
Nanofabrication in Polymer Solutions

Tianbo LIU , Li-Zhi LIU, Benjamin CHU
*

(Department of Chem istry , State University of New York at Stony Brook ,

Stony B rook ,N Y 11790-3400,USA )

Dedicated to the Occasion of the 80th Birthday of Prof.HUANG Bao-Tong and Prof. FENG Zhi-Liu

Abstract　 This review covers recent advances in fabrication o f nanomaterials in polymer

solutions w ith emphasis on using the self-assembled amphiphilic blo ck copolymers in solution

to fabricate organic /ino rg anic composi tes w ith nano scale modi fica tions. The phase behavio r

o f block copolymers in w ater and the use of templa tes to form ordered nanost ructures are

review ed in detai l. Modern phy sical tech niques fo r nanoscale cha racterization a re also

int roduced. The autho rs suggested that this approach should provide new routes to create

materials wi th interesting mo rphologies fo r many di fferent applica tions.
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Nanos tructured materials hav e drawn a g reat deal of at tention in recent years

because of their promising potentials in future applica tions. The fabrication of nano-

materials has become a highly active research area involving scientists in many different

fields , e. g . , physics, chemis try, biology and materials science and engineering. The

ino rganic sy nthesis including biomineralizatio n by using intermolecular bonds to act in a

coopera tiv e manner in order to co ns truct organi zed supramolecular systems by self-

assembly has been of particular interest
[ 1] . The s tudied inorganic materials have been

ex tended to semico nducto rs
[ 1f, 1g , 1k]

, silicon-based materials
[1c～ 1e ]

, super-magnetic

materials
[1l～ 1m ]

and biominerals
[ 1n ] ( e. g . , bone, teeth ) . Some relatively simple ino rganic

minerals ( CaCO3 , SiO2 , Fe3O4 , Cd S and so o n) hav e been synthesized w ith co nt rolled,

functional a rchitectures[ 1] . This area has been g row ing so drastic that it is difficult for us

to give a comprehensive review wi thin a few pages. In this paper, w e only summarize

some representative new works to highlight the current major frontiers.

One very impo rtant aspect on the nano-scale sy nthesis is to fo rm desired sup-

ramolecular pre-org anization that can be used as a “ mat rix” for ino rganic sy nthesis
[1a ] .

Some surfactants, including amphiphilic block copolymers
[ 2]

, can self-associa te into

org ani zed s tructures in a selectiv e solvent, i. e. , a solv ent selectiv ely good for one pa rt of

the molecule(e. g . , the head g roup( s) of a surfactant o r the hydro philic block( s ) of the

block copolymer) and a worse solv ent fo r the other part ( e. g . , the o rganic tail( s ) of the
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surfactant or the hydrophobic blocks ( s ) of the block copolymer ) . The so formed

sys tems include micelles, microemulsions, v esicles, monolayers and some biological

macromo lecules (e. g . , proteins ) . Then, inorganic reag ents are added into the sys tem

and are automatically distributed in the favo red enviro nment ( due to free energ y

minimi zation ) . Fo r ex ample, w ater-soluble salts will only exis t in the hydrophilic

regio ns. Under certain ex ternal condi tions , chemical reactio n can occur at the specific

regio n where the reag ents exist and produce s table( e. g . , insoluble in water) products

that will exis t in its new favo red environment. Such kind o f final products can have v ery

special o rders on a nanometer scale, such as the fo rma tion of nano-tubes, nano-spheres

or nano-cavities[1 ] .

The desig n of homogeneous nanoscale templates as synthetic matrices of ten formed

one of the key s teps during the formatio n of nanomaterials. Among the templates being

inv es tig ated, self-assembled nanos tructures fo rmed by block copolymer micelles have

been w idely explo red because of their div ersity in supramo lecular st ructures ( e. g . ,

spherical, cylindrical, lamellar and bicontinuous ) that can be tuned by adjus ting the

block chain leng ths o r chain architecture.

