
spheric 1011 ~rradiation. Xlagnetospheric Ion 
densities are comparable to ilens~ties tc~unil 
near Europa anci Can\-mede (19).  Thus, 
these satellites are gooci candidates for 
searches for O1 absor~ t lon  that nvill test the 
ralige of environmental conditions under 
~ r h ~ c l i  OL-O3 sj;stenis caii be tormeil. 

Bodies 1~1th icy surfaces are, hy far, tlie 
L I I O S ~  I I L I I I ~ ~ ~ O U S  ~ b j e c t s  In tlie solar system. 
Other  planetary systems are also, probably, 
domi~iateci hy ~ c y  objects. Gan\imede is a 
~vorlii wit11 a dialneter 43?,b the iliameter o t  
Eartli wliere an  abundance of O j  has been 
prod~lceil, through an  inorganic process, 
that is a not i n ~ i ~ n i t i c a n t  traction o t  that in 
Earth's atmosuhere. Searches tor Earth-like 
planets harboring lite sinlilar to lite o n  our 
planet that rely o n  the detection of 0; (25) 
will have to take this process into account. 
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Self-Assembled Smectie Phases in Rod-Coil 
Block Copolymers 

J. T. Chen, E. L. Thomas," C. K. Ober," G.-p. Mao 

Rod-coil block copolymers are self-assembling polymers that combine the physics of 
orientational ordering of rodlike polymers and the microphase separation of coil-coil 
block copolymers. Several new solid-state morphologies were observed in a series of 
anionically synthesized model poly(hexy1 isocyanate-b-styrene) rod-coil diblock co- 
polymers examined by transmission electron microscopy and selected-area electron 
diffraction. The rod-coils formed smectic C-like and 0-like morphologies with domain 
sizes ranging from tens of nanometers to almost 1 micrometer. Both structural and 
orientational changes were found for increasing rod volume fractions. In addition, 
some morphologies exhibited spontaneous long-range orientational order over many 
tens of micrometers. 

In recent years, much n.ork has fi~cused o n  
the  morphology and phase behavior of 
block copolymers. T h e  siiliplest copolymers 
are A B  diblock copolymers, \\~liicli are made 
up of two cliemicall\- distlnct hlocks co- 
valently hondeci together to  f i ~ r m  a sl~igle 
c h a ~ n .  Because of the  nlutual repulsion of 
dissimilar monomers and the constraint im- 
posed by tlie con~iectivity of the  A block 
with tlie B hlock, coil-cod diblocks (both  
blocks tlexlble) exliiblt a \vide range of 

J T. Chen and E L. Thomas. Department of Materials 
Sc~ence and Engineer~ng, Massactibsetts lnst i t~te of 
Technology Cambr~dge MA 02139 USA 
C.  K. Ober and G.-p. Mao. Deparment of Materials Sc -  
ence and Engineering, Corne Uni\,ersity. ttiaca. NY 
1 a853, USA. 

'To v,!holn correscondence should be addressed 

micropliase-separateid morphologies ( 1  ). 
T h e  parameters that determine the  mor- 
p l ~ o l o g ~  o t  a given block copol\-mer ( 2 )  are 
the Flor\--Huggins interaction parameter, 
xA8; tlie total ciegree of polymerization, 
N = N, ' NB; and the volume traction 
(composition) of tlie A component, f,. T h e  
parameter xiB is a measure-of tlie incorn- 
patlbillt\- between the A alid B polymers 
and is inversely proportional to temperature. 

Rodllke hotnopol\-mers have also been 
extens~ve11- studied. I11 contrast to flexible 
hon~opolyi~iers,  \\rliicli obey Gaussian chain 
statistics anci ha1.e persistence lengths of 
- 1 nin, rodlike pol\-mers have nearly linear 
chain conformations and large persistence 

lengths ranging froin 13 to 100 nm. T h e  
inherent chain stiftness of rodlike polymers 
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causes them to form anisotropic liquid crys- 
tal (LC) phases in solution (3), in which 
the molecules are locally oriented along a 
preferred direction described by the director 
fi. The phase behavior of rodlike polymers 
can be controlled by either temperature 
(thermotropic) or solvent concentration 
(lyotropic). 

