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We investigate the effect of the casting solvent on the phase behavior of a cylinder-forming poly(btisepene)
(PSb-PI) diblock copolymer mixed with marginally selectiyeFe,O; nanoparticles. Notably, for the mixtures of
PSb-Pl/y-Fe,03 nanoparticles cast with toluene, which is a neutral solvent for both PS and PI blocks, the latticelike
aggregates of-Fe,O; nanoparticles, originating from magnetic dipole interactions, induce an intriguing transition
from hexagonal cylinders to body-centered cubic spheres via undulated cylinders whereas the neat block copolymer
does not show such an ordesrder transition. In contrast, when Pl-selective hexane is used, the nanopatrticles are
selectively incorporated into the Pl domains, and the microphase-separated hexagonal cylinder morphology gradually
loses its long-range order upon increasing the nanoparticle concentration. The structural information obtained from
small-angle X-ray scattering is also in good agreement with transmission electron microscopy images and differential
scanning calorimetry results.

The fabrication of patterned arrays of nanoparticles (NPs) hasthe selective decoration of NPs in a microphase-separated BCP
been extensively investigated for their potential applications in on a length scale of tens of nanometers can provide intriguing
memory deviced 3 Significant efforts have been devoted in  structures®-12
recent years to combine block copolymers (BCPs) and NPs to  For the BCPs self-assembled into a wide range of ordered
integrate properties of disparate materfals.NPs can be nanostructures, the addition of NPs can alter the characteristic
sequestered into certain domains of self-assembled B€4s]
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dimensions, or even the morphology, of the ordered BCP
structures because the BCP is often weakly bound to thé NPs.
Furthermore, when magnetic NPs are used for the NP/BCP
hybrids, magnetic interactions among magnetic NPs can some-
times cause clusterin§-18 Consequently, the novel change in
the ordered morphology of block copolymers triggered by the
existence of NPs aggregates is expeébeahd the fascinating
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nature of morphological transformation has stimulated both g
fundamental and applied research. - 10°L
In the present study, we report the phase behavior of §
polystyreneblockpolyisoprene (P®-Pl) diblock copolymer/ 2
magnetic NP mixtures with different casting solvents. To the Tl
best of our knowledge, this is the first effort to address the phase
behavior upon the incorporation of NPs into the BBi.
Monodispersey-Fe,03; NPs of 7 nm diameter with surfaces i

modified with oleic acid have been synthesiZedd a PS-Pl,
denoted as S1(39-12) witflps= 39 200 g/mol an®ip;= 12 100
g/mol, was prepared by anionic polymerizatf8rMixtures of
NPs and SI(39-12) with different NP concentrations were prepared
by solution casting using either toluene or hexane as a casting
solvent and were then annealed above the glass-transition

02 04 06 08 1.0 12

q(hm’)

temperatureTg) of the PS block.

It should be noted here that the values of the interfacial tension,

which are in turn related to the values of the surface tensies (
=40.7 dyn/cmyp;= 30.5 dyn/cm, angtoctadecene= 28.1 dyn/cm

at 20°C) and the polarities of the two contiguous phases through
the harmonic mean equatiéh??are calculated to bgpsnp=
7.38 dyn/cm angtpyne= 0.33 dyn/cm. This implies that the NPs
are more miscible with the PI block than with the PS block.
Different thermodynamic justification of the preferential interac-
tion of NPs with the PI block is also provided in the Supporting
Information (Figure 1S).

Figure 1 shows the intriguing structural change of SI(39-12)/
y-F&0O3; NP mixtures at different NP concentrations cast with
toluene, measured with both synchrotron small-angle X-ray
scattering (SAXS) and transmission electron microscopy (TEM).
SAXS profiles demonstrate that the hexagonal cylinder (hex)
morphology of a neat SI(39-12) withgig* ratio of 1:v/3: v/7:

V9 (the lower trace ) in Figure 1 andg* = 2m/digo) first

transforms into suppressed ordered morphology up to the NP

loading of 5 wt %, and a well-developed body-centered cubic
(bcc) phase is finally obtained for the 15 wt % NP witky/g*
ratio of 13/2: v/3:v/4... (the upper tracew) in Figure 1). The
TEM micrographs, in which the Pl domains stained with @sO

appear dark while the PS domains are bright, again reveal the

clear morphological transition of the hex in the [100] direction
at 1 wt % NP— undulated hex with 5 wt % NP~ bcc in the
[001] direction for 15 wt % NP3 This implies that the block
copolymer microstructure, whether itis hex or bcc, can be tuned

(13) Zehner, R. W.; Lopes, W. A.; Morkved, T. L.; Jaeger, H.; Sita, L. R.
Langmuir1998 14, 241.

(14) Thompson, R. B.; Rasmussen, K. O.; LookmanN&no Lett.2004 4,
2455,

(15) Wang, Q.; Nealey, P. F.; de Pablo, J.Xhem. Phy2003 118 11278.

