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Abstract: The organometallicinorganic diblock copolymer poly(ferrocenyldimethylsilan@imethylsiloxane)
(PFDMSH-PDMS) with a 1:6 block ratio unexpectedly forms long rodlike micelles rather than spherical
structures in a variety of PDMS-selectimealkane solvents when the solutions are prepared at or near ambient
temperature. The cylindrical structures represent the thermodynamically preferred morphology and consist of
an iron-rich PFDMS core and a corona of PDMS. The length of the micelles can be varied from 70 nm to 10
um by altering the method of sample preparation. In addition, the dimensions of the micellar core can be
controlled through variations in the length of the PFDMS block, which is achieved by altering the molecular
weight of the diblock copolymer while maintaining a constant block ratio. In contrast, when micelles are
formed above thdl,, of PFDMS (ca. 126-145 °C), spherical aggregates are formed, which suggests that
crystallization of the core polymer is the driving force for the formation of wormlike micelles bédlgw
Furthermore, the analogues with amorphous polyferrocene blocks, poly(ferrocenylmethylphenpisilane-
dimethylsiloxane) (PFMP$-PDMS) and poly(ferrocenylmethylethylsilatedimethylsiloxane) (PFME®-
PDMS), form spherical micelles in hexane at room temperature. This lends further support to the proposition
that the crystalline nature of the PFDMS block plays a pivotal role in the unexpected formation of cylindrical
micelles. To provide an application of this concept, an analogous PFDMS block copolymer with polyisoprene,
Pl-b-PFDMS, was prepared and, as predicted, was found to form cylindrical micelles in hexane.

Introduction examples that have appeared recently include those reported
by Bates and co-worketf3, Antonietti et al.® Liu and co-

The immiscible segments of a block copolymer are known \;qyer2 Msller et al.1 Yu and co-workerd,and Eisenberg

to facilitate phase separation in the solid state, and in solution and his group. In general, our understanding of the factors

micellar aggregates will form in a solvent which preferentially that determine which morphology is formed is poor, and
solvates one of the blocks. The resulting self-assembled materi'improved insight is highly desirable. '

als are c_)rdered on the nanometer s_cale and are of conside_rable When cylindrical micelles are encountered, they are often
current interest for applications which range from electronics
to drug deliveryt The vast majority of block copolymers that
have been studied in solution form spherical micelles. In rare
instances other morphologies are encountered. For example
several examples of block copolymers that form well-defined
cylindrical micelles have been reportéd?2 Well-characterized

kinetically trapped morphologies that depend strongly on the
method of sample preparation. For example, Price and co-
workers reported the observation of a web of wormlike micelles
after a micelle solution was evaporated on a transmission
electron micrograph (TEM) grid. These structures were, how-
ever, found to be in a metastable state and could be driven to

(1) Farster, S.; Antonietti, MAdy. Mater. 1998 10, 195. a spherical morphology after the block copolymer was heated
(2) Tao, J.; Stewart, S.; Liu, G.; Yang, NMlacromoleculesl997, 30, above the critical micelle temperat& The more recent work
27??*,3)-( ) zh L. Eisenberg, AScience1085 268 1728. (b) zh of Eisenberg demonstrates the wide range of possible morphol-
a ang, L., elsenpberg, Clence . ang, : . : . :
L. Eisenberg, AJ. Am. Chem. Sod.996 118, 3168. ogies that can be obtained w_nh block copolymer micelles, which
(4) Wang, H.; Wang, H. H.; Urban, S. V.; Littrell, K. C.; Thiyagarajan, include spheres, rods, vesicles, lamellae, and more complex
P.; Yu, L.J. Am. Chem. So@00Q 122, 6855. architecture$.These aggregates however fall under the special
(5) Price, C.Pure Appl. Chem1983 55, 1563.
(6) Antonietti, M.; Heinz, S.; Schimdt, M.; Rosenauer, i@acromol- (10) Mandema, W.; Emias, C. A.; Zeldenrust,Miakromol. Chem1979
ecules1994 27, 3276. 180, 2163.
(7) Zhou, Z.; Chu, BMacromolecules988 21, 2548. (11) Spatz, J. P.; Mesmer, S.; Mber, M. Angew. Chem., Int. Ed. Engl.
(8) Canham, P. A.; Lally, T. A.; Price, C.; Stubbersfield, RJBChem. 1996 35, 1510.
Soc., Faraday Transl98Q 76, 1857. (12) Won, Y. Y.; Davis, H. D.; Bates, F. Sciencel999 283 960.
(9) Mandema, W.; Zeldenrust, H.; Emmeis, C. Makromol. Chem. (13) Price, C.; Chan, E. K. M.; Hudd, A. L.; Stubbersfield, R.A&lym.
1979 180, 1521. Commun.1986 27, 196.
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Scheme 1 Experimental Section
%\ Equipment and Materials. n-Butyllithium (1.6 M) in hexanessec
y Me ROP / Si butyllithium (1.3 M) in cyclohexane, dimethyldichlorosilane, chloro-
Fe Si{ - . Fe iV trimethylsilane, dichloromethylphenylsilane, dichloromethylethylsilane,
Me Mé Me . :
& hexamethylcyclotrisiloxane, isoprene, antiexane were all purchased
n from Aldrich. Me;SiCl, MePhSiCJ, MeEtSiC}, and MeSiCl, were

distilled prior to use. (MgSiO); was stirred over Cafifor 12 h in

. . . pentane, the solvent removed by static vacuum, and theSiag
case of crew-cut micelles, which have a very short corona chain. pptained by sublimation at room temperature under static vacuum.

