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Impact of Surface-Modified Nanoparticles on Glass modulus between the nanocomposite film and PDMS substrate,

Transition Temperature and Elastic Modulus of a net compressive stress develops orthogonal to the tensile

Polymer Thin Films direction and buckles the nanocomposite thin film. By measuring
the buckling wavelengthl§, the modulus of the polymer film

Jong-Young Lee! Kristin E. Su,* Edwin P. Chan,! (Ep) can be obtained:
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of Massachusetts, Amherst, Massachusetts 01003, and b1 VPDMSZ POV 27 h

Department of Chemistry, Usérsity of Massachusetts,

Ambherst, Massachusetts 01003 Erpmsis the elastic modulus of the PDMS substrate, as measured

Receied June 15, 2007 using a contact mechanical té$We assume the Poisson’s ratio

Revised Manuscript Receéd September 10, 2007 of the PDMS substrate and polymer film argobus = 0.5 and

vp = 0.33, respectively. The thickness of the nanocomposite
thin films, h, is controlled by flow coating and quantified by
interferometery (Filmetrics Inc2 The film thickness used in
the experiments ranged from 180 to 210 rinis the periodic
wavelength of buckles obtained by fast Fourier transform (FFT)
of optical images.

' TheTgy of these thin films is measured by differential scanning
calorimetry (DSC). For the DSC measurement, the nanocom-
posite film was floated on water and transferred to a DSC sample
holder. The samples were dried under vacuum at room tem-
perature for 24 h before performing thE, measurement.
Nanopatrticles may reorganize due to entropy-driven mobility

. . S during heatingt® 2! therefore, theTy of the nanocomposite is
mechanisms that control material properties in polymer nano-

composites. we have desianed a model material svstem todetermined from the first heating cycle for all samples (heating
posItes, w v '9 lal sy “rate is 10°C/min). All samples are prepared by solution casting

simultaneously disperse narjoparticles gnd emphasize entropic, 4 dried at room temperature to maintain the same thermal
effects. Here, we report the impact of this design on the elastic history. ThereforeT, obtained from first-run heating were not

modulus and_ glass transition tem_peratuT@) of the pqumer . affected by the difference in thermal history among samples.
Nanocomposites. We focus_on th‘? impact of nanoparticle We'ghtRepresentative data from DSC and SIEBIMM measurements
fraction and develop relationships to decouple the roles of are provided in the Supporting Information.

|nor%an|c partt|.cles and ligand molecules in defining nanocom- In general, adding rigid particles into a polymer matrix
pOZI € proper |es._t f cadmi lenide (Cds ficl increases the elastic modulus of the material as a function of
35 nnn??r?g?wci&reb? r?g (;ni'rl]JIm se elnl ter( n S)Sn?]:]otpr)i?(r "\(;I\(,avs'volume or weight fraction of particlés?? However, the elastic
= 131K /a Ie SD’l_el gz Polapo y;y € e? ) ma d( modulus of the nanocomposite films studied here was found to
t_he mode?nTz:térial 'I;)at.tair’l wgll)i:j?se,[;ers?:cgcr?ang%;r?iilrgs wi?;n decrease as a function of nanoparticle weight fracti) (
the polvstyrene m:.sltrix short polystyrene ligands (M.000 (Figure 1_). In a consistent manner, ﬁpdecreased_asafunctlon
polysty » Short polysty gand of W (Figure 1). These effects can be attributed to two
g/mol) were used to functionalize the nanoparticle surfaces. In mechanisms. One is a plasticizing effect of the surface-bound
addition to aiding nanoparticle dispersion, the enthalpic interac- : N . - :
tion and entanglemenﬁ betweenp nanoparticles alfd polymerPS ligands, in which the .IOW molecular weight of thg ligands
malrix are minimized due (0 the surface-grafted PS chains. 31e' 04103 The acond mechanem s inked 1o he confg-
Detailed information about the P€£dSe nanoparticle synthesis uration of polymer chains near nanoparticles with minimal

angl_d?per?llolgsw;tr:!n a :?S matn)t(_ :S glvgnplsn_ p;elvlous enthalpic interactions with the matrix. According to simulation
publications. outions of nanoparticies an IN TOIUENE o5y lts2# 25when the enthalpic interaction between the particles

were prepared, with varying nanoparticle weight percentage, and surrounding matrix is weak or neutral, a reduction in

to facilitate the casting qf hanocomposite films. . . monomer density at a rigid partictenatrix interface occurs due
fil To measuredthe elastic modul_us_ O(; thednaTocc_)m[t))osﬁ[e_ th'nto entropically driven repulsion of the polymer chains from the
ilngl;’bi:li\s ;J:re m(aS(!,EaBr::\gZ Esterglstrlgmuecri%) ]?] a:::grt ufhismg nanoparticle surface. A schematic plot of “monomer vs distance”

’ is shown in Figure 2. This decreased density leads to the increase

technique involves floating a thin polymer film onto a thick, . : e e on
! . . in chain mobility and consequently a depressiomr#® This
cross-linked polydimethylsiloxane (PDMS) substrate (Dow mechanism is consistent with reports @ depression in