Rod-coil diblock copolymers consisting 
of a rigid rod block and a flexible coil block 
represent a new class of self-assembling 
polymer. The morphologies of these mate- 
rials arise from the competition between 
the microphase separation of the coil and 
rod blocks into mesoscopically ordered pe- 
riodic structures and the tendencv of the 
rod block to form anisotropic, orientation- 
ally ordered structures. 

Morphological studies have been per- 
formed on rod-coil materials (4), but, with the 
exception of (5), none of the rod-coils studied 
had rod blocks that were both truly rigid and 
truly polymeric (a high degree of polymeriza- 
tion, Nrd). The anionically synthesized high- 
molecular-weight rod-coil diblock copolymer 
(see Fig. 1, A and B) reported in (5) com- 
bined a poly(hexy1 isocyanate) (PHIC) rod 
block (weight average molecular weight M, 
58,000) and a polystyrene (PS) coil block 
(M, 6600). Polarized optical microscopy 
(OM) studies of concentrated solutions in 
toluene confirmed LC ordering. Transmission - 
electron microscopy (TEM) and selected-area 
electron diffraction (SAED) studies of solu- 
tion-cast films revealed a zigzag lamellar (ZZ) 
morphology. Earlier investigators have studied 
the rodlike nature of PHIC in solution (6, 7) 
(the persistence length in a wide range of 
solvents is -50 to 60 nm), the lyotropic be- 
havior of PHIC in various solvents (8-JO), 
and the crystal structure and helical confor- 
mation of PHIC in the solid state (5, 11). 

We extended our synthesis of poly(hexy1 
isocyanate-b-styrene) [P(HIC-b-S)] rod-coil 
block copolymers, designated HSxly, where x 

Fig. 1. (A) Chemical formula of the P(HIC-b-S) 
rod-coil diblock copolymer. PHIC is the rigid rod 
block, and PS is the flexible coil block. The NpHlc 
and Nps values for the samples studied are listed in 
Table 1 . (B) Schematic drawing of the rod-coil mol- 
ecule. The PHIC and PS blocks are depicted as a 
stiff rodlike chain and a Gaussian coil, respectively. 

is the M, of the PHIC block and y is the M, 
of the PS block in kilograms per mole (Table 
1) (12), and have found evidence for two 
morphologies in addition to the ZZ morphol- 
ogy. OM studies of concentrated (>5% by 
weight) P(HIC-b-S) rod-coil-toluene solu- 
tions showed the formation of optically bire- 
fringent textures in all of the rod-coil solu- 
tions, which confirms the presence of nematic 
LC ordering on the molecular scale. The abil- 
ity of the rod-coils to form orientationally 
ordered mesophases is not inhibited by the 
presence of the flexible PS coil block, even for 
HS731104, which contains 58% PS by vol- 
ume. The rodlike nature of the PHIC block 
plays a major role in the self-assembly of all of 
the rod-coil samples. 

The rod-coil HS731104, which has a coil 
block that is significantly larger than its rod 
block (fPHIC = 0.42), forms a wavy lamellar 
structure consisting of discontinuous lens- 
shaped PHIC (lighter) domains surrounded by 
a continuous PS (darker) matrix (see Fig. 
2A). The lighter domains, which have an 
average width of -60 nm, were identified as 
the PHIC domains because they exhibited 
preferential mass loss during exposure to the 
electron beam (5). Unlike coil-coil diblock 
copolymers, rod-coils have substantial pack- 
ing problems in the microphase-separated 
state. At the interface. separating the rod and 
coil domains, the relatively smaller area per 
junction favored by the rod block results in 
chain stretching of the coil block, which is 
energetically unfavorable (13). Two ways of 
increasing the area per junction while 
maintaining constant density in the rod 
domains are to allow the rods to tilt and 
interdigitate. Given the PHIC M, of 
73,000 g/mol, the length of the rod block is 
predicted to be -110 nm. If we assume 
interdigitation, the PHIC rods were tilted 
with respect to the lamellar normal by 
-60". As a result, the wavy lamellar mor- 
phology (WL) resembles a smectic C phase. 
In addition, SAED patterns show that the 