For these systems, the minimization of the interfacial energy is |soprene was distilled from CakHand stored at-30 °C. A second
balanced more by an increase in the chain stretching of the coredistillation fromn-butyllithium was performed immediately before the
block than by an increase of the intercorona chain repulsion. polymerization. [1]Ferrocenophanes were synthesized according to
The range of multiple micellar morphologies is attributed to previous methodology reported in the literatéité: 12-Crown-4 was

the balancing of these forces. Bates and Scriven have suggestegurchased from Aldrich, distilled from Catand stored in a glovebox
that micellar morphology should mirror the trends found in & —30°C. Tetrahydrofuran was distilled from Na/benzophenone under
small-molecule surfactanténamely, that reducing the volume prepurified N immediately prior to use. All reactions and manipulations

tio of th - ise t ller interfacial t were carried out under an atmosphere of prepurifiediding either a
ratio of the corona gives rise to smaller interfacial curvalure, giangard Schienk line or a glovebox (Mbraun, Vacuum Atmospheres

driving the transition from spherical to cylindrical micelles or 4 |nnovative Technology). Anionic polymerizations carried out using
even lamellar structures. a Schlenk line were under an atmosphere of prepurified Ar.

Virtually all studies of block copolymer self-assembly to date ~ The 200 MHz'H NMR spectra were recorded on a Varian Gemini
have focused on organic materials. The ring-opening polymer- 200 spectrometer, with deuterated benzene or methylene chloride as
ization (ROP) of strained monomeric silicon-bridged [1]ferro- {he solvent. _ _
cenophanes is a well-established route to high molecular weight, Molecular weights were estimated by gel permeation chromatography

. . _(GPC) using a Waters Associates liquid chromatograph equipped with
poly(ferrocenylsilanes) (Scheme 1), which represent rare ex a model 510 HPLC pump, a model U6K injector, Ultrastyragel columns

amples of high molecular weight transition-metal-based poly- \ith pore sizes of 1010° A, and a differential refractometer as the
merst>-17 Poly(ferrocenylsilanes) possess interacting metal getector. A flow rate of 1.0 mL/min was used, and the eluent was a
atoms along the polymer main chain and are currently being solution of 0.1% tetraxbutylammonium bromide in THF. Polystyrene
investigated as, for example, charge-transport and charge-standards purchased from American Polymer Standards were used for
dissipation materials and as precursors to magnetic ceramicscalibration purposes.

and nanostructuré$-2! The discovery that monomeric silicon- Transmission electron micrographs were obtained on a Hitachi
bridged [1]ferrocenophanes (e.d) undergo living anionic model 600 electron microscope. Wide-angle X-ray scattering (WAXS)
polymerization has allowed the preparation of the first block g!gra‘:t'on analysis was performed using a Siemens D560
copolymers with transition-metal atoms in the main cHa##. iffractometer with a Cu & source operating at 50 kV and 35 mA in

S . . . __step scan mode. The second beam was monochromatized by a Kevex
Self-assembly of these materials in the solid state and in solutiongiq.state detector.

allows the generation of nanoscale domains with a high  gynthesis and Characterization of Poly(ferrocenylsilanés-di-
transition-metal concentraticfi* methylsiloxane) Block Copolymers.A detailed description is given
We have previously reported that the copolymer, poly- for the synthesis of PFMR$h-PDMSq0 (PFMPS= poly(ferrocenyl-
(ferrocenyldimethylsilané-dimethylsiloxane) (PFDM®-PDMS) methylphenylsilane)). The polymers PFDB#®-PDMSs0 PFDMSs:
(block ratio 1:6), unexpectedly forms cylindrical micelles in P-PDMSss and PEMES-b-PDMSsso (PFMES = poly(ferrocenyl-
n-hexane, a selective solvent for PDMSIn this paper, we methylethylsilane)) were synthesized by an analogous route. The

: notation is derived from either, in the case of the PFDMS blocks, the
demonstrate that control of the length and width of these predicted degree of polymerization based on reaction stoichiometry or,

structures is possible. In addition, we explore the reasons Why i, gther cases, the GPC data, taken in combination with the calculated
the wormlike morphologies form and provide evidence that the n:mratios from*H NMR. In a glovebox at room temperature &6 of
crystallization of the micellar core is the key driving force for 1.45 M n-BuLi (8.1 x 1075 mol) in hexanes was added quickly to a
the formation of cylindrical micelles in this system. We also stirred solution of 1.09 g of methylphenylsilicon-bridged [1]ferro-
demonstrate the application of this concept to a related block cenophane (3.5% 1072 mol) in THF (18 mL). After 35 min the
copolymer (Plb-PFDMS, PI= polyisoprene), which also leads ~ Solution changed from a red to a deep amber color, and then

to the formation of wormlike morphologies in solution. hexamethylcyclotrisiloxane (1.56 g, 7.08 10" mol) was added to
the solution of living polymer along with a few drops of 12-crown-4.

