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ABSTRACT: Gold nanoparticles (A4PS) coated with an areal chain densityof end-attached polystyrene
(PS) chains of different molecular weightsly) are added to a lamellar diblock copolymer of poly(styréne-
2-vinylpyridine) (PSh-P2VP) to determine the critical areal chain denZigybelow which the Au-PS nanoparticles
adsorb to the P®-P2VP interface. Gold nanoparticles coated by thiol end functional polystyrene homopolymers
(PS-SH) with M,, ranging from 1.5 to 13 kg/mol are synthesized with various areal densities-e8A%hains
on the nanoparticle surface. The particles are incorporated intolaF2S/4P diblock copolymer withvl, = 196
kg/mol. The P2VP block has a more favorable interaction with a bare gold particle surface than does the PS
block, and this interaction becomes important as the coverage of gold particlest8HP®:creases, leading to
adsorption of the Aa-PS to the interface below a critical areal chain denXity>c decreases from 3.1 to 0.9
chains/nm as theM, of PS-SH chains increases from 1.5 to 13 kg/mol, leading to a scaling relgion; Ryt
~ M,%8 which is very different from the behavior expected for polymer chains tethered to a flat syrface,

~2 ~ M,%, whereRy is the radius of gyration of the end-attached chains. A simple scaling relatiodghip,
((R+ Rg)/RRy)? that takes into account the high curvature of the Au nanoparticle core of fadisislerived and
is shown to describe the data very well. Bor Z, there is a slight tendency for the larger particles within the
particle size distribution to adsorb preferentially to the PS/P2VP interface, a tendency that can be qualitatively
understood by the fact that the absorption free energy per particle is predicted to scale roughly as

Introduction both the conditions for optimum particle synthesis and the final
The addition of inorganic nanoparticles to block copolymers location of the nanopatrticles in the solvent cast block copolymer

is potentially a route for the fabrication of novel functional film.
materials such as photonic band gap matetihighly efficient In most experiments, the particles are designed so that they
catalysts chemical and biological sensctsind high-density ~ Will be fully wet by one of the blocks and thus will locate within
magnetic storage medfaThe domain structure of the block that block domain. Recent experiments, however, have also
copolymer provides a template within which the inorganic nano- focused on nanoparticles that preferentially adsorb to the
particles can be organized. A number of experimental methodsinterfaces between the blocks!!14.7In two-phase, low mo-
have been developed for incorporating inorganic nanoparticleslecular weight fluid systems, small particles that adsorb to the
into polymeric nanostructurés2! However, the precise control  interfaces between the phases are well-known to have surfactant
of both the size and the spatial arrangement of inorganic like properties, enabling, for example, the formation of stable
nanoparticles within the block copolymer is a critical require- “Pickering” emulsiong’~2° “Jamming” of such particles at
ment for most applications. fluid—fluid interfaces can stabilize bicontinuous emulsiSiasmd
Nanoparticles with an inorganic core can be synthesized in Picontinuous blends of immiscible polymé¥sn lamellar block
solution using organic ligands that bind to the particle surfaces COPOlymers, nanoparticles that adsorb to the interfaces decrease
at areal ligand densities that stearically stabilize the particles the lamellar spacing at low particle volume fractions by virtue
against coalescené&:25 After purification to remove the of their action as su.rfactants to decrease the int.erfacial tensign
unattached ligands, such cershell particles in solution can ~ @nd cause a transition to a fine scale bicontinuous domain
be combined with a block copolymer, permitting coassembly Structure at high particle volume fractioffs.
of the block copolymer and ligand-coated nanoparticles into  Recent experiments have revealed several strategies of
films by slow solvent evaporation. Early experiméhtssed synthesizing nanoparticles that will adsorb at-B block
alkane thiol ligands on Au nanoparticles, while in later experi- copolymer interfaces. Gold nanoparticles coated with a mixture
ments short polymer thiols corresponding to one or more of of A and B ligands have been shown to segregate to the interface
the blocks of the block copolymer were employéd#1517.26 over a wide range of A fraction on the nanoparticle surface, if
making it easier to predict where in the block copolymer the the ligands are free to diffuse on the Au surfae&AB random
polymer-coated nanoparticles would reside. To our knowledge, copolymer ligands are also effective in producing nanoparticles
there have been no systematic attempts to vary the molecularthat adsorb on the interface, although in this case the A fraction
weight of the attached polymer ligands in such a system evenmust be approximately 033.Both these methods require more
though this molecular weight might be expected to influence synthesis steps than a third strategy, in which a Au nanoparticle
that would preferentially bind to the B block is coated with an
*To whom correspondence should be addressed. E-mail: edkramer@ @real density of A thiol ligands too low to prevent contact with
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Table 1. Characteristics of Polymers Used in Present Study 45
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the lamellar P$>-P2VP block copolymer domains by variation o o o
of a single parameter, the areal density of PS thiol ligands on 8 2.0
the nanoparticles. P2VP acts as the B block, because of its strong - 1.5+
adsorption to the Au surfacé Since we expect the critical areal 5 = 1.5k