The self-assembly of block copolymers into micellar s tructures occurs when they are

disso lved in a selective solvent, with the solv ent-phobic blocks fo rming the co re and the

solv ent-philic blocks f orming the co rona
[ 2] . The formation of spherical micelles w ith the

so-called “ core-shell” s tructure often obeys a close-association mechanism with the

formula
[ 3b] .

nA ( A)n ( 1)

　　 The association number, i. e. , the number of polymer chains in one micelle, of the

micelles is about the same for all of the micelles under fix ed ex ternal condi tions. Fo r t ri-

block co polymers wi th tw o end blocks in a poor or nonsolv ent, supramolecular formatio n

with open s tructures that tend to obey an open-associatio n mechanism can occur
[ 3]:

unimer dimer t rimer …… ( 2)

　　 Then, broad dis tributio ns in the micellar mass and the micellar size can be

observ ed. Furthermo re, spherical micelles could change shape to o ther mo rphologies,

e. g . , prolate
[ 4a , 4b]

o r oblate
[ 4c ] , by changing ex ternal conditions, such as temperature or

solv ent composition.

Numero us physical methods hav e been utilized in s tudying block copolymer micelles

in solutio n
[2a , 3a ] . Usually a combinatio n o f sev eral physical methods is needed. The mos t

widely used tech niques include scat tering techniques [ s tatic ligh t sca ttering ( SLS) ,

dynamic ligh t scat tering ( DLS) , small-angle X-ray scattering ( S AX S) and small-ang le

neutro n scattering ( SAN S) ], viscosi ty measurements, NM R and pulsed field-g radient

spin-echo NM R, gel permeation ch romatog raphy, f luorescence spect ropho tometry,

t ransmissio n electron microsco py ( TEM ) , atomic fo rce microscopy ( AFM ) and scanning

electron microscopy( SEM ) .

The phase behavio r of block copolymers in water have been well studied because
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most of the applicatio ns of copolymers w ere in aqueous solutio n
[2c ]

. In aqueous solutio n,

the solubility of block copolymers decreased with increasing temperature and above a

certain tempera ture, phase separatio n happened so tha t the copolymer could no lo nger be

disso lved in water to fo rm a homogeneous one-phase region. This temperature is called

the “ cloud-point temperature” [ 3c ]
. At higher polymer co ncent ratio ns, the entanglement

of po lymer chains in solution leads to the fo rmation of homogeneous , immobile g el-like

st ructures. The first gel-like st ructure is usually a cubic s tructure( body-centered cubic

and face-centered cubic) , fo rmed by the ordered packing of spherical micelles. At higher

polymer concentra tions , the a rrangement of the hydrophilic and hydrophobic regions

leads to the formatio n of hex ag onal o r lamella r s tructures. Bicontinuous cubic st ructure

could also be observ ed sometimes betw een the hexag onal and lamellar regions
[ 2] . Fo r the

flow er-like micelles formed by a block copo lymer in a selective solv ent fo r the middle

block, an open netw o rk without any ordered st ructure can generally be obtained at high

polymer concentrations. A schematic plo t is shown in Fig. 1 to demonst rate the g eneral

phases and phase transitio ns of block co polymers in aqueous solutio n. The mos t common

method to determine the phase s tructure of the g el-like materials is SAX S. The

scattering peaks, which appear in the small-angle regio n, can rev eal the nature of

nanos tructures, by identif ying the relativ e positio ns of the higher o rdered peaks to the

primary peak, with the posi tion of the primary peak being related to the domain si ze of

the nanost ructure.

Fig. 1　 Schema tic plo t to show the phase behavio r o f amphiphilic block copolymers

( represented by EBE and BEB-type t riblo ck copolymers) in aqueous so lution

Copolymer /wa ter /oil ternary phase diag rams can be much mo re complicated ev en at

a fix ed temperature[ 6] . Lindman and co-wo rkers did ex tensive s tudies on the phase

behavio r of Pluronics( a g roup of t riblock copolymers containing hydro philic E blocks and

hydro phobic P or B g roups, with E, P, B being polyoxy ethylene, polyoxy propylene and
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polyoxybutylene, respectiv ely ) in the presence of w ater and xy lene
[ 6d～ 6g ]

. The ternary

phase diag ram of Pluro nic P84( E19 P44 E19 ) /w ater /p-xy lene s tudied by Alex andridis et al.

at room temperature is cited in Fig. 2 where at least nine different phases can be

identified: no rmal ( oil-in-water ) micellar solution, cubic, hexagonal, bicontinuous

cubic; rev ersed ( w ater-in-oil ) micellar solution, cubic, hexagonal, bicontinuous cubic

phases and a lamellar phase[ 6g ] .