(14) Zheng, Y.; Won, Y. Y. Bates, F. S.; Davis, H. T.; Scriven, L. E.; The reaction flask was immediately removed from the glovebox and

Talmon, Y.J. Phys. Chem. B999 103 10331. placed on a Schlenk line under prepurified Ar and cooled tCO
(15) Foucher, D. A.; Tang, B.; Manners,J. Am. Chem. Soc992 After ca. 30 min the solution became very viscous. The reaction

114, 6246. proceeded for 20 h at 0C and was terminated by the addition of a
(16) Manners, 1Can. J. Chem1998 76, 371. few drops of MgSiCl, after which a marked decrease in viscosity was

(17) Manners, |Chem. Commuril999 857.
(18) Resendes, R.; Berenbaum, A.; Stojevic, GkielaF.; Bartole, A.;
Zamanian, F.; Dubois, G.; Hersom, C.; Balmain, K.; Manne&di. Mater.

noted. The block copolymer was precipitated into methanol (ca. 500
mL) in the presence of triethylamine (ca. 10 mL), isolated, and dried

200Q 12, 327. under vacuum for 24 h, yielding 1.96 g (74%) of the desired diblock
(19) MacLachlan, M. J.; Aroca, P.; Coombs, N.; Manners, |.; Ozin, G. copolymer!H NMR (6, CD,Cl,): 0.08 (s, S\e0), 0.68 (s, fcIvePh),
A. Adv. Mater. 1998 10, 144. 0.70 (s, fc9MePh), 0.72 (s, fcIilePh), 3.86-4.04 (m,fcSiMePh), 7.38

(20) MacLachlan, M. J.; Ginzburg, M.; Coombs, N.; Coyle, T. W.; Raju, (br, fcSiMePh), 7.60 (br, fcSIM@H).). 3C NMR (9, CD:Cly): —3.4,

N e T G A AN b (s, fcSMePh), ~3.3 (s, fcSMePh), ~3.2(5) (s, fcSMePh), 1.4 (s, br,

Greedan, J. E.; Ozin, G. A.; Manners,J.. Am. Chem. So@00Q 122, SiMe;0), 70.4 (s, ipso-CicSiMePh), 72.1 (s, bricSiMePh), 72.5 (s,
3878. br, fcSiMePh), 74.3 (s, bricSiMePh), 74.5 (s, bricSiMePh), 128.2
(22) Rulkens, R.; Ni, Y.; Manners,J. Am. Chem. So¢994 116 12121. (s, br, fcSiMéPh), 129.6 (s, br, fcSIMBh), 134.7 (s, br, fcSiMBh),
(23) Ni, Y.; Rulkens, R.; Manners, J. Am. Chem. So4996 118 4102.
(24) Massey, J.; Power, K. N.; Manners, |.; Winnik, M. A Am. Chem. (25) Temple, K.; Massey, J. A.; Chen, Z.; Vaidya, N.; Berenbaum, A.;

S0c.1998 120, 9533. Foster, M. D.; Manners, U. Inorg. Organomet. Polynil999 9, 189.
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139.2 (s, br, fcSiMEh). 2°Si NMR (0, CD.Cly): —19.9 (s,SiMe;0),
—9.9 (s, fSMePh). GPC:M, = 29 700 g/mol, PDE 1.14.'*H NMR
integration revealed a block ratio (molar ratio) of PFMPS:PDMS
1:6.0.

For PFDMSg-b-PDMS;00, 56 4L of 1.6 M BuLi was added to 1.01
g of 1, and then 2.07 g of (M&iO); was added, yielding 2.49 g of
amber polymeric product. GPQM,, = 35 100 g/mol, PDE 1.10.*H
NMR integration revealed a block ratio (molar ratio) of PFDMS:PDMS
= 1:6.0.

For PFDMSs-b-PDMS;75, 26 uL of 1.6 M BuLi was added to
0.997 g ofl, and then 2.084 g of (M&iO) was added, yielding
2.22 g of amber polymeric product. GP®, = 48 800 g/mol, PDi
1.04. '"H NMR integration revealed a block ratio (molar ratio) of
PFDMS:PDMS= 1:5.0.

For PFMES¢-b-PDMSs30, 51 1L of 1.6 M BuLi was added to 1.04 g
of methylethylsila[1]ferrocenophane, and then 1.86 g of {81@)
was added, yielding 2.07 g of the desired block copolymer. GPC: Figure 1. Schematic cross-sectional diagram of PFDM8DMS
M, = 40 300 g/mol, PDE 1.09.*H NMR integration revealed a block cylindrical micelles.
ratio (molar ratio) of PFMES:PDMS- 1:6.6.

bl
‘éw
Vy, 4
7)