; . . : ) £ 1.04 o 2.5k
chain density below which such particles adsorb to the interface G s 34Kk
to depend on the molecular weight of the PS thiol {F5$1) o 0.5+ o 13K
ligands, we synthesized a series of these with number-average 0.0 . r . . . . T .
molecular weightsNl,) ranging from 1.5 to 13 kg/mol. In turn, 00 05 10 15 20 25 3.0 35 40 45
the ligands were used in the syntheses of batches of Au Areal Chain Density (chains/nm?)

nano.p.artlcle§ 23 nm in ,Au diameter with var|0u§ areal Figure 1. Au core diameter of particles coated by different-F
densities of ||gand5 on their surfaces. We show that indeed thechains havindM, of 1.5, 2.5, 3.4, and 13 kg/mol is shown as a function
critical areal chain densit§c decreases as tié, of the ligand of the areal chain densityZf of PS chains on Au nanoparticles.
increases but much less slowly than would be expectéd if
were to correspond to a mushroom to brush transition on a flat
surface?®>3We propose a simple model that takes the curvature
of the nanoparticle surface into account and show that it provides

P2VP block copolymer in dichloromethane onto an epoxy substrate
and then annealing under a saturated solvent atmosphere’@t 25

for at least a day. Dichloromethane is a relatively neutral solvent
for PS and P2VP. All solvent in the sample was forced to evaporate

a reasonable fit to the data. very slowly over an additional day. Samples were subsequently
. ) dried in air overnight and further under vacuunt foh to make
Experimental Section sure that no solvent is left in the sample. As a result of this

Synthesis of Thiol-Terminated PSA symmetric poly(styrene- procedure, a 520 um thick film of nanoparticle/block copolymer

b-2-vinylpyridine) (PSk-P2VP) diblock copolymer with total ~ COMPOSite was produced.

molecular weighV, ~ 196 500 g/mol and a polydispersity index Characterization. The sizes of the polymer-coated gold nano-
(PDI) of 1.11 (Polymer Source, Inc.) was used as the block particles as well as the location of the PS-coated gold particles in

copolymer template in which to investigate systematically the the PSb-P2VP were determined by transmission electron micros-

position of gold nanoparticles. Thiol-terminated PS {/S), to copy (TEM) using a FEI Tecnai G2 microscope operated at 200

be used as ligands to stabilize the Au nanoparticles during their K- Gold nanoparticles were dissolved at a very low concentration

; ; i i it .-~ in dichloromethane or THF. A thick carbon film (2B0 nm) on a
vt 2ot 30 or s S oy e " TENI i s Gpped ot sl o asecond, e i i
described previousliz The molecular masseM, of the five and then examlned_ by TEM. Samples of gold nanopartlcle/block
different PS-SH were determined to be 1.5, 2.5, 3.4, 6.5, and 13 COoPolymer composites were prepared for cross-sectional TEM by
kg/mol by size exclusion chromatography calibrated with pS Microtoming epoxy-supported thick films into 280 nm thick
standards. Th&t, and polydispersity of the PSSH polymers are slices and were then stained by exposing them to iodine vapor,

shown in Table 1. For convenience, these are labelad-FSH, which selectively stains the P2VP domains. .
PSs—SH, PS,—SH, P$s—SH, and PS—SH. The gold core diameter distribution obtained as a histogram from

Synthesis of PS-Coated Au NanoparticlesThe synthesis of TEM image analysis was used to calculate the average surface area

PS-coated Au nanoparticles was accomplished using a two-phase{)er gold nanoparticle. Imaging conditions were varied systematically

systend” consisting of toluene and water by varying the initial mole a throygh focus series .Of images) to_obtain accurate particle
feed ratio {9 of PS ligands to (Au atoms- PS ligands). The dimensions. Weight fractions of gold and polymer ligands were

olymer-coated gold particles were separated from unattached PS measured by thermal gravimetric analysis (TGA). The weight
poly ited gold pa s P fractions of the polymer chains were converted into volume fractions
SH by precipitation using a mixture of ethanol and toluene and

concentrating the particles by centrifugation followed by membrane using the density of the polymer-.05 g/crf) and the den;ity of
filtration (MWCO 30 000 dalton, Millipore, Inc.) using dimethyl the gold particles¢19.3 g/cm). The number of polymer ligands

: per gold particle for various coreshell type particles divided by
formamide (DMF? asa solver_lt. To separate ungttach%ql,mﬂ the average surface area of the gold particles gives the areal chain
and P$;—SH chains from their coated nanoparticles, a membrane density of polymer ligands on the particle surface
with a larger pore size (MWCO 100 000 Da, Millipore, Inc.) was )
used. After the initial separation, the particles were redispersed in pagits
dioxane and washed by membrane filtration at least three more
times to remove ungrafted ligands as well as any residual reducing  The diameters of the Au core of the nanoparticles coated by
agent. Finally, the particles filtered by the membrane were washedthe different PS SH chains P&s—SH, P$Ss—SH, PS4—SH,
with methanol as reported befolejn this case, mainly for the and P$;—SH are shown in Figure 1 as a function of the areal
purpose of easier removal of residual solvent from the gold particles. density of the PSSH chains E) on the Au particle surface.

