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ABSTRACT: We present experimental results showing that roughening in polymer blend films is driven by the
underlying phase-separated morphology. To control morphology and stability, nanoparticles (NP) are added to
poly(methyl methacrylate) (PMMA):poly(styreman-acrylonitrile) (SAN) (50:50) films having a thickness of

550 nm. These PMMA:SAN films undergo symmetric wetting with PMMA layers at the surface and substrate
and separate into PMMA-rich (A) and SAN-rich (B) coexisting phases. Three varieties of NP are investigated
and either partition into A (NP or segregate weakly (N} or strongly (NR) to the interface between A and B.

Using scanning force microscopy, the surface roughness is monitored for films containing up to 20 wt % NP.
Whereas rupture is observed in neat blends and blends wijloNRP,, stable films are produced by the addition

of only 2 wt % NR. Although capillary fluctuations fail to predict roughening, a novel model based on the
Laplace pressure produced by the internal morphology agrees with experimental results. For neat blends and
blends with NR, long wavelength fluctuations exhibit universal scaling with roughnids,R;*4. Although the

origin of this coupling is unknown, we propose that spinodal decomposition during initial phase separation may
trigger the long wavelength fluctuations. By identifying the driving force for roughening in nanocomposite films,
we can better understand and control high-performance coatings containing incompatible components and functional
inorganic additives.

Introduction unknown. These previous studies of A/B blends provide the

Liquid film stability on solid substrates underlies many starting point for understanding the mechanism of roughening

technologically important processes ranging from paint gloss n I|qU|q films. ) . )

to the resolution of inkjet printers. Although most coatings are !N this paper, we provide experimental evidence that the
multicomponent and multiphase, roughening and rupture mech_Laplac_e_pressure induced by a phase-separate_d structure provides
anisms are not understood. For single-ldyeand multilaye?1* the driving force for roughening and rupture in neat polymer
homogeneous films, capillary fluctuations produced by long- Plénd (A/B) films and those containing nanoparticles (NP). The
range van der Waals forde&®-8.11 or external stimuli, e.g., NP systems are designed to either partition into A_,()\lﬁr
electric field3510 can destabilize films, whereas the Laplace WeaKly (NRy) or strongly (NF) segregate to the interface

pressure, which resists interfacial deformation, can stabilize the ?6tWeen phases. During phase separation, roughened fims
films. For polymer blends undergoing phase separation, Hoppedlsplay periodic, lacey struptures, S|mllar to a spinodal dewetting
et al?2 found that the rupture time, and the periodicity of ~ Pattern. Whereas NAnhibit roughening more than NP NP
fluctuations at rupturés  scaled linearly with film thickness. prevent film rupture at concentrations as low as 2 wt 0/‘; The
In these experiments, the driving force for destabilization was Periodicity of fluctuations scales with roughnessias] Rt*
unclear. Recently, Clark&!4 suggested that lateral composi- for neat blends and blends containing A\\Rvhereas scaling

tional fluctuations, due to phase separation, destabilize polymerPréaks down for blends containing NP that segregate to the
blend films. interface, namely NPand NR.

Before investi_gating roug_hening in polymer blend films, the Experimental Methods
structural evolution proceeding rupture must be understood. For
A/B blends where A wets the free surface and substrate, three Deuterated poly(methyl methacrylate) (A) and poly(styreare-
distinct stages of evolution are observed after a critical qu&nhch. acrylonitrile) (B), from Polymer Sources and Monsanto, respec-
The early stage is characterized by rapid growth of wetting tively, have weight-average molecular weighié,f and polydis-
layers concurrent with the formation of a three-dimensional (3D) persities (PDIs) of 106000 and 1.20 and 118000 and 2.24,
bicontinuous structure in the midlayrAt the onset of the respectively. This blend exhibits a lower critical temperature of