PHIC block is crystalline and that the local 
orientation of the PHIC chains extends over 
distances up to 1 pm. The lack of long-range 
orientational order may be due to reduced 
mobility of the rod-coils during microphase 
separation resulting from the entangled, high- 
viscosity PS block (M, = 104,000). 

Samples HS36114 and HS5817, which 
have rod blocks that are significantly larger 
than their low-molecular-weight coil blocks 
CfpHIC = 0.73 and 0.90, respectively), form 
the second rod-coil morphology. Figures 2B 
and 2C show the ZZ morphology (3, which 
consists of alternating PHIC and PS layers 
arranged in a zigzag fashion. The rods in the 
ZZ morphology exhibit long-range orienta- 
tional order (over several micrometers), 
which leads to the high degree of correlation 
observed between adjacent domains. The 
SAED patterns (see Fig. 2C, inset) confirm 
that the chain axis of the PHIC rods is tilted 
with respect to the lamellar normals by -45" 
and that the PHIC domains are crystalline. 
Consequently, the ZZ morphology is also 
similar to a smectic C phase. The smaller tilt 
angle in comparison to the WL morphology 
is consistent with the reduced PS M, and 
volume fraction (14). The formation of two 
distinct sets of lamellae with equal but op- 
posite orientations from the local rod direc- 
tor is most likely a consequence of the nu- 
cleation of the smectic C phase in a thin film 
(if we assume that the director is in the plane 
of the film). 

Low-dose serial images show that the 
lighter area located in the middle of the 
PHIC domain (for example, Fig. 2B) results 
from preferential mass loss due to beam 
damage. Because depolymerization is facili- 
tated at the chain ends, this preferential 
location of the mass loss suggests a bilayer 
arrangement of the rods. Further evidence 
for a bilayer model is provided by atomic 
force microscopy images of both zigzag 
structures, which show a narrow groove that 
runs down the middle of the PHIC domain. 

Table 1. List of the molecular weight characterization data for the HSx/y diblocks from GPC and NMR. 

Total M,* Molar 
Sample (g/mol) Mw/Mn ratio MPHIC~  MPS* PS 

pHIC:PS (glmol) Np*c ' P H I C  (g/mol) Nps M,/M. 

'The total rodcoil Mw values and the number average molecular weight (M,,) values were determined relative to homoPS 
(Gaussian coil) standards. Because the hydrodynamic volume in solution has a stronger molecular weight dependence 
for a rod than for a coil, these values grossly overestimate the actual Mw values obtained by adding the PHIC (NMR) and 
PS (GPC) block M, values separately. As a result, the tabulated values along with their corresponding polydisperslies are 
useful only as a comparison between the various rod-coils. In addition, the uncertainty in the total Mw values for rod-coils 
HS245/9 and HS386R is greater because their apparent Mw values (>I ,000,000 g/mol) are comparable to or greater 
than the highest molecular weight values resolvable by the GPC, given the distribution of pore sizes. tValues of M,,,, 
were determined from the molar ratio obtained from NMR and the PS block Mw obtained from GPC. +After 
polymerization of the PS block, a cannula was used to remove a 1 -ml aliquot of the solution for GPC characterization. 
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Flg. 2. Rporesentatlve brloht f l ~ l c l  TEM rnlcro 
graphs of the solid-state rnorphologles formed by 
the PIHIC-b-S) rod-colls shown In order of In- 
creaslng f ,,,, (A) HS73/104, f ,,,, = 0 42 (B) 