Fig . 2　 Ter nary phase diag ram of Pluronic P84

( E19 P44 E19 ) /w aer /p -xy lene at ro om temperature

Nine different phases can be identified:

no rmal( oil-in-wat er) micellar so lution L1 ,

cubic I1 , h ex agonal H1 , bicontinuous cubic V1;

rev ersed( wa ter-in-oil) micella r so lution L 2 ,

cubic I 2 , hexagonal H2 , bicontinuous cubic V2

pha ses and a lam ellar phase LT( cited from ref. 6g )

Fig. 3　 Schematic representa tion of an

ordered nanocomposi te solid in w hich

the organic phase consists o f hexagonally

clo sed-packed tubules of self-assembled

amphiphiles. Inorganic semiconductor CdS

precipi tates in the hydrophilic region

( cited f rom ref. 1f )

The o rdered nano structures formed by the self-assembled block copolymers can be

used as unique templates fo r fabricating materials wi th nano-scale modifications. An

ex ample was giv en by Stupp and co-wo rkers[ 1f ] . They used the tw o-dimensional

hexagonal nano-st ructure packed by cylindrical amphiphilic micelles as the template to

synthesize CdS( an important semiconducto r) nanotubes ( Fig. 3) . Cd S was prepared by

introducing H2 S into the hydrog el co ntaining water-soluble CdCl2 ions , which should

reside only in the hydro philic regio n. The water-insoluble CdS was then accumula ted in

the hydrophilic regio n. Af ter removing the po lymer matrix by calcination at high

temperature, pure CdS nano tubes could be obtained. The final product could ev er

maintain the hexag onal packing, as confirmed by SAX S and TEM measurements.

Stucky and co-wo rkers did ex tensive work to use different Pluronic PEO-PPO-PEO

t riblock copo lymers as templates to fo rm mesoporous silica
[ 1d] . Compared to sho rt-chain

surfactants, the block copolymers provided larger and tunable domain sizes tha t could be
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used for making silica w ith la rger holes, an important parameter for molecular sieves.

Dif ferent mesopo rous silica samples w ith hex ago nal packing and having 5 to 30 nm po res

were synthesized. Again, calcination was used after the inorganic reactio n to remov e the

polymer materials. Both T EM and SAX S ( w ith several scattering peaks appearing at

small ang les ) showed that the final products had certain hexagonal o rder in the

nanometer scale( Fig. 4) . Besides silica, the same g roup also ex tended their ex plo ratio n

to making nanomaterials of other inorganic compounds by using similar approaches, such

as the oxides of lead, iro n, tungs ten, antimony and zinc
[ 1c ] .

Fig . 4　 TEM images of calcined hexagonal mesoporous silica wi th dif ferent av erage

po re sizes ( A ) 6. 0 nm, (B ) 8. 9 nm, (C ) 20. 0 nm and (D ) 26. 0 nm( ci ted f rom ref. 1d)

By taking advantage of the self-assembly of an amphiphilic polymer, Hanabusa and

co-workers synthesi zed long “ macaroni” -like TiO2 hollow fibers with potential

applications as photovoltaic solar cells , pho tocatalytic devices and recharg eable lithium

ion bat tery electrodes
[ 7] . They desig ned a special polymer t rans-( 1R , 2R ) -1, 2-cyclo-

hexanedi ( 11-aminocarbo nylundecylpy ridinium ) hex afluo ro phosphate which can self-

assemble into rods and interact wi th Ti [O CH( CH3 ) 2 ]4. TiO2 would g row on the surface

of the polymer rods into a ho llow rod s tructure. The SEM measurements clearly showed

the fo rma tion of quite unifo rm TiO2 hollow fibers wi th inner diameters betw een 150～

600 nm and leng ths of about 200μm, as shown in Fig. 5.