(16) Harris, L. A.; Goff, J. D.; Carmichael, A. Y.; Riffle, J. S.; Harburn, J.
J.; St. Pierre, T. G.; Saunders, Bhem. Mater2003 15, 1367.

(17) Tronc, E.; Fiorani, D.; Noge M.; Testa, A. M.; Lucari, F.; D'Orazio,
F.; Grenehe, J. M.; Wernsdorfer, W.; Galvez, N.; ChaneC.; Mailly, D.; Jolivet,
J. P.J. Magn. Magn. Mater2003 262, 6.

(18) Euliss, L. E.; Grancharov, S. G.; O'Brien, S.; Deming, T. J.; Stucky, G.
D.; Murray, C. B.; Held, G. ANano Lett.2003 3, 1489.

(19) Tadd, E. H.; Bradley, J.; Tannenbaum,LlRngmuir2002 18, 2378.

(20) Hanley, K. J.; Lodge, T. P.; Huang, CMacromolecule200Q 33,5918.

(21) Brandrup, J.; Immergut, E. H.; Grulke, E.Rolymer Handboal4th ed.;
John Wiley & Sons: New York, 1998.

(22) Wu, S.Polymer Interface and AdhesipMarcel Dekker: New York,
1982.

Figure 1. SAXS profiles for SI(39-12)/NP mixtures cast with toluene
as a function of NP concentration. The lower trae@ ¢f neat Sl-
(39-12) represents the peaks with a ratio 0¥/3:4/7:/9 corre-
sponding to the hex phase. The upper traewith 15 wt % NPs
shows the well-developed bcc phase with a peak ratiod®1s/3:
V4... Cross-sectional TEM images of SI(39-12)/NP mixtures (1, 5,
and 15 wt %) (Pl domains are shown in black by the @st@ining)

are also shown. In particular, the block copolymer morphology with
15wt % NPs is in good agreement with the bce [001] direction. The
TEMimages in the inset of the SAXS profiles also show the magnetic
strings with 3 wt % NPs and self-assembled NP lattices for 10 wt
% NP loading. All scale bars are 100 nm.

by simply changing the concentration of coexisting magnetic
NPs without altering the block copolymer composition.

The coexisting NP aggregates revealed by the intercorrelation
at aroundg = 0.73 nnt are identified as magnetic strings for
the 3 wt % NP and the hexagonally packed lattices above the
10 wt % NPs formed by the magnetic dipole interactighas
represented in the TEM images in the inset of Figure 1. The
presence of NP aggregates with chainlike morphology or
latticelike NPs, which enhances the effect of magnetostatic
interactiong’> causes the fluctuation between PS and Plinterfaces,
and the undulated cylinders eventually favor the formation of
the bcc lattice. To the best of our knowledge, this type of
morphological transition of a block copolymer triggered by
coexisting latticelike NP aggregates has never been reported
before. It should also be emphasized at this point that the SI-
(39-12) withfes= 75% is located in the vicinity of bcc and hex
in the block copolymer phase diagraffias(= 77%)26 which
makes the morphological transition from the hex to the bcc rather
easy.

In contrast, when the same SI(39-12)/NP mixtures are cast
with hexane, Figure 2 shows that the higher-order peaks
corresponding to the hex morphology are maintained at lower
particle loadings. In striking difference from the unique
morphological transition from the hex to the bcc shown with
toluene casting solvent, the high NP loading above 10 wt %
induces the disordered morphology of the block copolymer upon
extensive aggregation of NPs. The TEM image with 1 wt % NP
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Figure 2. SAXS profiles for SI(39-12)/NP mixtures cast with hexane 0.6 ——wloy-Fe,0,
as a function of NP concentration. The lower tragg ¢f neat SI- ol ¥ 5 wt% v -Fe.O
_ . - . 3 Y 273
(39-12) again indicates the hex phase, and the block copolymer o
: A w| os5F e 15 wt% y -Fe,O,
losesits long-range order as the NP concentrationis increased. Cross- , . . . L2

sectional TEM images of SI(39-12)/NP mixtures (1, 5, and 15 wt
%) are also shown. Darker spots in each TEM micrograph represent
the dispersed NPs of 7 nm diameter. The TEM image in the inset Temperature (°C)