(D) HS245/9, f pH,c = 0 96 (E) HS386/7, f ,,,,, = 
HS36/14 i = 0 73 (C) HS5817 f,,, = 0 90 t 
0 98 For TEM and SAED, th~n films of each rod- 
colt were cast from d~lute toluene solutions (0 05Oh 
by welght) onto carbon support f~lms In all of the 
flgures, the dark reglons correspond to the PS 
dornalns, whlch have been preferentially stalned 
w~th RuO,, whereas the llght reglons correspond 
to the PHIC dornalns The rnagnlflcatlon of (D) and 
(E) IS half that of the other f~gures The Inset In (C) 
shows a representative PHIC SAED pattern The 
PHIC chain axis and lamellar normals are denoted by ii and P in IBI through [El, respectively 

O n  the basis of a bilayer model, the predict- 
ed PHIC domain spacings parallel to the 
chain axis of 110 and 180 nm are found to 
be in good agreement with the average 
domain spacings measured from TEM of 
120 and 190 nm, respectively (15). 

The remaining rod-coils, HS245/9 and 
HS386/7, both of which have a short PS coil 
block and a very long PHIC rod block (fpH,c 

= 0.96 and 0.98, respectively), adopt a third 
alternating layer-type morphology. The 
morphology (Fig. 2, D and E) exhibits un- 
precedented long-range order over tens of 
micrometers in comparison to most self-as- 
sembling polymers. The PS block forms ar- 
rowhead (AH)-shaped domains whose ori- 

entation flips by 180" between adjacent PS- 
rich layers. The SAED patterns, which show 
the superposition of two distinct single crys- 
tal-like PHIC patterns rotated relative to 
each other by an angle a - 90", indicate 
that the orientation of the PHIC chain axis 
with respect to the layer normals in adjacent 
layers alternates between -45" and -45". 
This rod packing creates a chevron pattern 
whose orientation is commensurate with 
that of the PS arrowheads. The PS arrow- 
heads are concentrated in the relatively nar- 
row region separating adjacent PHIC do- 
mains where the local director abruptly 
changes its orientation (16). In terms of rod 
packing within the PHIC domains, a bilayer 

model and an interdigitated model are found 
to be most consistent for HS245/9 and 
HS386/7, respectively. Given the PHIC block 
M, values listed in Table 1 for HS245/9 and 
HS386/7, the predicted PHIC domain spac- 
ings (parallel to the chain axis) of 750 and 
590 nm agree quite well with the average 
values obtained from TEM of 740 and 550 
nm, respectively. In fact, given the difficulties 
involved in the M, determination of high- 
molecular-weight rodlike polymers, molecu- 
lar-weight values based on TEM measure- 
ments may offer a more accurate alternative. 

Although a structure like the AH mor- 
phology has apparently not been observed in 
block copolymers, smectic mesophases in 

m- E- ?R!=E9 
Fig. 3. Schematic models showing the packing arrangement of the rod-coil ellipsoid. (A) WL morphology. (B) ZZ morphology. (C) Bilayer and interdigitat- 
chains in the three solid-state morphologies. For a given rod-coil molecule, ed AH morpholog~es. 
the PHIC block is represented by the white rod and the PS block by the black 
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which the or ie~l ta t io i~ of the  director flips 
from layer to layer have been observed in 
small-molecule LCs (1 7-2 1 ). These ineso- 
phases were given the naine smectic 0. In 
particular, the s~nect ic  0 structure was ob- 
served for racelnic mixtures of chlral mole- 
cules (1 7, 2 1 ) .  Orie~ltational phase transi- 
tio11s between the sinectic 0 and the smec- 
tic C were observed ~171th increasing temper- 
ature or applied electric field strength. 

Schematic c h a i ~ l  packing models of the  
WL, ZZ, and AH lnorphologies are illustrat- 
ed in Fig. 3, A through C .  Characteristics 
common to all of the  rod-coil morphologies 
are a microphase-separated smectic-like lay- 
ered structure and orientational order~ng 
and tilting of the  rods with respect to the  
layer normals. 