. di his 3D | . di ~160°C. At 195°C, the coexisting compositions are nearly pure
intermediate stage, this structure evolves Into discrete, p ang 15 The three NP have distinct surface functionalities that

circular domains of A that span the B midlayénn the late  onirol their segregation behavior. N&re colloidal silica particles
stage, long wavelength (order 1on) interfacial fluctuations  (Nissan Chemical) with a diameter of 22 nm and a surface with
cause the film to ruptur& The origin of these fluctuations is  methyl and hydroxyl group¥:2°NP,, and NR, denoting weakly
and strongly segregating particles, have a silica core (Nissan
t University of Pennsvivania Chemical) wi;h a slightly smaller diameter (15 nm). These NP’s
Kyoto Ur¥versily. Y : are grafted with PMMA brushes having,'s of 23 700 and 2100,
s Present address: Samsung SDI, Korea. respectively. As discussed in ref 21, Néistribute throughout phase
* Corresponding author: phone (215) 898-4451; fax (215) 573-2128; A, NP, are found in phase A and at the A/B interface, ands NP
e-mail composto@Irsm.upenn.edu. locate only at the A/B interface. The A/B blend (50/50) and NP’s
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(a) Neat Blends

the surface (ac) and midlayer (d) features in SFM images. This
particular film contains 2 wt % NPand is annealed for 24 h. The
RMS roughnessRy) is obtained from the image (1Qam) in (a). (b)
Watershed segmentation is used to distinguish the boundaries betweer
peaks. (c) Omitting patches around the edge of (b), the fluctuation _ ) . .
wavelength {o) is determined from the mean diameter of each colored Figure 2. Surface SFM images (100m) of films without (a) and
patch. (d) The midlayer morphology (4@n) consists of the continuous ~ With 5 wt % NP (b-d). Annealing times and ranges are 72 h and
B phase (light) and domains of A (dark circles). For this sample, the 1500 nm (&) or 120 h ané:750 nm (b-d). For (a-d), the rms

roughness, wavelength fluctuation and correlation lengthRare= roughness values are 506, 223, 167, and 7 nm, respectively. ¥or (a
42 nm, As = 18 um, andé = 2.32um. d), the_ﬂulctuatlons have wavelengths of 30, 22, 26, andufi
respectively.

were mixed in methyl isoamyl ketone, spun-cast on silicon, and
dried at 120°C in a vacuum for 24 h. The film thickness wads= With respect to the neat blend, g values are lower, 223

550 nm. Films were annealed on a hot stage (FP-82, Mettler Toledo) and 167_ hm, respectively, even though_ fllms are annealed for a
at 195°C in argon. The surface and midlayer morphologies were [Onger time, 120 h. However, the addition of 5 wt % N&¥
characterized using a Dimension 3000 SFM (Veeco Inc.) driven in NPw does not prevent rupture. In contrast, films with 5 wt %
tapping mode. To reveal the interface morphology of B, A was NPs are remarkably stable and very smooB & 7 nm) as
removed by exposing films to 2.85 MeV Heions and then rinsing shown by Figure 2d. As shown below, the driving force for

with acetic acid>18 film roughening can be understood by analyzRgand /.
Figure 3 shows hovR, evolves with time for the neat blend
Results (closed triangles) and blends containingZD wt % NP. By