Synthesis and Characterization of Poly(isoprends-ferrocenyl- Scheme 2
dimethylsilane). The polymerization was carried out under a nitrogen '
atmosphere in a flame- and vacuum-dried glass reactor equipped with ™ Me 1+ Buli THF,25°C

a three-way stopcock and a rubber septum. Monomer, initiator, and Fe  Si

solvent were transferred into the polymerization reactor via a stainless Cf_\?> Me 2. pso0°C

steel cannula or a glass syringe. At©, 1.0 mL of 0.10 MsecBuLi 3. SiMe;Cl

(1.0 x 10~*mol) in cyclohexane was added quickly to a stirred solution

of 1.00 g of isoprene (1.4% 1072 mol) in THF. After 2 h the silicon- Me Me

bridged [1]ferrocenophank (0.45 g, 1.86x 102 mol) was added as kW4 Fé Si/O\J\SiMes
a solution in THF (2 mL). The reaction mixture was warmed to room Si Qé iN m
temperature, and the polymerization was allowed to continue for 1 h Bu \Q Me Me

more before it was quenched by adding a few drops of degassed n

methanol. The yellow gumlike product was recovered by precipitation

into methanol, filtered, and dried under vacuum for 24 h Yield: 1.2 g, Table 1. Characterization Data for Polyferrocene Diblock
83%.1H NMR (6, CDCL): 0.45 (s, fcSMey), 0.9-2.2 (br, alkyl), 3.9- Copolymers

4.2 (m,fcSiMe,), 4.5-6.0 (br, vinyl). GPC: M, = 23 100 g/mol, PDI M, Mn(core)

= 1.10.'H NMR integration revealed a block ratio (molar ratio) of polymer (g/mol) (g/mol) PDI n:m

PI:PFDMS= 4.4:1. _ , PFDMS-b-PDMSi0 35 100 7756 110  1:6.0
Preparation of Samples for TEM and WAXS. Thin carbon films PFDMS/s-b-PDMSs75 48 800 13500 1.04 1:5.0

(ca. 5 A) were grown on mica as a support. Thenu25of a dilute PFMPS-b-PDMSy40 29 700 12 100 1.14 1:6.0

solution of the block copolymer in hexane (ca. 0.2%) was aerosol PFMESyb-PDMSs30 40 300 12 800 1.09 1:6.6

sprayed onto the carbon film. Each carbon film was floated off the  Pliggb-PFDMS;, 23100 10 200 1.10 4.4:1

mica support in water and deposited onto a 300 mesh Gilder copper
grid. The sample was air-dried before introduction into the electron
microscope. Staining the samples was not necessary because of th
presence of iron in the core of the micelle. Samples were negatively . . . . o .
stained using BPO12W0526H,0 (ca. 3%) in the presence of a  POssible, so we investigated the micellization of the previously
surfactant (bovine serum albumin). Samples for WAXS were prepared eported material and a new analogue with a higher molecular
by solution casting a film of cylindrical micelles from heptane onto an weight under a variety of conditions. We also envisaged that
aluminum substrate. such studies would provide insight into whether the cylindrical
micelles formed by direct dissolution in hethexane represent
kinetically trapped structures or the thermodynamically preferred
Block copolymers that contain polyferrocene segments pro- morphology.
vide a route to nanoscale organometallic domains through self-  Control of the Dimensions of PFDMSb-PDMS Micelles.
assembly either in solution or in the solid st&té*26We have (i) Synthesis of PFDMSyb-PDMSsp and PFDMS;s-b-
previously shown that a PFDM&PDMS diblock copolymer  PDMS;s Poly(ferrocenyldimethylsilane-dimethylsiloxane)
(Mn = 35 100 g/mol, PDE= 1.10) dissolves in hat-hexane to  diblock copolymers, PFDMg-b-PDMSso and the analogue
form wormlike micelles with a PFDMS core and a corona of PFDMSs-b-PDMS;75, were prepared by sequential anionic
PDMS (Figure 13 In the bulk, PFDMS is an interesting  polymerization. The ROP df was initiated withn-butyllithium,
material that becomes semiconducting upon oxidation and onand 1 was allowed to polymerize, after which hexamethyl-
pyrolysis yields magnetic ceramic materials containing iron cyclotrisiloxane () was added to the living polymer solution.
nanoclusters’18The cylindrical micelles are therefore of further  The copolymerization was terminated by the addition of a few
interest as self-insulating semiconducting nanowires upon drops of chlorotrimethylsilane, and amber rubbery solids were
oxidation of the cor€ or as precursors to magnetic nano- jsolated in each case after precipitation into methanol (Scheme
wires with a silica coating following pyrolysis or reactive ion  2) 2223
etching*’ ) . The relevant physical data for each material are presented in
It was therefore worthwhile to examine whether control of Tgple 1. Analysis of PFDM&-b-PDMS0 by H NMR
the micellar dimensions, both length and width, would be jngjcated that the PDMS block had a degree of polymerization
(26) Massey, J.; Power, K. N.; Winnik, M. A.; MannersAdy. Mater. 6 times that of the PFDMS block, compared to the stoichiometric
1998 10, 1559. ratio of the monomeric reactants of 6.6:1. For PFDMS

aAs determined by GPC analysisAs determined by'H NMR
éntegration.

