long- 
range order.15 

Ultrathin sections (-50 nm) for TEM characterization 
were obtained by microtomy at ambient conditions using 
a Reichert-Jung FC4E microtome equipped with a 
diamond knife. To enhance mass-thickness contrast 
in the PS-P2VP systems, the microtomed sections were 
stained with CHJ vapors. The domains in the PS- 
PDMS systems have sufficient electron density differ- 
ences to enable TEM observation of unstained sections. 
Bright-field TEM was performed on a JEOL-2OOCX 
transmission electron microscope equipped with a tung- 
sten filament operated at an accelerating voltage of 100 
kV. 
SAXS was performed using Cu Ka X-rays from a 

Rigaku RU-2OOBH rotating-anode X-ray generator 
equipped with a 0.2 x 2 mm microfocus cathode and 
Franks mirror optics. Two-dimensional images were 
collected with an image-intensified area CCD detector.16 
After collection, the images were digitized and corrected 
for detector response characteristics. Domain spacings 
were calculated from one-dimensional intensity profiles 
obtained by integrating the two-dimensional patterns 
azimuthally along an arc &15” from the axis normal to 
the polymer film surface. Obtaining domain spacings 
by this method is preferable to measuring the periodicity 
of the bright-field images due to the possible effect of 
microdomain swelling from the use of stain. Also, the 
microdomains are viewed in projection, and the grains 
are often tilted. This may also lead to  inaccurate 
domain spacing measurements. Accurate measure- 
ments are critical in our case since we will be discrimi- 
nating between small differences in the domain spacings 
of structures formed by the cyclic and linear systems. 

The thermodynamics of our systems are addressed 
through density functional theory.17J8 The grand po- 
tential form of our free energy is a function of both the 
total system density profile, ,o(r), and the minority- 
component density profile in the microphase-separated 
state, ,oA(r), that is, B = Q[g(r),~~(r)l. The free energy 
description assumes that the block copolymers are 
noncrystallizable, monodisperse, and that both blocks 
have equal statistical segment lengths and volumes. In 
evaluating the free energy, we will consider all chains 
to  be Gaussian in the disordered state and ignore any 
effects that result from the topological characteristics 
(i.e., knottedness) present in cyclic systems. We will 
further assume that our systems are incompressible, 
such that ,o(r) = e, the total density of the homogeneous 
state. Therefore, B = B[QA(~)I = R,o~(r)l, where F is 
the Helmholtz free energy in the microphase-separated 
state. 

We write F€QA(F)] as a functional Taylor series expan- 
sion about its value in the homogeneous phase, which 
is described as a Landau expansionlg in the density 
variable gA(r), with the vertex function Ti as the 
coefficient of the ith term in the expansion. These 
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Table 1. Characteristics of the Cyclic and Linear Block Copolymers and Their Lamellar Microphases 

sample M,“ MdMn‘ f p s b  N .zN D(AF DdDid 
(PS-PDMS), 15/12 14 800-12 900 1.29 0.53 296 89 129 0.95 (0.96) 
(PDMS-PS-PDMSh 6/15/6 6450-14 800-6450 1.24 0.53 296 89 136 0.95 (0.96) 
(PS-PDMS), 36/38 35 800-37 200 1.17 0.48 868 260 198 0.91 (0.98) 
(PDMS-PS-PDMS)i 19/36/19 18 600-35 800-18 600 1.15 0.48 868 260 218 0.91 (0.98) 
(PS-P2W), 39/38 38 700-38 700 1.36 0.50 565 72 202 0.91 (0.95) 
(PZVP-PS-PZVPh 19/39/19 19 350-38 700-19 350 1.31 0.50 565 72 221 0.91 (0.95) 

Determined by SEC. *Determined by ‘H NMR. (.Determined by SAXS, *2 A. ztO.02, theoretical values in parentheses. 