Roughening was evaluated by following the evolution of the observing that hazy (rough) films displ& values>100 nm,
surface and interface morphology. As an example of the image a rupture timer; is empirically defined byRy(z;) = 100 nm.
analysis procedure, Figure 1 shows the surface and the midlayerApplying this definition to Figure 3a; is ~14 h for neat blends
morphology of a film with 2 wt % NR after a 24 h anneal.  and ~24, ~36, and~76 h for 2, 5, and 10 wt % NR
First, the topography of the surface is projected as a 3D image,respectively. The increase i with NP4 loading is attributed
as shown in Figure 1a. The surface fluctuation waveleiigth  to an increase in the viscosity of the A phase, as previously
is determined by measuring the mean diameter of the area fordescribed® Whereas films containing 2 and 5 wt % MNRipture
each high region. Using SPIP software (Image Metrology Inc.), after ~50 and~60 h, respectively, the addition of 10 and 20
a watershed segmentation algorifiirthen divides the image  wt % NP, produces stable films for at least 120 h, as shown in
into regions as shown in Figure 1b. The same cutoff values are Figure 3b. Remarkably, film stability is achieved by the addition
used for surfaces having a similar roughness. As roughnessof only 2 wt % NR as shown in Figure 3c. This result is
increases, larger cutoff values are required to remove high- consistent with our recent observation that the internal phase
frequency noise. Partly imaged regions near the edge are omittedstructure can be pinned by jamming of N& the interfacé!
as shown in Figure 1c. From this imagdg,is determined from Figure 4 shows howis evolves with time for the neat blend
the mean diameter of a circle having the same area as theand blends containing-220 wt % NP. Initially, all films are
original irregularly shaped region. For the internal or midlayer smooth R, ~ 5 nm), and no periodic fluctuations are observed.
morphology shown in Figure 1d, the correlation length For the shortest annealing time, 1 h, all samples have similar
between A domains (dark) was determined from the dominant is values, ca. &m. For blends with NR, As monotonically
wavevector,knat), by converting the image into reciprocal increases as time increases and, after 120 h, approaches 21, 22,
space by a fast-Fourier transform and us#t = 27/Knax(t). and 20um for 2, 5, and 10 wt % loadings, respectively. As

Surface roughening and rupture can be slowed down or evenshown in Figure 3aR, increases in a similar manner before
prevented by the addition of NP as dramatically illustrated in reaching~321, ~228, and~206 nm at 120 h, respectively.
Figure 2. Figure 2a shows that neat blend films are extremely On the other hand, for blends with NFs values are shorter
rough and exhibit a root-mean-square (rms) roughnegsof and reach only~13,~12, and~9 um, respectively, consistent
506 nm after 72 h. Upon adding 5 wt % NBr NR,, films are with the much smalleR, values of~11,~8, and~5 nm shown
smoother as shown by parts b and ¢ of Figure 2, respectively.in Figure 3c. However, for blends containing 20 wt % P



386 Chung et al. Macromolecules, Vol. 40, No. 2, 2007

3 1 ke = 1 I

= {@NP, $(C)NPg \
= ]
PRE A~ : A

o r ] ° i p 4 4
o 5 ,
~ 100 ,/.' _’--"" E o ; T f =
w 3 A | A 3
SN
i ) o
e | #° 2
O 15 AN
@ 10+ 14 S i - O
» E E«u
= b ﬁ— - —— e -
o ]

7]
N3a | ag |72 [ee | H2n o) 24 Las a2 | les ) a2a gl B4l lagl Bl es 0
Time [hour]

Figure 3. Evolution of rms roughnes$R() plotted vs time. Rupture time is defined whBa= 100 nm. The solid upper triangles (without NP)
are included in all three figures as a reference. Squares, circles, diamonds, and lower triangles correspond to 2, 5, 10, and 20 wt % NP loadings,
respectively. The same symbol identifications are used in Figures 4 and 5.

L T LI | L | T T w: T LI | Lo | LTI |

| LI R | T o
(b) NP, N 1(©) NP 3 i

[#%]
o

1
B
|
£
- -
>

L

"
o

]
w
1

.,
.,

]
o
[

.

—
w
L 1
.
"f- e
~ g
S
S

Surface Wavelength (1 ) [um]

=
" 1
0!