Results and Discussion
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The addition ofn-hexane to a solution of the copolymer
PFDMSo-b-PDMS;00in THF was monitored by light scattering
to determine the critical micelle composition. An increase in
the light scattering intensity was found to occur at a composition
of 54% v/vn-hexane in THF. This solution was allowed to stand
for 3 days, after which microscopy experiments were under-
taken. Again, the morphology of the micelles that formed was
wormlike, with micellar lengths that extend for tens of
micrometers.

In all TEM images of the wormlike micelles only the core
of the micelles is observed. There is not sufficient contrast with
the carbon film to observe the corona of PDMS. In an attempt
to obtain further insight into the overall dimensions of the
wormlike micelles, the technique of negative staining was
utilized. The negative stain @ROy12W0;5-26H,0) in the
presence of a biological surfactant completely wets the supported
kb carbon film but does not cover any area with relief. Therefore,

Nt Tl ¥ }/’, the area surrounding the micelles is filled with the heavy metal
Figure 2. Transmission electron micrograph of cylindrical micelles staining age_nt bu_t does not covgr the mlqelles themselves.
of PFDMS;-b-PDMSsg0 (M = 35 100, PDI= 1.10) prepared by the Representative micrographs of cylindrical micelles formed by

slow addition of hexane to a THF solution and subsequently aerosol- dissolution !n hot hexane with and V\_’ithOUt negative staining
sprayed onto a TEM grid. are shown in parts a and b, respectively, of Figure 3. In the

case of the negatively stained sample the width of the micelles
PDMS:75 'H NMR indicated that the ratio of PDMS to PFDMS ~ was found to be 32 nm, greater than the value of 20 nm assigned
was 5:1 compared to the stoichiometric ratio of the reactants t0 the core diameter obtained by TEM in the absence of staining.
of 6.8:1. The materials are almost identical in composition but  (iii) Micellization of PFDMS 75-b-PDMSg375 in n-Hexane.
differ in overall molecular weight. Analysis of the polymers To investigate the effect of molecular weight, the micellization
by GPC in THF gave a narrow band for each polymer, with behavior of PFDM&-b-PDMS;75 was also studied. We found
the number average molecular weigh,f for each being that the tendency for this higher molecular weight sample to
35100 and 48 800 g/mol, respectively (Table 1). form wormlike micelles was as robust as that of PFDWI$

(i) Micellization of PFDMS s¢-b-PDMS300in n-Hexane.In PDMSs00 Simply heating the block copolymer imhexane at

our previous studies of the micellization behavior of PFMS ~ ca. 80°C in a sealed vial formed cylindrical micelles that had
b-PDMSsq0, the micellar solutions were prepared by heating the 1engths on the same order of magnitude as those of PERMS
copolymer inn-hexane, a solvent selective for PDMS and a b-PDMSsqo prepared in the same manner. A representative
precipitant for PFDMS, at 80C until a clear solution was  Mmicrograph is shown in Figure 4. The core of the micelles
obtainec?® These micelle solutions were characterized by static measured from the TEM image was found to be 30 nm for the
and dynamic light scattering, which provided an aggregation higher molecular weight sample compared to 20 nm for
number of ca. 2000. The light scattering results obtained also PFDMSgb-PDMS;0 We infer from this result that the
provided strong evidence that the micelles had an asymmetricdiameter of the core of the micelle depends on the molecular
geometry. TEM studies confirmed that the aggregates which Weight of the block copolymer.
formed were flexible wormlike micelles with an average contour  Micellization Behavior of PFDMS-b-PDMS in Other
length of 440 nm with a core diameter of 20 nm. Mild sonication n-Alkane Solvents and at Different Temperatures. The
of the micelle solutions reduced the length to a constant and morphology of micelles formed by PFDM@h-PDMSq in a

more uniform value of 77 nm. number of differentn-alkane solvents was also investigated.
As PFDMSo-b-PDMSso0 forms a morphology involving ~ Micelles were prepared by heating the copolymern-jpentane,
PFDMS cylinders in a PDMS matrix in the solid stafeye n-heptanen-octane, and-decane at 80C in sealed vials. In

Specu]ated that the wormlike morph0|ogy observed in solution all the SOlventS, the micelles formed with contour Iengths in
may simply be frozen micelles levitated into solution. Conse- the range of 40Gt 200 nm, with diameters the same as those
quent]y, the micelles were prepared in a different way. found inn-hexane (20 nm). The micelles discussed so far have
PFDMSso-b-PDMS00was dissolved in THF, a solvent for both ~ all been formed in solvents below the melting transition of bulk
blocks. Hexane was then added slowly until the solution was PFDMS (Tm = 120-145 °C), and we therefore explored the
ca. 95% v/v hexane. The resulting solution was placed in a effect of forming the micelles abovi,. PFDMS-b-PDMSg00
conditioned dialysis tube and dialyzed against pure hexane towas heated im-decane at 150C, forming a clear solution,
remove the residual THF. A typical TEM image is shown in Which was then quenched in an ice bath and left at room
Figure 2. Clearly from the micrograph, wormlike micelles were temperature. In contrast to previous results, TEM images showed
formed in solution. Moreover, the micelles formed were an order that the morphology of the micelles prepared above the melt
of magnitude longer than those formed by simply dissolving temperature of PFDMS is spherical with a nominal diameter of
the C0p0|ymer with hoh-hexane. The micelles in many cases 18 nm (Figure 5) This size is similar to the diameter found for
extend from one end of the micrograph to the other, having the wormlike micelles. In contrast to solutions of the wormlike
lengths on the order of tens of micrometers. Importantly, the micelles, which are indefinitely stable (at least 6 months), the
rate of n-hexane addition had no effect on the observed Solution of spherical micelles in-decane began to precipitate
morphology. Rapid addition ai-hexane (ca. 10 mL/min) and ~ Within 24 h?’