Preparation of PSh-P2VP/ Polymer-Coated Au Nanoparticle The average particle core (Au) diameter for eachalue was
Composites. To prepare the P8-P2VP/ polymer-coated Au  determined from TEM images by analyzing at least 300 particles
nanoparticle samples, a2 wt % block copolymer solution in sing standard image analysis software (Image Pro)SAs
dichloromethane was mixgd with PS-coated gold nanoparticles to decreased, the particles become larger and more polydisperse
produce a dry weight fraction PS\U/(PS-Au + PSb-P2VP) of for a given polymer ligand. The particle core size is also slightly
approximately 0.150.20. Samples containing gold particles with larger for the PS'SH ligands with largeM

n-

low areal chain density of PSSH chains were prepared using a g " . .
lower weight fraction of particles<0.10) to prevent any morpho- The areal chain densities of polymer ligands on the particle

logical transition of the P$-P2VP matrix by nanoparticle surfac- ~ Surface for various coreshell type particles were estimated
tants32 Particle/block copolymer composites were prepared by based on the weight fractions of gold and polymer ligands
solvent casting mixtures of PS-coated Au nanoparticles anb-PS- obtained from elemental analysis and TGA. This information
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Figure 2. The particle diameter including the gold core and PS shell
for PS-SH chains havindv, of 1.5, 3.4, and 13 kg/mol with a range
of Z values is shown in the graph. Two different TEM images represent
the closely packed particles coated by-F8 of 13 and 1.5 kg/mol,
respectively, on carbon film-coated TEM grids. PS shell thickness
increases significantly as thd, of PS-SH chains increases from 1.5
to 13 kg/mol.

= ]- g1

Figure 3. Cross-sectional TEM images of BEP2VP block copolymer
containing PS-coated gold nanoparticles whose surfaces are covered
. with various areal chain densities of RSSH chains i1, = 2.5 kg/

also allows the average polymer shell thickness on each set Ofmol): (a) 2.38 chains/nf (b) 1.92 chains/nf (c) 1.81 chains/nAy

Au particles to be determined. The estimated mean particle (d) 1.47 chains/nf (e) 1.40 chains/nfnand (f) 0.92 chains/ntnScale
diameter including both the Au core and the polymer shell is bar is 100 nm.

shown in Figure 2 for various PSSH chains at differenk

values. Since the weight fraction of polymer ligands in these the P$s—SH areal chain density is relatively high, 2.38 chains/
polymer-coated particles decreasexatecreases, the PS shell nn?. As> decreases, the particles are distributed roughly equally
thickness becomes smaller. The particle diameter coated withpetween the center of the PS domain and the interface as seen
PS3—SH is much larger than that coated with;BSSH as in panels b and ¢ of Figure 3, corresponding to-118 chains/
shown in Figure 2. The TEM images in Figure 2 provide nne. As the P$s—SH areal chain density on the Au particles
qualitative support for the increase in shell thickness, as can bedecreases further from 1.81 to 1.40 chaing/(figure 3e), most
seen in the insets in Figure 2. The particle core diameter (3.00 nanoparticles are clearly segregated along the interface between
+ 1.13 nm) of the P&—SH-coated sample (shown in Figure pPS and P2VP, and &= 0.92 chains/nf(Figure 3f), virtually

2a) is not much different from that of the PS"SH-coated (2.59  all nanoparticles are at the PS/P2VP interface. Histograms of
+ 0.82 nm) one, but the distance between particle cores the particle locations for these samples are shown in Figure 4,
dispersed on the carbon film on the TEM grid is significantly and they serve to quantitatively reinforce the qualitative
larger for P$;—SH-coated than for R$—SH-coated particles,  impressions from examining the TEM micrographs. While the
which indicates that the PS shell on the Au particle core coated TEM micrographs provide direct evidence of particle location

by PS3s—SH is much thicker. as a function of the areal chain density, errors in the particle
Figure 3 shows cross-sectional TEM images of PB2VP distribution within a polymer block domain may be caused by

block copolymer containing PS-coated gold nanoparticles whosethe tilt of the lamellar interfaces relative to the TEM beam

surfaces are covered with variolisvalues of Pgs—SH. To direction so that the interfaces appear broader and the domains

produce various particles with areal chain densities ranging from are narrow in the projected image. Care was taken to reduce
2.38 to 0.92 chains/nfnthe initial mole feed ratio of PS ligands  such errors both by carefully tilting the sample so as to minimize
to (Au atoms+ PS ligands)fps is varied from 0.3 to 0.06.  the interface width and by analyzing a large number of particles
The darker gray regions in Figure 3 correspond to P2VP (atleast 500 particles) collected from different samples at given
domains, since P2VP is selectively stained by the iodine vapor areal chain density. These data are used to produce the
treatment used to provide contrast. PS domains appear as lighhistograms in Figure 4. Our rationale for this behavior is that
gray, and the Au cores of the nanoparticles are evident as smallnanoparticles with relatively low Bg—SH areal chain densities
black dots. From Figure 3a, it is clear that the particles are do not fully shield the Au nanoparticle surface from interacting
located near the center of the PS domains (lighter regions) whenwith the P2VP block of the P8-P2VP matrix, since there is a
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Figure 4. Histograms of particle positions from the TEM micrographs in Figure 3: (a) 2.38 chaifjgioini.92 chains/nfy (c) 1.81 chains/ni
(d) 1.47 chains/n@ (e) 1.40 chains/nfpand (f) 0.92 chains/nnInterface of the PS domain is at0.25 and+0.25, and data are averaged at a
given position relative to zero, i.e., number of particles-@t2 = (number of particles at-0.2 + number of particles at-0.2)/2.