of the SAXS profiles shows the formation of NP strings coexisting Figure 3. Differential scanning calorimetry traces of neat SI(39-
with disordered block copolymer micelles. All scale bars are 100 12) and SI(39-12)/NP mixtures (with 5 and 15 wt % NPs) cast with
nm. (a) toluene and (b) hexane.
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concentration also shows the hex phase with NPs being randomlyhat the NPs completely segregate out of the SI(39-12) as the NP
incorporated into the PI cylinders. At 5 wt % NP loading, the yolume fraction is increased (i.e., macroscopic phase separation
TEM image taken bef_ore the Os@tlamlng clearly shows the  petween NPs and the BCP). Howevgypsof a SI(39-12) with
well-dispersed NPs without extensive aggregation of NPs, and 5\t 95 NPs cast with hexane is not strongly influenced by the
although itis difficult to locate entire NPs because of the reduced coexisting NPs, confirming the selective incorporation of NPs
contrast ofy-F&,03 NPs upon staining, it appears that the NPS  into the PI domains. However, higher NP concentration shows
selectively disperse within the PI domains. In other words, we g significant increase ifiy psby 11.4°C because the increased
can easily disperse NPs into the PI domains simply by using a number density and length of NP strings disturb the long-range
Pl-selective solvent. Upon further increases in NP concentration, hex order of the SI(39-12). In other words, the Pl cylinders cannot
NPs are finally aggregated, and the hex morphology gradually encapsulate these NP strings entirely, and as a result, it is quite
loses its long-range order. We also obtained a rather broad andikely that the PS chains are also in contact with the NPs, which
suppressed particle correlation peak in the highnge, and no i turn causes the increase Tgps

evidence of ordered NP arrays is observed in the TEM, contrary On the basis of the experimental results obtained so far, we

tcl) th? §i(tjgatic_)n f?]r Sf!f(39-lf2%/ NP mixturefs cast with dtoluene,_ could schematically represent the effect of the casting solvent
clearly indicating the effect of the structure of aggregated magnetic 1, morphology of SI(39-12)/Fe0; NP mixtures, as shown

NPS. on the. block C‘?po'ymef morphology. in Scheme 1. Because NPs are marginally selective with respect
Differential scanning calorimetry (DSC) measurements WETe 14 the PI chains because of the oleate surface layers of NPs, the

also performed, andthe DSC thermograms ofthreg represer.“at'v‘?)reparation condition of SI(39-12)/NP mixtures can suppress or

samples with neat S(39-12) and SI(39-12)/NP mixtures with 5 enhance the weak interactions between NPs and PI chains

0 L ;

and 15 wt % NPs are shown in Figure 3. The small Cha’?‘-?le in competing against the relatively strong interactions among

the heat flow at around 91°T corresponds to the glass-transition magnetic NPs. Because toluene is a neutral solvent for both

temperature of the PS blocRdpg. Tgpsof a S1(39-12) mixed blocks of PSk-PI and hexane is a Pl-selective solvent and the

with 5 wt %.NPS' cast with toluene, Increases by SC?'as solvent evaporation rates of toluene and hexane are also quite
_°°mp.afed with that of a neat S|(39-12_). Th_|s Increaseqlfs different, the local structure of BCP/NP hybrids can be governed
IS at_tnbuted to the NP aggregates, which hinder the molecular by the relative kinetics of the BCP ordering against the NP
motion of .PS domains via a binding effé€tz Upon further aggregation kinetics. Thus, when toluene is used as a casting
increases in NP concentration, thgpscomes back to a _Iower_ solvent, PS, PI, and NPs are readily dissolved, and during the
value corresponding to the value for the neat S1(39-12), implying slow evaporation of toluene, the NPs favor self-aggregation rather
(25) Kechrakos, D Trohidou, K. Nehysica B2002 318 360. than being selectively incorporated into the Pl domains because
(26) Khandpur, A. K.: Fsrster, S.; Bates, F. S.; Hamley, I. W.; Ryan, A. J.; Of the strong particle particle interactions. In contrast, when P
Bras, W.Macromolecule<.995 28, 8796. chains and NPs are dissolved in hexane while PS chains are just
(27) weng, C.-C.; Wel, K-HChem. Mater2003 15, 2936. swollen, forming BCP micelles with PS block cores and PI block

(28) Yeh, S.-W.; Wei, K.-H.; Sun, Y.-S.; Jeng, U.; Liang, KMacromolecules ) . :
2003 36, 7903. coronas at relatively high concentrations of BCP, NPs are well
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Scheme 1. Effect of the Casting Solvent on the Structural solvents, hexane and toluene, were tested to prepare film
Development of SI(39-12)-Fe;O3 NP Mixtures specimens by solution casting, and it is clearly shown that the
with toluene competition of the interactions between NPs and BCP against
Wo® PS-PI - (neutral solvent for PS-b-PI) the interactions of NP themselves leads to different hybrid
© #Fe,0, NP with hexane morphologies. Itis intriguing that the regular latticelike aggregate
(PI-selective solvent) structure ofy-FexOs; NPs induces the transition from the hex

cylinders to the bcc spheres via undulated cylinders under the
toluene casting condition while the neat block copolymer does
not show such an ordeiorder transition. In contrast, magnetic
NPs are selectively incorporated into the Pl domains under the
hexane casting condition. This implies that when NPs are
marginally selective with respect to one of the blocks and the
interactions among NPs are relatively strong, the choice of relevant
solvent, whether the solvent is neutral or selective for the BCP,
is quite important to the selective incorporation of the NPs into
one of the ordered domains.
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