slow addition (ca. 0.01 mL/min) both resulted in cylindrical This result clearly points to the importance of the crystallinity
micelles with lengths on the order of tens of micrometers. of the core in determining the morphology of the micelle in
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(a) (b)

Figure 3. Transmission electron micrographs of the cylindrical micelles of PFRM$DMS; aerosol-sprayed from amhexane solution (a)
without staining and (b) with negative staining usingPi@,-12WG0;-26H,0.

- e

Figure 4. Transmission electron micrograph of cylindrical micelles e o
of PFDMSs-b-PDMS;75 (M, = 48 000, PDI= 1.04) aerosol-sprayed Figure 5. Transmission electron micrograph of spherical micelles of
from ann-hexane solution. PFDMSso-b-PDMS;00 (M = 35 100, PDI= 1.10) prepared above the
Tm of the PFDMS block (aerosol-sprayed from mhexane solution).

solution. In all cases when the micelles were formed below the ] )
melt temperature of bulk PFDMS, cylindrical morphologies crystallites. The crystal structure of the pentamer consists of
were observed. When the micelles were formed abovdihe  Parallel, linear chains in which the ferrocenylsilane units have
spherical micellar aggregates formed. a zigzag trans planar configuration. Thg strongest peak in the

Wide-Angle X-ray Scattering Studies of PFDMSb-PDMS powder 'patte'zrn.of the pentamer was assigned to the planes with
Micelles: Evidence for Core Crystallinity. Films of bulk (011) Miller indices and has d spacing of 6.287 A. The iron

PFDMS homopolymer have previously been studied by wide- ﬁtsoenlz Itr;utah:trF:)?:yn?r?t:anmséiltm gp‘a']g I|ee:1kth_:%£)sla;l;,nwr;g:rhtﬁ:aves

angle X-ray diffraction and are known to be semicrystalline in ' t K '9 th yd ttp f hi hp | 9 | iht

the bulk?8 The analogous PFDMS pentamer has also previously sirongest pea mA € powder pattern ot high molecuiar welg

been synthesized by anionic initiation bfand single crystals PFDMS was 6.3 AA, which compares very well to the value for
en sy Y 2 gle cry the pentamef?

suitable for an X-ray structural determination were obtai#fed. In an attemot to gain some insiaht into the nature of the

A powder pattern of single crystals of the pentamer is similar micellar core gf PF3M33-PDMS V\?AXS experiments were

to the WAXS pattern for bulk PFDM%& Taken together, these ndertaken. A film of c Iindricél micelles pof PEDMSb-

data provided a strong basis to infer the structure of PFDMS u ) y

(28) (a) Rasburn, J.; Peterson, R.; Jahr, T.; Rulkens, R.; Manners, |.;
(27) Solutions that were prepared by quenching the heated solution in Vancso, G. JChem. Mater1995 7, 871. (b) Papkov, V. S.; Gerasimov,

an ice bath immediately prior to microscopy studies also contained what M. V.; Dubovik, I. I.; Sharma, S.; Dementiev, V. V.; Pannell, K. H.

appeared to be large aggregrates of the spherical micelles, which may beMacromolecule00Q 33, 7107.

precursors to the precipitant observed after 24 h. Slow cooling revealed  (29) Rulkens, R.; Lough, A. J.; Manners, |.; Lovelace, S. R.; Grant, C.;

the presence of short cylindrical micelles. Geiger, W. EJ. Am. Chem. S0d.996 118 12683.
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Figure 6. WAXS pattern of wormlike micelles of PFDMgb-

PDMSs00
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PDMS0o was deposited on an aluminum substrate from
n-heptane, and the WAXS pattern in Figure 6 was obtained.
The strongest peak in the powder pattern hdspacing of 6.3

Massey et al.

W, 5 5 UEPERHE e I sDhi
Figure 7. Transmission electron micrograph of spherical micelles of
PFMPSg-b-PDMSz40 (M, = 29 700, PDI= 1.14) aerosol-sprayed from

an n-hexane solution.

22 s

PFMPS¢-b-PDMS40 (PFMPS = poly(ferrocenylmethylphe-
nylsilane)) and PFMEsg-b-PDMSs30 (PFMES = poly(ferro-
cenylmethylethylsilane)) diblock copolymers, and studied their
micellation inn-hexane.