Corning Sylgard 184, weight ratio of prepolymer to cross-linker - : - .
TS . - experiments with poorly bound (or nonwetting) interfaces
is 1:20; cured at 70C for 2 h). After drying the film/PDMS between the particles and polymer mafti:26.27

bilayer for 24 h, the bilayer is strained uniaxially in a custom- To decouple these two possible mechanisms, we compare
built, automated strain stage. Because of the large difference iNthe material properties of the nanocomposite PS system to a
o wh § hould be add g | by @ simple blend of short PS chains and a PS matrix. The polymer
» To whom correspondence should be addressed: e-mail crosby@ plend consists of low molecular weight PS (M#1000 g/mol
mail.pse.umass.edu; Tel (413) 577-1313; Fax (413) 542-0082. . . T
" Department of Polymer Science and Engineering. the same molecular weight of the nanoparticle-bound ligands)
* Department of Chemistry. as a “plasticizer” in a PS matrix (MW 131K g/mol, the same

To take advantage of unique and enhanced properties for
nanoparticle-filled materials, the nanoparticles must be well-
dispersed:? Surface modification of the particles with matrix-
compatible ligands is one of the most effective strategies to
improve polymet-nanoparticle compatibility and ensure dispersicn.
Because of the large surface area per volume of the nanopatrticle
the ligands play a significant role in determining the properties
of the nanoparticle. Although the role of the ligand is more
defined when it establishes high strength bonds with the
surrounding matri¥, 10 its role in material properties is less
clear when enthalpic interactions are neglected, leaving entropy
as a significant factot° To provide insight into the physical
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Figure 1. Plot of elastic modulusK, hollow squares) andy (solid
circles) as a function of weight fraction of nanoparticles.

Figure 2. Top: schematic plot of “monomer density)(vs distance

(r)". R, is the radius of a nanoparticlg is the distance from the center

of a nanoparticle to the end of ligandgy is the distance from the
center of a nanoparticle to the interface of low-density area region and
bulk PS. Bottom: schematic morphology of polymer chains around a
nanoparticle with neutral enthalpic interaction.

molecular weight used as the matrix in the polymer nanocom-
posites). To facilitate comparison and isolate the effect of the
surface ligands, we quantify the weight fraction of the surface
ligands in the nanopartictepolymer composite. On the basis
of thermogravimetric analysis (TGA), we determine the weight
fraction of surface ligands to nanopartiel@%. Consequently,
the weight fraction of surface ligands relative to matrix polymer
chains can be determined for different filler/matrix weight
fractions.

On the basis of the FloryFox equatio?? and the assumption
that theTy for the PS matrix (MW= 130K g/mol) is close to
the Ty for an infinitely long PS moleculeTy depressionATy)
for a miscible blend is

ATy =Ty = Ty = (Tg1— Tg)W
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Figure 3. Plot of ATy as a function of weight fraction of the plasticizer
(PS, MW= 1000) in the polymer blend (hollow diamonds) and surface
ligands in polymer nanocomposites (solid triangles).

Ty and Ty, are the glass transition temperature of the polymer
blend and homopolymer with infinite molecular weight, respec-
tively. W is the weight fraction of the blended component. For
both the polymer blend and nanocomposite systems, a linear
relationship betweemATy; and weight fraction of ligands/
plasticizers is observed (Figure 3). From measured values of
Tg for the PS matrix Ty = 107 °C) and best-fit linear slopes

in Figure 3, Ty 1 of the plasticizers and surface ligands can be
obtained. We determirngy ;= 2 °C for the plasticizer and-526

°C for the nanoparticle-bound surface ligands. Tgdor the
plasticizer is comparable to independent DSC measurements
on 100% PS (MW= 1000 g/mol)~7 °C, but the value for the
surface-bound ligands is clearly unrealistic. DSC measurements
on a sample of pure nanoparticles (weight fraction is 100%)
gave aTg of 0 °C. Therefore, this result implies that another
mechanism is contributing to the low&y of the nanocompos-
ites.

As mentioned previously, when enthalpic interactions are
neglected, monomer density near the nanoparticle surface is
lower than the bulk due to entropic effects (Figure 2). Therefore,
polymer segments in this low-density region have higher
mobility and associated loweT,. Accounting for these ad-
ditional polymer segments with a low&y would effectively
increase the weight fraction of “surface ligands” for the
nanocomposite data in Figure 3.

In Figure 3, the slope of the surface ligands is 6 times that of
the plasticizers, thus implying that the polymer chains in the
low density areaR < r < Ry in Figure 2) give an additional
5 times weight fraction of low molecular weight polymer in
the matrix. Assuming the density of polymer segments in the
low-density regionlR < r < Ryin Figure 2) equals the density
of surface ligandsR, < r < R in Figure 2), we can use the
difference in the slope¥{ to estimateRy on the basis of volume

arguments:
Ri_ [ (R} _
Rn_[K((Rn) 1)“

R, (Figure 2) is the radius of a nanopatrticle, equal to 1.75 nm
in our materials.R is the distance from the center of a
nanoparticle to the end of ligands, which is 2.75 nm if the fully
extended conformation of ligands is assumed (ligand length is
~1 nm).Ry is the distance from the center of a nanoparticle to
the interface of low density area region and bulk PS, which is
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Figure 4. Plot of elastic modulusE) as a function of weight fraction
of the plasticizer (PS, MW= 1000) in the polymer blend (hollow

diamonds) and surface ligands in polymer nanocomposites (solid

triangles).

~4.6 nm based on a measured valu&kof 6. Consequently,

the affected range of neighboring polymer segments is 1.85 nm
(Ry — R), close to the length scale described in molecular

dynamics simulatio?? and in accord with our hypothesis that

the entropic contributions are a plausible mechanism for the
decrease inTy exhibited by the nanocomposite samples.
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strength of particle matrix enthalpic interaction, and (3) the
entropy-driven surface effects which are related to the relative
length scale between particles, surface ligands, and matrix
chains.
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