vertex functione are derived from the intersegment 
correlation functions describing the system. After ap- 
plying the conditions for an extremum in 51 and Fourier 
transforming, R[@A(r)l becomes 

where kBT and V are Boltzmann’s constant multiplied 
by absolute temperature and the total system volume, 
respectively. 52 is calculated by summing over the 
contributions of all k, thereby accounting for all modes 
comprising the density profile in the ordered state. 
Moreover, the summation over all k captures the 
internal excitations of the polymer chains and is crucial 
to the application of this formalism to systems in the 
intermediate- and strong-segregation regimes?” In the 
present calculation, we will truncate eq 1 to the term 
containing rz, since predictions for diblock copolymers 
in the intermediate- and strong-segregation regimes 
indicate that this truncation is a reasonable approxima- 
tion to the full expression.18 

In general, the vertex functions r; are calculated 
within the random-phase approximation (RPAP and 
are dependent upon the block copolymer architecture, 
composition, f, and degree of quench into the mi- 
crophase-separated state, xN. We are concerned with 
comparing the properties of cyclic diblocks with their 
linear diblock and of precursor linear triblock analogues. 
Therefore, in our calculation, we employ expressions for 
Tz for A-B linear diblocks,2l A-B-A linear triblocks,22 
and cyclic A-B dibl0cks.2~ 

To reduce the computational effort, we utilize the 
technique of density profile parametrization”J8 to 
describe @(k) for the lamellar microstructures we will 
consider. The expressions for rz and the parametrized 
forms of the density profiles introduce DIR, and u ~ D  
as the variational parameters in our theory. By specify- 
ing values off and ,yN, minimizing R with respect to 
these parameters yields the periodicity of the ordered 
microstructure, D, and the width of the interface 
separating the A-rich and B-rich microdomains, 00. To 
facilitate a comparison of the properties of the cyclic 
systems with their linear analogues, we choose the 
radius of gyration, R,, to be that of a linear, Gaussian 
chain having N statistical segments of length u (R, = 
(N/6)%). 

In our development we have ignored the contributions 
of the higher-order vertex functions to the free energy. 
These terms are necessary to adequately address sys- 

Figure 1. Bright-field TEM micrograph of (PS-PDMS), 151 
12. The PDMS domains appear dark in the micrograph. Note 
the presence of “chevron” and “omega” tilt grain boundaries 
in this well-ordered, lamellae-forming system. 

tems in the weak-segregation regime near the mi- 
crophase-separation transition (MST), that is, for xN - 
(~N)MsT. However, the present form of 52 is successful 
in describing systems when ,yN >> (xN)s, where 0IN)s is 
xN at the spinodal. This was demonstrated for lamel- 
lae-forming linear A-B diblock copolymer systems by 
comparing the behavior of D and uo as a function of xN 
using the first three terms of eq 1 (with r3 and r4 
evaluated in the local approximationz3) with that ob- 
served when only the first term of eq 1 is retained.18 
With either expression, a well-defined crossover between 
the intermediate- and strong-segregation regimes is 
observed in the scaling of D with XN a t  xN - 100. 
Further, in these regimes the behavior of D and 00 as a 
function of xN is virtually identical in both cases. Each 
form recovers the established results, D - xl’VP and 
uo - ,y-ln in the strong-segregation regime.23,25,26 

We have also ignored any effects arising from com- 
position fluctuations in the homogeneous phase.z7 This 
is justified in our case since our focus is on systems in 
the intermediate- and strong-segregation regimes. A 
recent calculation for A-B diblock copolymers finds that 
any effects due to composition fluctuations in the 
homogeneous phase die rapidly for systems quenched 
below the MST, with mean-field behavior recovered 
when xN > (xN)hST + 1, where (,$V&sT is the calcu- 
lated value of xN a t  the microphase-separation transi- 
tion including the effect of composition fluctuations in 
the homogeneous phase.20 