The  reasons for the formation of these 
self-assemnbled lnorphologies are by no  ineans 
fully understood. In recent years, a number of 
theoretical pred~ctions have been lnade about 
the phase behavior of rod-coil block copoly- 
mers (22-28). These pred~ctions suggest a 
way by vvhich the  microphase-separated 
P(H1C-b-S) lnorphologies form. In coil-coil 
block copolymers, solvent c o ~ ~ c e ~ l t r a t i o n  
plays an  analogous role to temperature by 
reducing x , .  From the isotropic state, low- 
ering temperature or increasing block copol- 
yiner conce~~tra t ion by solvent evaporation 
results in microphase separation. For P(H1C- 
b-S), however, a coinpetition exists betvveen 
the onset of liquid crystallinity and mi- 
crophase separation. Rod-coil theories have 
predicted that the isotropic s o l ~ ~ t i o ~ l  will first 
form a homogeneously mixed nematic (with 
the rods orientationally ordered) before mi- 
crophase separation. Eve~~tual ly ,  the incom- 
patibility of the rod and coil blocks drives the 
P(HIC-b-S) solutions to microphase-sepa- 
rate into the orientationally ordered smectic- 
l ~ k e  lalllellar morphologies. When  the sol- 
vent is completely removed, the PHIC do- 
mains crystallize and lock in the inicrophase- 
separated structures. 

Although the above exp la~ la t io~ l  is con- 
sistent with the  observed LC and solid-state 
P(H1C-b-S) morphologies, the  specific 
morphologies predicted by the  earlier theo- 
retical studies (22-28) are not observed. In  
particular, inorphologies such as the  mono- 
layer and bilayer lamellar smectic A phases 
predicted by Semenov and Vasilenko (22) 
or the inonolayer and bilayer "hockey- 
puck" phases predicted by Williams and 
Fredrickson to exist over much of the  rod- 
rich portion of the  phase diagrain (27) are 
not observed in the P(H1C-b-S) rod-coil 
system. In  addition, predictions by Sein- 
enov and Vasilenko that the  tilted s~nect ic  
C phase sho~lld exist for fco,, > 0.64 or the 
suggestion by Halperin (23,  24) that a 
smectic C phase is favored for high coil 
volume fractions are contrary to  our exper- 

imental fmdings. Furtherinore, in earlier pa- S Bare"erg, J M Anderson, P H. Gell, li7i. J 5101. 

pers (22-23) the researclIers did not specif. Macromol 3 ,82  !19811, A Douy and 6, Gallot, Poly- 
.. . . . . . . mer28, 117 (1987); L. H. Radz~lowsk~, J. L Wu, S. I .  

ically address rod-coil morphologies such as Stuuo, ivlacromo/ecules 26, 879 (1 993) An addition- 
the ZZ or the  A H  m o r p h ~ l o g i e ~  

A statist~cal theory recently developed by 
Gurovich (29) to treat the microphase sepa- 
ration of LC diblock copolyiner inelts near the 
spinodal is q ~ ~ i t e  promising. 111 this work, the 
xAnN versus fA phase diagram for an  LC-coil 
diblock co~olyiner is ~redicted. T h e  LC na- 
ture of the  A block is treated in the theory 
through an orielltational interaction that is 
approximated by a self-consistent molecular 
field. Although similar in many ways to the 
classical phase diagrain of coil-coil diblock 
copolyiners developed by Leibler (2),  this LC- 
coil phase diagram exhibits several important 
differences. In particular, at a temperature 
above the order-disorder temperature, a disor- 
dered homogeneously mixed nematic melt is 
predicted for > 0.27. \Xihen cooled, the 
l~ornogeneously m~xed  nematic undergoes mi- 
crophase sepatatioi~ illto a lamellar phase, 
(0.27 < fIOL, 0.77), and three new orienta- 
tionally ordered lamellar phases that are sep- 
arated by o r i e ~ ~ t a t i o ~ ~ a l  phase transitions are 
predicted. The  three phases in order of in- 
creasing foc i  are characterized by a local direc- 
tor that is oriented parallel (smectic A ) ,  tilted 
(s i~~ect ic  C ) ,  and oeroe~ldicular (110 naine) to 