Investigation of Poly(ferrocenylsilaneb-dimethylsiloxane)
Block Copolymers with Amorphous Poly(ferrocene) Blocks.
(i) Synthesis, Characterization, and Micellization of PFMP Sy

A. It has been previously demonstrated that the structure for b-PDMSz40.  Poly(ferrocenylmethylphenylsilane-dimethyl-

the pentamer is an excellent model for the crystallites in bulk
PFDMS homopolyme?? With the powder pattern in Figure 6

of the micellar cores also so closely matching that of the
pentamer, it is reasonable to infer a similar general crystal

siloxane) was synthesized by sequential anionic ROP in a similar
manner to that of the corresponding PFDd#8-PDMS300 and
PFDMS;5-b-PDMS;75 diblock copolymers (Scheme 3).

Of significance in thetH NMR spectrum was the presence

structure of PFDMS in the cores, namely, that the chains align of three Me singlets centered &t= 0.70 in a 1:2:1 ratio

preferentially with each other in an extended structure within indicative of the formation of an atactic poly(ferrocenylmethylphenyl-

the core. As one end of the polymer chain is confined to the silane). The lack of stereoregularity was also apparent in the
PFDMSb-PDMS interface because of the covalent linkage, it *3C NMR spectrum. Thus, environments assigned to the methyl
is also reasonable to infer that the PFDMS chains would carbon atoms were resolved into three distinct resonanags at

predominately align perpendicular to the long axis of the = —3.4,—3.3, and—3.2(5) attributed to the mm, mr/rm, and rr

wormlike micelle.

Core Crystallization as the Driving Force for the Forma-
tion of Wormlike Micelles. The tendency of the micellar core
to crystallize with the chains aligned perpendicular to the long
axis of the wormlike micelle may provide the thermodynamic
driving force for the formation of the low-curvature cylindrical
micelles in this system below thB,. Current theories for the
formation of block copolymer micelles in a solvent selective
for one block would predict the formation of spherical micelles

triads. GPC analysis determined by value of 29 700 g/mol
with a narrow molecular weight distribution (PB+ 1.14).
Integration by!H NMR spectroscopy revealed that the PDMS
block possessed a degree of polymerization 6 times that of the
PFMPS block. Thus, the completely amorphous PFM®S
PDMSy4 and the crystalline PFDMgb-PDMSs00 diblock
copolymers possessed similar block ratios of ca. 1:6.

To explore the solution morphology of PFMB®-PDMS40,
a sample of the material was dissolvechihexane at 80C to

in the system discussed here that has a block ratio of 1:6. Inafford a clear solution. Analysis of the morphology by TEM

our case, it is clear that the system forms cylindrical micelles
below theTy, of PFDMS. This is clearly demonstrated in the
case where wormlike micelles form with lengths on the order

revealed the presence of spherical micelles (Figure 7).
The spherical micelles were quite uniform in size with an
average core diameter of 14 nm. This is in agreement with that

of tens of micrometers in hexane/THF mixtures at the onset of observed for the PFDMg-b-PDMS;q0 cylindrical micelles (20
micellization. The observation that the system forms spherical nm) and spherical micelles (18 nm) generated by forming the

micelles above th&,, of PFDMS which are then frozen in place
by rapid cooling offers further evidence that the crystallization
process is the driving force for the formation of wormlike
micelles.

In an effort to provide further evidence for the key influence
of crystallinity on the unexpected formation of the cylindrical
morphologies, we synthesized two purely amorphous analégues,

micelles above thd, of the PFDMS block. Moreover, the
decrease in diameter correlates with a lower degree of poly-
merization of the poly(ferrocenylmethylphenylsilane) block
while maintaining a similar block ratio (cf. 20 nm (PFDMS
b-PDMSz00) and 30 nm (PFDM&-b-PDMSs75)). Thus, the
amorphous PFMPgb-PDMS:40 copolymer forms spherical
micelles in solution.
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(ii) Synthesis, Characterization, and Solution Morphology
of PFMESs¢-b-PDMSg30 While the effects of a crystalline X
versus amorphous poly(ferrocenylsilane) block on the solution = . s
morphology have been discussed above, the influence of the' - o
glass transition temperature has not been addressed. Notably = . bl e e i
both PFDMSb-PDMS (T4(PFDMS)= 33 °C) and PFMP3>- SR : < : 2 1250 nm 3
PDMS (T4(PFMPS)= 90 °C) possess cores in the glassy state : SR RPN R P Y e
at room temperature, which might conceivably serve to lock Figure 8. Transmission electron micrograph of PEMES-PDMSs0

the morphology prior tq reaching a thermodynamlc_eqU|I|br|um. spherical micelles prepared by aerosol-spraying fromndrexane
Therefore, we synthesized a second amorphous diblock copoly-¢. tion.

mer, PFMESy-b-PDMSs30, in which the polyferrocene block
possesses & of 15 °C, which is well below room tempera-  Scheme 5

ture2® Using an analogous route with the appropriate [1]ferro-

cenophane, the desired diblock copolymer was synthesized 1. *BuLi, THF, 0 °C Me Me S

(Scheme 4). Analysis by GPC revealed a narrow molecular h L L asc s./ Fe H
N “Bu-Pl— \% "

weight distribution (PDI= 1.09) with M, = 40 300 g/mol.
Integration of the methyl resonances in fieNMR spectrum
provided a block ratio of 1:6.6, from which we deduced a degree
of polymerization of 50 for the PFMES block and 330 for the