favorable interaction between gold and P2VP and the PS/goldand Ganesaff. We speculate that the three different peaks in
interaction is relatively weaker. The favorable interaction the particle distribution at the intermedid&esuch as 1.81 and
between gold surface and P2VP has been reported by otherl.47 chains/nd result from the variation in the enthalpic
research group$3839and was confirmed by our model experi- interaction of various polymer-coated particles with the P2VP
ment!*where a layered structure of lamellar dB$2VP block block, which is influenced by the distribution of the number of
copolymer consisting of a surface half-lamella of dPS on the PS chains on the nanoparticles. We will discuss this issue further
surface and a half-lamella of P2VP on the Au substrate is in the next section.
observed. The trend in the dramatic change of the particle location from
The histogram in Figure 4a clearly shows the occurrence of the center of PS domain to the PS/P2VP interface is universally
a single peak in the particle density distribution at the center of observed for PSAu particles regardless &fl,. Cross-sectional
the PS domain when particles have relatively high areal chain TEM images of PS-P2VP block copolymer containing gold
density of 2.38 chains/nftnwhere the unfavorable interaction nanoparticles coated by the shortest PS ligandgsPSH (M,
between the PS ligands of the particle surface and the P2VP= 1.5 kg/mol), are shown in Figure 5. Particles wih= 3.97
domain is dominant. Interestingly, in the intermedidteegime, chains/nré are located within the PS domain, while most gold
the particle density distribution has the three different peaks, particles withS = 2.36 chains/nrhare shown to be segregated
one at the center of the PS domain and the other two at theto the PS/P2VP interface. Histograms corresponding to the TEM
PS/P2VP interface, and upon further decreasg the particles images reflecting this transition of particle location in the PS-
are strongly segregated to the PS/P2VP interface and the pealb-P2VP template are also shown in Figure 5.
at the PS center disappears. This trend is consistent with the Figure 6 shows cross-sectional TEM images of the gold
recent theoretical predictions (simulation results) by Pryamitsyn particles coated with the longest PS ligands;sPSH (M, =
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Figure 5. Cross-sectional TEM images of REP2VP block copolymer containing PS

two differentX values of Pgs

coated gold nanoparticles whose surfaces are covered with
1.5 kg/mol): (a) 3.97 chains/rhand (b) 2.36 chains/nMScale bar is 100 nm. Histograms of

particle positions describe the particle distribution from the corresponding TEM micrographs. Interface of the PS domathas and+0.25.
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Figure 6. Cross-sectional TEM images and their corresponding histograms bff23P block copolymer containing PS-coated gold nanoparticles

13 kg/mol): (a) 1.22 chains/rhand (b) 0.83 chains/nScale

SH chains i,

whose surfaces are covered with two differEntalues of P&—

bar is 100 nm.

Au nanoparticles. This observation indicates that

5
fewer PS3—SH chains are required to cover the Au particle

critical areal chain density3¢) for the transition of particle
location in the case of R$-Au nanoparticles is found to be

nn?) for P

(b) 0.83 chains/nfhare used. The location of particles shifts 0.9 chains/ny which is much lower thar®c (~3.1 chains/

13 kg/mol), within a PS3-P2VP block copolymer. Two different
particles with areal chain densities of (a) 1.22 chaind/and

from the PS domain to the PS/P2VP interfaceadecreases
from 1.22 to 0.83 chains/ntnOf particular interest is that the
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surface fully. Below the TEM micrographs, histograms derived E kT = (HRZVPS—PZVFIKBT)*(]- _ |Cos@)|)2
from them show the location of the S Au nanoparticles.

The particle density shown in Figure 6a is not high, since a c . [Vps-np — VP2ve-npl 1
large amount of P3—SH-coated gold particles cannot be |Cos@)| = Vos. pavp ()

accommodated in the RSP2VP templateNl, = 196 kg/mol)
without macrophase separation. ThePSH-coated gold whereR is the radius of nanoparticle, and C@}(s the ratio of

particles that are located in the PS domain coexist with large the difference in interfacial tension between nanoparticles and

regions of aggre_gated nanopz_articles present at_ever_1 relativelythe PS and P2VP blocks to that between PS and P2VP. Equation
low volume fraction of the particles{0.15). There is evidently 1, however, ignores the effects of particle radius on the

a phase coexistence between a macrophase that is highly,,normational entropy of the block copolymer. In the inter-

enriched in particles and. a lamellar mesophase ,With a much mediateX regime where the particles are located both at the
lower particle concentration. At comparable particle volume pg/povp interface and near the center of PS domain. the