al reference [L. H. Radrilowsk and S I. Stupp, ibid 
27, 7747 (1994)l d~scusses co~l-rlch d~blocks that 
were found to form morpholog~es ranging from alter- 
natng strps to discrete aggregates. 

5. J. T Chen, E. L Thomas, C K. Ober, S. S. Hwang, 
ivlacromolecules 28, 1888 ( I  995) 

6 M. N. Beraer. J. Maciomol. Sci. Rev ivlaciomol. 
Chem ~ 9 , - 2 6 9  (1 973). 

7 A. J. Bur and L. J. Fetters. Chem Rev 76. 727 
(1 976) 

8. S. M Aharonl, Macromolecules 12, 94 (1 979) 
9. a n d  E. K. Wash. ihid.. o. 271 

1 0. S. M. Aliaroni, J. Polym. So.  ~ o l y m .  P,bys. Ed 1 8, 
1 A39 (1 980). 

1 1 . S. B. Clouqh, In C,baiacternat~on of ivlater~als 117 Re- 
s e a i c  cej'amics and Polymers. J. J. Burke and V. 
\fiJeiss. Eds. (Syracuse Univ Press, Syracuse, NY, 
1975), pp. 41 7Gi36 

12 We determned the molecular-weght cliaracterstcs 
and compos~tion of each rod-coil usng gel perme- 
atlon clirolnatography (GPC) and 'H nuclear mag- 
netic resonance (NMR) spectroscopy 

13 The area per junction for the PHlC rod is approxi- 
mately 1 nm2 and is independent of theM;,of the rod 
block. The area per junct~on for the PS co l  vares (lf 
strorig segregation is assumed) with M i ' 3 .  On the 
bas~s of data for strongly segregated lamellar 
diblocks of PS-polydiene, the area per chain vares 
as 0.1 4 M y  "m2, whereM IS the molecularweight of 
the PS block in grams per mole. 

14 The observed tilt angle of tile PHIC is determined not 
only by the packing requirement in the LC state but 
also by crystall~zation of the PHIC chains, whch ne- 
cesstates axial registry of the cha r  axis repeat unt  
and leads to quantizaton of the t t  angle [see (5) for . 
further discussion] the lainellar 15, In (5), Chen eta/ found an interdlgitated model to be 

Gurovich's theory is Ilot strictly valid for rod- most consstent with the PH~C domain spacing mea- 
coil &block copolymers, the WL, ZZ, alld A H  sured usng TEM and w~ t l i  that based on the PHlC 

morphologies are more collsistellt block M, .  Since then, the M ,  of the PHlC bock  for 
HS58/7 has been determined more accurately. Tile 

phase diagrain than Iyith other proposed rod- revised baver PHIC domaln soaclna oresented here 
coil phase diagrams (22, 27). In particular, 
tilted smectic C phases are predicted to exist 
over a large composition range, \vhich quali- 
tatively agrees with our observations. In addl- 
tio11, orieiltational phase t ra~ls i t io~~s between 
different smectic phases, such as WL ZZ, 
are predicted as f,,J is varied. T h e  ZZ ++ A H  
phase transition, however, is a different type 
of orie~~tational transition not pred~cted by 
Gurovich. 

T h e  phase behavior of microphase-sepa- 
rated rod-coil block copolymers is a rich 
and essentially ~lilexplored area of research. 
Clearly, inore work must be done before the  
inultitude of solid-state inorphologies are 
experimentally discovered and a rigorously 
valid theory that successf~~lly explains the  
underlying physics of rod-coil self-asseinbly 
is developed. 
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