T T T T T T T T T T T T T T T T T T T T

0 24 48 72 06 120 O 24 48 72 96 120 O 24 48 72 906 120
Time [hour]

Figure 4. Surface fluctuation wavelengttigf vs time for the three types of NP. Symbols are described in the caption of Figure 3. See text for
details.

between 24 and 120 ks increases from 12 to 18m. However, respectively. Approximating the surface fluctuation as a sinu-
Ry is nearly invariant, only increasing slightly from 9 to 13 nm, soidal function, the stabilizing pressure is
suggesting that the wavelength and local roughness are de-

coupled. This observation is discussed later. 2005t 0) 16 (05t 0)R,

AP,
s N

s r

where the radius of curvaturas = («/yr/8)(/152/Rq). The
destabilizing pressure from the internal structurePy is
indicated in sketches of the morphology shown in Figure 5a,b.
By designating the surface height and periotheg = d + R
and/s, respectively, the number of A domains per thin region
is (A4£)%2. Neglecting thin wetting layers, the radius of
curvature for the B phase (gray in Figure 5) in the thin region
is r1 = (d — Ry)/2. Similarly, in the thick regionr, = (d +
Ry)/2. Therefore, the internal pressure difference between the

1)

Discussion

Capillary fluctuations along the interface between the wetting
and midlayer is a potential driving force for film roughening.
In the layered structure A/A:B/A/substrate, deformation along
the A/A:B interface can dominate roughening because the
interfacial tensiond; = 0.9 mJ/nd) is much less than the surface
tension ¢s = 27.4 mJ/mM).15If a long-range van der Waals force
produces interfacial fluctuationgds and 7, are given byls =
4ad(rod An)Y2 andts = (48ym2od AR?)d®, whereAy andy are
the Hamaker constant and viscosity, respectivelysing
literature and measured values g5 ~ 1071°J andng ~ 4.0 ! . . ;
x 10° Pas$?4respectively, and thd value for the e71tire film, thin and thick regions can be approximated as
550 nm, 75 and 1s are 169 years and 53@m, respectively. 1 1122 4R, 2.\2
Clearly these predictions are inconsistent with the experimental AP =0 |=—= =l = ol 57— = 2
results in Figure 3, which indicate ~ 1 day andis ~ 10 um. o rf\é d°—R, g
Here, we present a new model that is consistent with the phase-
separated morphology prior to rupture and attributes film rupture For AP; > APs, B flows from depressed to elevated regions as
to the Laplace pressure produced by the internal structure inillustrated by the arrow below Figure 5b. This flow amplifies
the midlayer. the long-wavelength fluctuations and increases film roughness.

In our system, the Laplace pressure can stabilize or destabilizeln this treatment, the flow of B will decrease the amount of B
the film. The stabilizing Laplace pressure results from the in the thin region (B phase shrinks) and increase B in the thick
surface curvatureAPs), which comes from long-range fluctua-  region (expands). Conversely, A domains will expand and shrink
tions alongx andz directions (cf. Figure 5), namelys andRy, within the thin and thick regions, respectively.
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Figure 6. A log—log plot of s vs R;. The symbols follow Figure 3.
For neat blend films and films containing NP.s scales withR;'.
(lower inset) For films with NR or NPs, scaling breaks down,
suggesting that NP at the interface perturb the growth of interfacial
fluctuations that lead to film rupture. (upper inset) Cross-sectional
cartoon depicting the internal structure of the film and key parameters
As, Rg, and &. Black and gray correspond to A and B phases,
respectively.

Figure 5. (a, b) Two sequential cartoons of the internal structure and

film thickness that depict the late stage morphology evolution where ; P ; ;
fluctuations in film thickness facilitate rupture. The internal structure elucidate the origin of roughening. Figure 6 sholyss R, for

exerts a Laplace pressure that destabilizes the film by amplifying long- A/B films and those containing NP. For neat and J\tend
wavelength fluctuations. Black and gray corresponds to A and B phases,films, a scaling relation (solid line) is observety [nm] =
respectively. Because of the higher curvature of the B phase in thin 5000;>q0-25, for Ry ranging from~6 to ~300 nm, as shown in
regions (1 < ry), the Laplace pressure is greater in the thin regions Figure 6. However, scaling breaks down for films containing

(Pi1 > Pi2). Thus, B flows from depressed to elevated regions because . . - .
of the internal Laplace pressure gradietlPy), resulting in amplification NP that segregate to the interface, as shown in the inset of Figure

of long-wavelength fluctuations. Evidence for this mechanism is 6. This result indicates that film roughening is perturbed (i.e.,
presented by the SFM image (40 x 40 um) of the midlayer for a As and Ry are decoupled) by NP segregation to the interface.