fractions, a corresponding macrophase separation of goldinerplay between entropic and enthalpic effects of particle size
particles is not observed in the REP2VP block copolymer o getermining the particle location could be important.
template M, = 196 kg/mol) containing gold particles coated 1 jpyestigate the phenomena systematically, the particle core
with PS 5~SH, P$5~SH, and P&,—SH having loweMn. We giameter as a function of the particle location in the normalized
believe that the macrophase separation in the sample containingssy,_povp domain is obtained from TEM image analysis of at
gold particles coated by R&SH Mn = 13 kg/mol) at & |east 500 particles for each histogram in Figure 7. These
relatively lower particle volume fraction is caused by the pjstograms summarize the particle size distribution as a function
increased tendency toward the immiscibility between particles of the particle location for the PB-P2VP block copolymer

and PSk-P2VP templates due to increased particle size. Since containing PS-coated gold nanoparticles whose surfaces are
the PS block chains are tethered chains with one end fixed atcovered with variousE of PSs—SH chains K, = 2.5

the PS/P2VP interfaces, the mixing of such tethered PS chainskg/m0|); (a) 2.38 chains/nfn (b) 1.92 chains/nf (c) 1.47

with PS-coated particles gives rise to a significant conforma- chains/nm, and (d) 1.40 chains/mnAt = = 2.38 chains/n)
tional entropy penalty in order to mix the PS-coated particles where all particles are dispersed in the PS domain as shown in
with the PS block chains. The penalty will increase as the Figures 3a and 4a, the mean particle diameBi€ 2.7 nm) is
particle size becomes larger. A similar trend is observed for |arger near the PS center than closer to the PS/P2VP interface
blends of diblock copolymer and homopolymers. Addition of a ([@J= 2.1 nm), as shown in Figure 7a. Due to the unfavorable

homopolymer of increasinil, to the lamellar diblock copoly-  interaction between the P2VP blocks and PS ligands on the
mer results in a decreasing volume fraction of the homopolymer particle surface, no segregation of particles at the interface is
that can be added before macrophase separation géddrs. observed at this value &. Since larger particles cause a larger
entropy penalty of the PS block of REP2VP in order to
Discussion accommodate the particles in the PS brush near the interface of

the PS domain, the larger particles tend to be located nearer to
the middle of PS domain between the two PS brushes, in rough
agreement with the simulation results of Thompson é¢ al.

The particle size distribution changes®decreases, as some
fraction of the particles become bound to the interface. At an
intermediateZ of 1.92 chains/ni) the particle size at the PS/
P2VP interface becomes larger than that near the center of PS
domain. While the mean particle core diameter located at the
: - . PS/P2VP interface is 2.95 nm, the mean particle core diameter
smaller particles tend to be selectively located not only in the 4t the center of the PS domain is 2.5 nm. If two different
A block but also along the A/B interfaces while larger par_ticles particles located at the PS/P2VP interface and the PS center
are found to be near the center of A polymer domains {0 e assumed to have the same volume fraction of PS chains on
minimize the entropic penalty of chain stretching. On the other he particle surface, the mean particle diameter including the
hand, experiments with longer polymer ligands on nanoparticles ps shell is 7.28 nm for particles at the interface and the mean
of constant size show Gaussian distributions of nanoparticles particle diameter (coré- shell) is 6.18 nm at the center of the
positioned at the center of the A domain regardless of the pg gomain. The difference in the mean particle size should
lamellar spacing of the block copolymer, which is at odds with produce a ratio of adsorption energy of 1.4 from eq 1. However,
the predictions of simulations that find a tendency for placement eyen though the maximum value of the mean particle diameter
near the interface when the A domain size increds#%hile [@0is observed at the PS/P2VP interfac@Jat the center of
the behavior of selective particles has been studied intensively,ps domain is slightly larger thaliiCat other positions within
the effect of the size of nanoparticles that are attracted the PS domain, i.e., there are two maximaldif) one at the
enthalpically to the interface has not been investigated experi- PS/P2VP interface and a smaller one at the PS domain center.
mentally. In contrast to the case where particles selective for The small maximum at the PS domain center is consistent with
one domain should be preferentially attracted to the domain the results for the high areal chain density particles (Figure 7a).
center due to entropy, when nanoparticles are enthalpically Therefore, we conclude that in the intermedi&teegime both
attracted to the interface, larger particles are expected to bethe entropic and the enthalpic effects of particle size combine
preferentially segregated there, since the adsorption energy ofto determine the particle distribution within the block copolymer
particles at the interface is proportional to the square of the based on its size, producing the maximainlat the PS/P2VP
nanoparticle radius. The adsorption energy of gold nanoparticlesinterface due to the strongly increasing adsorption energy at
at the interface between PS and P2VP blockg Can be the interface withd. The same trend is observed for the particle
expressed approximately by the following equatiémhere distribution at lowe values of 1.47 and 1.40 chains/hghown