Figure 1 is a bright-field TEM micrograph of un- 
stained (PS-PDMS), 6/15/6. In this figure, the dark 
and light regions correspond to the PDMS and PS 
components, respectively. Figure 1 is typical of the six 
systems studied here, since all systems are nearly 
symmetric in composition and display well-ordered 
lamellar minodomains. Note that “chevron” and “omega” 
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tilt grain boundaries are also observed in this image and 
serve as an additional characteristic signature of lamel- 
lar ordering.28 The domain spacing, D, of each sample 
was precisely determined by SAXS to an accuracy of f 2  
A by integrating the (001) diffraction ring exhibited by 
each sample. Additional orders of diffraction were quite 
weak, with near extinction of even orders expected for 
all samples since f = 0.5. These results are shown in 
Table 1. The most interesting feature of this data is 
that, for a given cyclic diblocMinear triblock pair, the 
cyclic species always has a smaller domain spacing. This 
-5-10% difference is physically significant for the 
theoretical reasons presented below. 

In order to understand the origin of the observed 
dependence of D on architecture, we consider the ratio 
of the domain spacing of the cyclic diblock to  its linear 
analogue, DdDl. For the cyclic diblocMinear triblock 
pairs, we find that DdDl= 0.95 for (PS-PDMS), 15/12 
and (PDMS-PS-PDMS)I 6/15/6,0.91 for (PS-PDMS), 
36/38 and (PDMS-PS-PDMS)l 19/36/19, and 0.91 for 
(PS-PBVP), 39/38 and (P2VP-PS-P2Wh 19/39/19. For 
these systems, the error in the experimental DdDl is 
k0.02. It is useful to express the data in this fashion 
for the following reasons. Since the molecular weight, 
composition, and sample preparation conditions are 
identical for each pair, they are a t  the same degree of 
quench. Therefore, xN and f a r e  identical for a given 
pair. Also, since (xN)s is nearly equal for each triblock 
and ring system (to be discussed below), each pair is at 
virtually the same degree of segregation. Therefore, the 
DdDl ratio should only reflect differences in the topology 
of the molecules. Finally, analyzing the experimental 
data in this fashion facilitates a comparison with the 
theoretical predictions by eliminating the need to ex- 
perimentally determine R, for each system. 

To enable a comparison of the set of experimental Dd 
D1 to those predicted by our calculation to be discussed 
below, we evaluate xN at the sample preparation 
conditions. N is calculated based on the pure-compo- 
nent densities and composition of each system, assum- 
ing narrow interfaces and a negligible volume change 
upon mixing,25 and is given for each system in Table 1. 
For the PS-PDMS systems, we estimate XPS-PDMS 0.3 
at our sample preparation  condition^.^^ Then for (PS- 
PDMS), 15/12 and (PDMS-PS-PDMS)I 6/15/6, XN = 
89, and for (PS-PDMS), 36/38 and (PDMS-PS- 
PDMSh 19/36/19, xN = 260. For PS-P2W systems, 
~PS-PBVP(T) = 63/T (K) - 0.033.29 Evaluating xps-p2vp 
at 115 "C, we estimate, for (PS-PSVP), 39/38 and 
(P2VP-PS-P2VP)1 19/39/19, xN = 72. 

Part a of Figure 2 is a double-logarithmic plot of D/R, 
versus xN for symmetric cf = 0.5) A-B cyclic diblocks, 
A-B linear diblocks, and A-B-A linear triblocks. We 
find that the strong-segregation regime begins a t  xN - 
100 for each system, based on the observed scaling 
behavior D - PI3 when xN 2 100. We also observe this 
result when f = 0.4 and f = 0.6 for these systems when 
xN L 100. Further, for each of the architectures 
considered, DIR, varies by less than 1% over f = 0.40- 
0.60 a t  a particular value of xN. Therefore, we expect 
that the calculated behavior for symmetric systems 
should be well applicable to the experimental systems 
considered here despite their slight compositional asym- 
metry. Previously we stated that the present calcula- 
tion should be valid for XN >> (~N)s, that is, for the 
intermediate- and strong-segregation regimes. In order 
to estimate the onset of the intermediate-segregation 
regime for the cyclic diblock and linear triblock systems, 
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The assumption driving the scaling analyses is that 
a negligible fraction of the segments in the cyclic diblock 
and linear triblock copolymers from the loops and do 
not contribute significantly to r l ,  shown in part b of 
Figure 3. This is expected for deeply quenched systems 
(xN - m) where the chains are exceedingly stretched. 
'However, for finite values of xN, the chains are less 
stretched than in the limiting case, and a nonnegligible 
fraction of the chain segments assume trajectories that 
lie parallel to the lamellar interfaces. This leads to an 
increase in r l  and a decrease in D,. This is also the 
case for the middle block in the linear A-B-A triblock 
copolymers assuming looped conformations, which have 
been predicted to be formed by approximately 60% of 
the symmetric A-B-A triblock molecules over a wide 
range of x and N.32 Therefore, since the microdomains 
formed by the triblock copolymers are composed of a 
mixture of looped and bridged chains, D1 should always 
be larger than D, (at finite xlv, since the cyclic systems 
always have more loops per chain. We argue this is the 
origin of the decreased values of DJDl in the experi- 
mental data and the present calculation from that 
predicted by the scaling analysis. 