PDMS block. While microstructure resolution was absent in %
the NMR spectra, the signals were noticeably broad, indicative W
of an atactic polyferrocene block. P

The solution morphology of PFMESb-PDMS33, was
investigated by TEM with an analogous sample preparation as
described above. As seen in Figure 8, a spherical morphology

was observed..The sample is somewhat less monodispe'rse tha§"[udied by two different methods. First, a micelle solution was
the corresponding PFMRED-PDMS40 diblock copolymer with obtained by direct dissolution of Bkb-PFDMS;; in hexane

an average core diameter of ca. 14 nm. These results, togetheL; . o tem ; : : ot

. ) - perature with 1 min of mild sonication to accelerate
v;/1|thfthose.for F;FMl.P?'.PDlMS' prowdef fugg‘g'\i}gggmg _that the process. TEM revealed the presence of short cylindrical
the formation of cylindrical structures for IS micelles (Figure 9a) with contour lengths ranging from 100 to

indeed a consequence of crystallization of the core-forming 500 nm similar to those of PEDMB-PDMS prepared by direct

block. . T . ) dissolution at 80°C. Second, the slow addition of hexane to a
Synthesis and Micellization Behavior of Poly(isoprends- solution of Piggb-PFDMSy in THF and the subsequent

ferracenyldimethylsilane). To investigqte the generality Of.the removal of the residual THF by dialysis afforded a solution of
effect of p(_)lyferrocene core crystallinity on observed micelle wormlike micelles (Figure 9b) that had contour lengths that
morphologies, we prepared the block copolymebfFDMS extended for tens of micrometers. This behavior is similar to

(Sghgme 5)- Thg bl.OCk copolymer Was.synthesized by Iﬁ\(ing that described above for the PFDMS block copolymers with
anionic polymerlzatu_)n through sequential monomer addition, PDMS, and provides convincing support for our assertion that
similar to the synthesis of an analogous system reported b&fore. the key driving force for the formation of cylindrical micelles

IT'trr]? polymc(jan?tatlciﬂ of |:|~zopre_ne tyvas initiated vlvﬂilaebutyll- " in these systems is the crystalline nature of the core-forming
ithium, and after the polymerization was complete, a solution v terrocene block.

of 1 was added. The living block copolymer was terminated by
the addition of a few drops of degassed methanol, and an ambe
rubbery solid was isolated in high yield after precipitation into
methanol. GPC indicated a narrow molecular weight distribution The self-assembly of the organometatioorganic block

(PDI =1.10) with a nominaMy, of 23 100 g/mol, andH NMR copolymer PFDMS-PDMS in n-alkane solvents has been
revealed a block ratio of 4.4:1, which corresponds to the gidied under a variety of conditions. When the micelles are
structure Plggb-PFDMS;,. formed below the melt transition of PFDMS, wormlike micelles

(30) Cao, L.; Winnik, M. A.; Manners, l. Inorg. Organomet. Polym.  are observed. These structures formed regardless of the method
1998 8, 215. For recent, brief reports of BI-PFDMS, see (a) Lammertink,  of sample preparation, either by direct dissolution inrtfeékane

R. G. H.; Hempenius, M.; van den Enk, J. E.; Chan, V. Z.-H.; Thomas, E. ; ~ i i
L: Vancso, G.J. Ad, Mater. 2000 12, 98. (b) Chen, Z.- Vaidya, N - solvent at 8C°C or by addingn-hexane to a solution in THF.

Cheong, T.-H.; Foster, M. D.; Quirk, R. J. Polym. Mater. Sci. Eng. Prepr. Changing the method of sample preparation only affected the
(Am. Chem. Soc., Bi Polym. Mater. Sci. Eng200Q 83, 525. length of the micelle aggregates observed. Heating the sample

3. MeOH

where PT =

60 % 30 % 10%

The formation of micellar aggregates of&lb-PFDMS,, was

r
Summary
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i 50 nm

(a) (b)

Figure 9. Transmission electron micrograph of BPFDMS micelles formed in hexane (a) prepared by direct dissolution and (b) prepared by the
slow addition of hexane to a solution in THF.

resulted in micelles that were ca. 440 nm long, and sonication tailored to afford a material in which the crystalline nature of
reduced the length to 70 nfhThe method of adding-hexane the core would lead to the formation of wormlike morphologies
to a solution in THF afforded micelles whose lengths were on in solution. It appears probable that block crystallization may
the order of tens of micrometers. Moreover, changing the overall allow predictable and selective formation of nonspherical
molecular weight, while maintaining the stoichiometric ratio of micellar morphologies in other (e.g., organic) systems. Studies
the respective blocks, varied the diameter of the micellar core. to test this hypothesis are underway. We are also investigating
A feasible explanation for the formation of wormlike micelles oxidation, etching, and pyrolysis of the cylindrical micellar poly-
in this system is also presented. If micelles are formed above ferrocene structures for nanostructure applicatidiig.

the T, of PFDMS (ca. 126-145 °C), spherical aggregates are
formed. This suggests that the crystallization of the core is the
driving force for the formation of wormlike micelles below the
Tm in this systen?! The synthesis of the amorphous analogues
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