The size effect of selective particles in a block copolymer
matrix has been investigated theoreticBf{# and experimen-
tally,191745showing that the particle size is one of the major
factors that determines the particle location within a block
copolymer matrix. In situations where particles are densely
coated by only A homopolymers, so that their unfavorable
interaction with the B block of A>-B block copolymer is
dominant, simulations and some experiméhtésuggest that
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Figure 7. Histogram of the mean particle diameter is shown as a function of particle location rPRSP. Particle diameter is obtained from
image analysis of TEM images with at least 500 particles obAR2VP block copolymer containing PS-coated gold nanoparticles whose surfaces
are covered with various areal densite®f PS s—SH chains 1, = 2.5 kg/mol): (a) 2.38 chains/mn(b) 1.92 chains/nf (c) 1.47 chains/nf)

and (d) 1.40 chains/nhtorresponding to the TEM micrographs and particle position histograms in Figures &ad 4a-e, respectively. For
example, the mean particle diameter at the normalized particle locadion @ is obtained by averaging the particles located between-0.025

and 0.025.

in panels ¢ and d of Figure 7. A small peakitiiis seen atthe  at the PS/P2VP interfacé)(for variousX values are obtained
PS domain, butdis always a maximum at the PS/P2VP from TEM image analysis as shown in Figure 9b. A valu&of

interface. = 3¢ ~ 1.6 chains/nris found to produce afi ~ 0.5 for
To further illustrate the generality of the particle distribution PSS 4,—SH-coated particles. On the other hand, the particle
as a function ofdfound for gold particles coated with RS- density profile of Pgs—Au particles at variousE values

SH in Figure 7, gold particles coated two different ligands, provides a means to doublecheck if our selection Jgris
PSs—SH M, = 1.5 kg/mol) and P$—SH (M, = 3.4 kg/ reasonable. We believe that the primary reason for the different
mol), with intermediate&Z values close t&c are chosen. The behavior of various particles, in addition to the effects of particle
histograms ofdcorresponding to the R SH-coated particles ~ diameter discussed above, is the fact that the average number
(= = 2.6 chains/nf) and P$ s—SH-coated particlesS(= 1.6 (mCof PS—SH chains bound to these small Au particles is quite
chains/nm) are shown in panels (c) and (d) of Figure 8 below small. For example, RG—SH-coated gold particles that have
the corresponding histograms, (a) and (b), of the particle location = = 1.56 chains/nfhave = 32. If the number of PSSH
distribution. The particle size distribution as a function of particle chains per particle follows a Poisson distribution, which seems
location for both PSs—Au and P$s—Au nanoparticles is a reasonable assumption at all but the larggst implies that
consistent with that observed for the RSAu nanopatrticles. the standard deviation corresponds tec16 chains and thus a
At the PS/P2VP interfacéfdlhas a maximum value of 27 significant fraction of the particles will have more than 38 (
2.8 nm while between the PS/P2VP interface and the PS center= 1.87 chains/ni) and less than 26 chainX & 1.28 chains/
[dJhas a minimum value of 2:22.3 nm. Nevertheless, by  nn?). Therefore, considering the size distribution of the particle
comparing panels (e) and (f) of Figures 8, the histograms of diameter, the fraction of particles that haxi¢ess thar®c (=1.6
particle diameter for those particles adsorbed at the interfacechains/nr) for a given average value & may be calculated,
with histograms of particle diameter for those particles in the and this fraction yieldd;. The details of this calculation are
center of the PS domain, we realize that many particles with a given in the Appendix. The calculated results are represented
given diameter are at the interface while others with the same by filled symbols. A sigmoidal curve is fit to these values and
diameter are in the middle of the PS domain. The reasons foris plotted in Figure 9b. The agreement between unfilled and
this result are considered below. filled symbols indicates thatc ~ 1.6 chains/nifor P 4—

We define (and determine) the critical areal chain density SH-coated particles is a reasonable choice. Following the same
(Zc) as theX at which approximately one-half of the particles method for Pgs—SH-coated gold particlexc = 1.85 chains/
are at the PS/P2VP interface and the remaining half are in thenn¥ is found, yielding arf, (filled circles) that gives excellent
PS block. For example, to determilig for PS4—SH M, = agreement with the experimental data (open squares) as shown
3.4 kg/mol)-coated gold particles, the particle fractions located in Figure 9a.
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Figure 8. Two histograms describe particle distributions obtained from TEM images &FP&YP block copolymer containing PS-coated gold
nanoparticles with intermediai®values close t&c, where particles are located both at the center of PS domain and the interface between PS and
P2VP blocks. (a) Gold particles are coated by £S5H chains E = 2.6 chains/nif). (b) Gold particles are coated by £5SH chains ¥ = 1.6
chains/nrf). The corresponding histograms (panels ¢ and d) of average particle diameter as a function of particle locatR2VP%+e shown

. The particle diameter distributions at two different locations, in the middle of PS domair0f and at the PS/P2VP interface€ —0.25 and

0.25), are chosen to produce the histograms of average particle diameter for the corresponghifguR®d P3,—Au particles (panels e and f).