In summary, we have characterized microphase- 
separated lamellae-forming, cyclic PS-PDMS and PS- 
P2VP diblock copolymers as well as their linear triblock 
precursors. We have directly observed the effect of 
looped versus bridged chain conformations in the mi- 
crophase-separated state through an analysis of the 
relative domain spacings of the lamellae formed by the 
cyclic diblock and linear triblock systems, with DJDl 
1 for all of the systems investigated. This observation 
is attributed to the differences in architecture between 
the two systems. The presence of double loops in the 
A-B cyclic systems versus a mixture of single-loop and 
bridged conformations in the A-B-A triblock systems 
is argued to account for the observed behavior. Since 
each system is at a finite degree of quench, a nonneg- 
ligible fraction of segments in the looped portions of the 
chains assume trajectories which lie parallel to the A-B 
interfaces and do not contribute to D. 

A B  

4 4  

A 
A n B  

N / Z  N / 2  

N / 4  N / 2  N / 4  

A . domsln B - domain A - domain 

"double-loop" 

"brldged" %--+e I I "s ingle- loop" 

- DI - 
Figure 3. (a) Schematic showing the formation of a symmetric 
A-B cyclic diblock copolymer composed of N segments from 
two symmetric A-B linear diblock copolymers each having N/2 
segments and also from a symmetric A-B-A linear triblock 
having N segments. (b) Two possible conformations of an 
A-B-A triblock copolymer in the microphase-separated state 
characterized by a lamellar long-period D1: bridged and single 
loop. The double-looped structure of an A-B cyclic diblock 
copolymer is shown above. rile 042. The segments composing 
the loops having trajectories perpendicular to the lamellar 
normal contribute to ri and not to D,. 

can be formed by joining the A and B ends of two 
symmetric linear A-B diblocks having N/2 segments or 
by joining the two A ends of one symmetric linear 
A-B-A triblock copolymer having N segments. This 
is shown schematically in part a of Figure 3. As shown 
in part b of Figure 3, the cyclic diblock systems possess 
doubly-looped chain conformations in the microphase- 
separated state, and the A-B-A triblock systems are 
comprised of chains with either bridged or single-loop 
conformations. The A-B linear diblock systems have 
no loops. 

These characteristics were employed in a recent 
calculation for symmetric, strongly-segregated, lamel- 
lae-forming cyclic and linear A-B diblock  copolymer^.^^ 
In part of this study focusing on the weak-segregation 
regime, a scaling ~ T Z S ~ ~ Z ~ ~  considering the entropy reduc- 
tion associated with deforming a polymer chain bal- 
anced by the decrease in enthalpy arising from the for- 
mation of interfaces in the microphase-separated state 
was used to  address strongly-segregated systems. For 
a symmetric cyclicknear diblock pair having the same 
N, this analysis predicts D,lDI - 2-w3 0.64 as XN - 
m. A similar scaling analysis indicates DAD1 = 1 as xlv - m for symmetric, lamellae-forming cyclic diblocW 
linear triblock copolymer pairs. These limiting predic- 
tions are recovered by our calculation for xN >> 300. 
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