blend withdStwt;:@ ER a:;telr 72h _(ct). Here, th;a_ Iigllht ar;]d dark ;ﬁgi%rlls . Specifically,As increases more rapidly thd® as shown by the
correspond to high and low points, respectively, whereas the blac . ; P 1 . )
circles are A domains (etched). Note that the B phase is continuous, gatakldn the_ m‘ls"lft.l Qu?“ttagvfly’ththe olrlgln gf f.tlhls ?Cg.lll.':g
although B appears discrete in (a) and (b). The same gray and blackPreakaown 1Is likely related to the prolonged tim stability

color schemes are used in (a), (b), and Ry).As, and& are 134.6 nm, observed when NP locate at the interface. However, new
23.7um, and 2880 nm, respectively. experiments and theory are needed for a complete description.
To understand the scaling relation uncovered in Figure 6, the
Using measured characteristics, the proposed model can beyrigin of long-range fluctuations must be known. Although a
tested by determining whethe&/P; > APs. For neat blends at  definitive answer is lacking, the recent theory by Clakkehich
10 h,4s, Ry, and are 11um, 22 nm, and 2600 nm, respectively. attributes film destabilization to inhomogeneities in lateral
Using egs 1 and 2APs and AP; are 47 N/m and 5700 N/, composition, may shed some light on the observed scaling
respectively. Becaus&P; is about 125 times larger thakPs, behavior. In our system, we postulate that short-wavelength
the internal Laplace pressure can drive B from depressed tocomposition fluctuations produced by spinodal decomposition
elevated regions (i.e., arrow pointing towarek), causing  (j.e., early stage) induce the long-wavelength surface fluctuation
roughness amplification. For a neat bend and blends containingin Figure 5. Interestingly, the initiation of a long-wavelength
NPa at 2, 5, and 10 wt %AP; is consistently about 2 orders of  fluctuation by a short-wavelength fluctuation has been observed
magnitude greater thakPs. Thus, experimental support for the  jn the wrinkling of a metal layer on a polymer fifthas well as
proposed mechanism is rather extensive. In additiOH, the SFM Turing and Spira| waves in chemical reacticdAsVe hope that
image in Figure 5c provides direct evidence that B flows from our new experimental results will stimulate new theories of
low (dark) to high (light) regions. Note that A domains (dark roughening in liquid thin films.
circles) exhibit larger diameters in thin regions and smaller ones
in thick regions, consistent with the sketch in Figure 5b. Conclusion

For the ﬁrSt time, a destabi"zation mOde| COﬂSiStent W|th the In th|s paper, f||m rougher“ng |S |nvest|gated |n neat blends

underlying morphology is proposed for roughening in phase- 35 well as those containing NP. If they segregate to the interface,
separating polymer blend films. Nevertheless, improvements to Np can jam together and prevent film rupture. Although particle
this model are possible. For example, the curvature of the B gtapilization in emulsions is of longstanding interest, recent

phase in thex—z plane produces flow over a distante An interest in new nanoscale materials has driven a resurgence in
improved model would also capture local flow of B over the  ynderstanding the behavior of NP at interfagsew model3°
distanceZ, which is generated by curvature along they plane have appeared as well as the observation of interconnected
defined in Figure 5c. As described in an earlier study, this glasslike structure¥ The main result of this paper is that
curvature drives domain coalescer¢é internal phase separation destabilizes multicomponent, complex,
Having quantified roughening usirdg andRy, an investiga- liquid films by a morphology-driven Laplace pressure. The long-

tion of coupling between these key parameters may further wavelength fluctuation that drives dewetting of the polymer
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blend films may be initiated by short-wavelength fluctuations
resulting from spinodal decomposition. The scaling relafion
0 R4 is an interesting finding that will hopefully motivate
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