Figure 10 represents a “phase diagram” for the location of the surrounding polymer, the favorable interaction between
PS-SH-coated gold particles in the REP2VP system ex-  P2VP and the gold particle surface plays a more important role
pressed in the coordinates of the molecular weidh) (and in controlling the particle location, and the particle location shifts
mean areal density of PSSH chains X). The phase diagram  from the PS domain (filled symbols) to the PS/P2VP interface
summarizes the location of gold nanoparticles coated by PS (open symbols). The half-filled symbols represent the conditions
SH chains withM,, values of 1.5 kg/mol (squares), 2.5 kg/mol where the particles are located both at the PS/P2VP interface
(circles), 3.4 kg/mol (triangles), and 13 kg/mol (inverse triangles) and near the PS center. The light yellow filled area in the graph
within the PSb-P2VP block copolymerNl,= 196 kg/mol). As corresponds to the conditions for the majority of the particles
> of PS-SH chains decreases, the figure shows that particles being bound to the PS/P2VP interface.
are seen at the center of the PS domains at |&gep- The value ofSc decreases from 3.1 to 0.9 chainsfas the
proximately evenly distributed between the PS domain centers M, of the PS-SH chains increases from 1.5 to 13 kg/mol. This
and the PS/P2VP interface at smalizrand entirely at the PS/  decrease indicates that fewer PSH chains are required to
P2VP interface at the loweXtfor gold particles coated by PS shield the Au particle surface from interacting with the P2VP
SH chains with variousM,. As X of the PS-SH chains chains as the length of the PSH chain on the nanoparticle
decreases, thus exposing the bare surface of gold particles tasurface increases. The critical areal chain denaigy is plotted
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2 oo the area of the flat surface occupied by a single polymer chain

' 100 125 150 175 200 225 at the mushroom to brush transition is proportionalRg.

Areal Chain Density (chains/nm?) However, since the particle core radius is comparable to the

. . ) . radius of gyration of the polymer chain tethered onto the particle
Figure 9. Particle fraction located at the PS/P2VP interfaigess a . I )
function of =: (a) Au particles coated by R$-SH chains, and (b) surface, the gold particle surface is highly curved while the

Au particles coated by R§-SH chains. Unfilled squares represent Single chain stretching criterion is strictly applicable only for a

experimental values df obtained from different sets of particles having  brush on a flat surface. Therefore, the behavior of PS chains

various average values &f In corr_]pari_son, filled circles represefnt on the particle surface is expected to be very different from

Ig%f:_'%so('ﬁ“cs':”%_g’fcﬂgﬁ‘;?n“ﬁgea%'gig)'géﬁf;\ix(tzfggq%%a;’]g:ﬁ;/’f @) that on the flat surface. A somewhat more realistic model is

ni?). Dotted lines show sigmoidal curves fit to the filled symbols. ~ réquired to understand the behavior of polymer brushes on a
curved gold surface and to compute a transition areal chain

as a function of theM, of the PS-SH chains in Figure 11a. density that corresponds to close packing of these short polymer

Forcing a linear fit to the data on this ledpg plot results in ~ ligand coils on a curved gold surface.

the following scaling relationc ~ M, %% betweerSc and Cons.ider a partigle of radil®with some n.uml.Jen of grafted

M,. One expects that the radius of gyratigpof the short PS ~ PS chains, each with a degree of polymerizatibiWe assume

|igands must be important in Sh|e|d|ng the Au particles from that the Cr|t|CaI areal Chaln denSItﬁd) at Wh|Ch the transition

contact with the P2VP block, but since these chains are Veryfrom bulk to interfacial localization of particles occurs is

short, one cannot use the usual expressionRfof Ry =

Na?/6, whereN is the degree of polymerization aradis the 5 Ne

statistical segment length) that are valid in the long chain limit. CT 4R

Instead, the wormlike chain model is used here to estimate the

actual radius of gyrationRy) of the short PSSH chains. The wherenc is the corresponding critical number of grafted chains.

correction factor from the wormlike chain modél.f = Ry If the particles were very large, and the surface locally flat on

[Rs?l-) can be calculated by the following equatitfrf® the scale oRy, thenXc could be estimated by the threshold to
mushroom-brush transition, where a PS brush is just enough

©)

1flp Ip)\2 I6\3 I to prevent the penetration of P2VP chains of RB2VP
for=1— 3\l +6 L~ 6 L 1—ex L (2) polymers into the PS shell on the gold surface.
wherelp is the persistence length=0.89 nm) for PS andl. is e~ iz ~% (4)
the contour length of the chain. The calculated valueRyadf Ry
the PS-SH chains are given in Table 1. Figure 11b represents
the 3¢ values in terms of th&, values of all PS-SH chains, For chains grafted to a particle with radiRscomparable to

producing a scaling relatiofic ~ Ry~ This result is very Ry, a coverage based on the radius of the particle plus PS shell
different from what would be expected on a flat surface. If the coating can be expressed as follows:
polymer chains were tethered onto a flat surface, the dependence

of the critical areal chain densitg€) on the M, of polymer > n

=1 (5)
chains is expected to Bec ~ Myt ~ Ry~2 at high M,, since dn(R + h)2
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Figure 11. Critical areal chain densityk) for the transition of particle
location is shown as a function of (a) the molecular weightand (b)
the radius of gyratiomRy of PS—SH ligands, showin@c ~ M, 06 ~
Ry~1. To compute the actual value f&,; of the short PSSH chains,
the wormlike chain model is used.