Fig . 5　 SEM images of the calcined TiO2 hollow fibers prepa red under

acidic ( A ) a nd basic (B ) condi tions( cited f rom ref. 7)
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Metal nanoparticles possess unique chemical and physical properties that can be

ex ploited in a wide variety o f technical applicatio ns, such as catalysis, non-linear optics,

ult rapurification and microelectro nics. Their properties usually depend s tro ngly on their

si ze, size distribution, shape and chemical environment. Therefo re, it is important to

make uniform metal nanopa rticles to narrow size dist ributions. Bronstein et al
[ 8]

reported

the use of an amphiphilic polymer matrix fo rmed by poly( octadecylsiloxane) ( PODS) to

grow noble metal nanoparticles. The nanos tructured polymer matrix w as used not only

to interact w ith inorg anic reagents, but also to s tabilize the metal particles and to confine

their enviro nments during particle g row th. The autho rs showed that it w as successful to

prepare noble metal nanoparticles by using this technique.

Fig . 6　 TEM images(a～ c ) showing the g row th of neuron-like calcium phospha te /polymer

mesost ructures at pH 4. 5 and 5. 0( cited f rom ref. 9a)

Ano ther approach to use polymer chains in solution is to form o rganic /ino rganic

nanocomposites
[ 9]

. Antoniet ti et al reported the use of a t riblock copo lymer PEO-

PM AA-C12 [ with PM AA being poly ( methacry lic acid) and C12 being a dodecyl chain ] to

form inorganic nanoparticles such as CaCO3
[ 9a ]

. Among the three blocks in the polymer,

tw o blocks are hydrophilic( lo ng chain PEO and sho rt chain PM AA) . The polymer chains

would form micelles in aqueous solutio n with PEO and PM AA being micellar shells. The

idea was to use the cha rged PM AA block to interact with ino rganic salts and surfaces,

and to use PEO to increase the solubility of the system in water. At different acidic pH

conditio ns, tw o new types of discrete nested s tructures , consisting of hybrid nano-

filaments arrang ed to giv e an unusual neuro n-like mo rphology ( Fig. 6 ) , w ere

synthesized. The coorperative interactio ns at a local lev el betw een Ca3 ( PO4 ) 2 clus ters

and the polymer uni ts could be respo nsible fo r the highly aniso tro pic nature of the

product. Af ter aging, a second hybrid mo rpholog y consisting of compact ag gregates

appeared, which showed the interlocked layer st ructure of an ordered inorganic /o rganic

mesophase w ith a domain size of 3 nm. They proposed tha t the new materials migh t be

useful as novel ceramics precurso rs , reinforcing filters o r biomedical implants.
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Recently, our g roup discov ered a new fabrication mechanism where the polymer

Fig. 7　 TEM image of the packing of Mo

oxide hollow nano spheres into ordered

zeoli te-like st ructure

The distance betw een tw o adjacent por es is 5. 0 nm

chains ( polyoxyethylene ) f unctio ned simu-

ltaneously as a weak reducing ag ent, and a

netw o rk to hold the final products long

enough so that “ perf ect” ho llow nanosphe-

res could be synthesized. A typical ex ample

is the fo rmation of Mo oxide “ hollow”

nanospheres, which can be obtained from

the slow decomposition of a w ater-soluble

precursor compound MoO2 ( OH) ( OOH) .

Witho ut polymers, no rmal MoO3 would be

obtained. Howev er, in the presence of

PEO-containing polymers, Mo was pa rtially

reduced from Mo(Ⅵ ) to a mix ture o f Mo (Ⅴ )

and Mo(Ⅵ ) , by show ing a colo r chang e from

yellow to dark blue. The crys talline

st ructure of MoO3 basically disappeared,

but ov er 100 new scat tering peaks appeared

in the small ang le region, indicating an ex tremely ordered simple-cubic packing of 5 nm

nanospheres. The Mo oxide nanospheres should be chemically connected in o rder to

produce such a long-range order. This supposition was suppo rted by a high resolutio n

TEM measurement although final co nfirmation would require further experimental

evidence, perhaps by means of surface-to-volume measruements. The new structure was

v ery similar to that of Linde ty pe-A zeolite, but w ith a much larg er domain size( Fig. 7) .

We can exclude the possibility o f the micelle-templa ting model, because these

nanospheres could be obtained in the presence of only long chain PEO homopolymer

solutions.

In summary, polymer netw orks in so lution provide a v ariety of w ays to fabrica te

ino rganic ma terials and org anic /inorg anic compo sites wi th special nanoscale modi-

ficatio ns. This dy namic field shall g row vigo rously in the near future and create new

materials w ith interesting morphology for different applications, fo r example, in

photonics, electronics, catalysis and microsensors.
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