whereh is the thickness of grafted PS shell layer. We would
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Figure 12. Critical areal chain densityk) for the transition of particle
location is plotted as a function of R(+ Ry)/RyR)%. The solid line
represents the best fit through the origin with a slep®.68, while
the dashed line through the origin has a slepd and is shown for
reference.

of about 0.68 rather than 1, i.e., critical shielding of the curved
Au particle surface occurs at areal chain densities somewhat
below those predicted. It is worthwhile noting that in the limit
of R> R, the behavior of the polymer chains tethered onto the
particle surface is predicted to Be ~ Myt ~ Ry~2, implying
that the behavior of polymer chains on very large particles
should be same as that on the flat surface. For a PS ligand of
givenM,, and thusR;, ((R + Rg)/RRy)?, and thusZc, decreases
with increasing Au particle radius, i.e., for a given areal density
of polymer ligands, the surfaces of larger, less highly curved
particles will be more protected from contact with surrounding
polymer chains than the surfaces of smaller, more highly curved
particles. The preferential segregation of larger Au particles at
the PSb-P2VP interface seen in Figures 7 and 8 therefore cannot
be due to their curvature but must instead be caused by an
increase in their absorption energy, cf. eq 1.

Nevertheless, it should be realized that eq 8 is a very crude

expect that the critical threshold for interfacial localization estimate of the critical areal chain density. To improve on this
occurs when the areal chain density at the surface of the coatecestimate, it will be worthwhile to consider more sophisticated

particle is itself at the mushroom to brush transition:

Nc 1

Sl=—~= 6
¢ 4aR+h? R? (©)
By plugging eq 6 into eq 3, we find
J(R+h? 1 hy2
c=2c = “_2(1+§) (7)

Ry

If the penetration by the PS blocks of the B&2VP diblock

self-consistent mean field simulations of the hybrid particle and
the polymer systefl as well as models that take into account
the possibility that the thiols on the Au surface have lateral
mobility and can cluster on the PS side of the rB2VP
interface to expose bare Au to the P2VP blé&kR?

Conclusion

We have determined the critical areal den&tyof PS-SH
ligands on Au nanopatrticles above which the PS-coated particles
are predominantly in the center of the PS domain of a lamellar
PSb-P2VP block copolymer and below which these particles

copolymers into the layer is significant so that the chains behave predominantly adsorb at the RSP2VP interface. Thelc

ideally, the layer thicknes& can be estimated &s ~ Ry
Therefore, the critical areal density of PS brush chains to fully
cover the Au particle surface can be expressed as follows:

e

Using the value oRy of PS—SH chains and the actual mean
radii of gold particles having ~ ¢ coated by each different
PS-SH chain, a plot ofSc versus (R + Ry)/RR)? can be
constructed and is shown in Figure 12. This plot showsXaat
increases roughly linearly withR(+ Rg)/RRy)? but with a slope

8)

decreases from 3.1 to 0.9 chainsfram theM,, of PS—SH chains
increases from 1.5 to 13 kg/mol, resulting in the scaling
relationshipy c ~ M,~%6% These results for PS chains on the
particle surface are very different from those expected on a flat
surface. ¢ c ~ M™Y. A model that considers the curvature of
the spherical nanoparticle accounts for the data reasonably well,
producing a simple scaling relationshi; ~ (R + Ry)/RRy)?

that takes into account of the high curvature of the Au
nanoparticle core of radiu’ ForX close toX¢, some patrticles
adsorb onto the interface while other remain in the PS domain.
On average, the particles at the interface are somewhat larger,
reflecting their larger adsorption energy. However, the small
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number of PS SH chains on each nanopatrticle also results in
large fluctuations in areal chain density from particle to particle

of equal size, and these fluctuations are also of importance in
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determining which particles are adsorbed to the interface and References and Notes

which remain in the PS domain.

Appendix

Calculation of f,. To reflect the size distribution of the gold
particles coated by various PSH chains, the fractional weight
of particles (v) in terms of the particle size and its fractional
mean diameterl,,;0 from the histogram of particle size
distribution are found first. By definition, the sum of the product
of these two different values gives a mean diamébgrlof all
the fractions of particles as follows:

= S WA, 0 ©)

Therefore, the number of chains on the particle surface is

N, U= [ZIA,;0 (20)
where[Z[0is the average value of the areal chain density. It is
assumed that the fraction of particiéN) with number of chains

N obeys Poisson statistics, i.e.,

Vg
f.(N,) = exp(—N, D’W (11)

This equation effectively assumes that the chains attach to(19)

particles at random to produce a mean numbfiand a
standard deviatiow/l:N_iD Since the numbers; are small, it is
easily possible to calculafgN;) for anyN;. The summation of
fi(N;) from N; = 0 to Nk gives the cumulative fraction of particles
Fi(Ny) with the number of chains equal to or less thén

N
Fi(N) = fi(N)

(12)

SinceXx = Ni/[A ;L) Fi(Ny) can be turned inté(Zy), which
is now a function in terms of the areal chain den&fy Then,
the cumulative fraction of all the weight fractions of the particles
(F(=ZW) can be expressed as follows:

FE) =Y WF(E) (13)

F(Zk) indicates the fraction of particles (average areal chain
density ([ having an areal density equal to or less tin
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