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The adsorption of block copolymers from a homopolymer melt is studied as a function of matrix molecular
weight using neutron reflectivity and low energy forward recoil spectrometry. The block copolymer is
poly(deuterated styrenigtock-methylmethacrylate(dPS-b-PMMA), which contains short MMA and londS
blocks. The MMA block adsorbs to the silicon oxide surface, wheread & extends into the matrix chains.
ThedPS-b-PMMA is blended with a polystyrene matrix of molecular weightVolume fraction profiles and
copolymer coveragezt) are investigated as a function Bf We find thatz* initially increases rapidly with
P and remains almost constant f8rarger than Az (Ng is the number oflS segments We also observe that
the thickness of the adsorbed layér) (as well as the interfacial width between the brush and the mairjx (
initially decrease rapidly with increasing and become weakly dependent Brfor P>2Ng. By measuring
z*, L, andw as a function ofP we observe a crossover from a stretched to collapsed brudk-aiNg. For
P>2Ng the matrix chains are driven from the adsorbed layer by entropy. Self-consistent mean field predic-
tions are in qualitative agreement with experimental results and provide an estimate for the MMA-wall inter-
action energy—8kT/block. [S1063-651X97)50609-X

PACS numbegps): 61.25.Hq, 36.20-r, 68.35.Gy

Polymer adsorption onto a solid substrate plays a key rolgdPS-COOH) adsorbed onto silicon oxide. For a nearly con-
in determining the properties of adhesives, coatings, compositant graft density oflPS-COOH, theP of a polystyrene
ites, and other engineered materiglg. Adhesion of coat- matrix was varied. Qualitatively, the brush thickness was
ings to a variety of surfaces can be controlled using additivefound to be independent & for P>N, the number ofiPS
called adhesion promoters. These polymers adsorb preferesegments. Because the brush thickness was not quantitatively
tially to the polymer-solid interface and improve the interfa- evaluated, this study was only able to estimate Rheorre-
cial properties. Strong attraction to the substrate on one hanshonding to the crossover from the case where the matrix
and entanglement with the polymer matrix on the other makehains penetrate the brush to the case where the matrix
these polymers very attractive for tailoring the adhesion bechains are mainly expelled. Similarly, using neutron reflec-
tween polymer films and inorganic substrdtes Our goal is tivity, Nicolai et al. [11] measured* and the brush-matrix
to control the conformation of adsorbed molecules at thenterfacial widths fordPS-COOH as a function of polysty-
melt-substrate interface so as to tailor the adhesive properti¢ene matrix molecular weight; however, no clear transition
of coatings. was found in these studies. By measuring the brush thickness

Polymer adsorption from a polymer melt has recently re-and width over a wide range ¢’s we will show that this
ceived theoretical3,4] and experimental]5—-13 attention.  crossover occurs &~ 2Ng.

The effect of the adsorbing polymer concentration on the In this paper, we study polgleuterated styrenglock
adsorbed amountzt) was investigated by Green and Rus- methylmethacrylate(dPS+h-PMMA) adsorption at a PS—
sell [5] and Budkowski, Klein, and Fettef§] for block co-  silicon oxide (SiQ) interface using low-energy forward re-
polymers, and by Zhaet al. [7] and Joneset al. [8] for coil spectrometry(LE-FRES and neutron reflectivityNR).
end-functionalized homopolymers. From a practical and funThe number of polystyrenéPS segmentsP, is varied sys-
damental prospective' a key parameter governing po|yméﬁmatiCa”y SO a quantitative understanding of the interplay
adsorption at a solid surface is the matrix degree of polymerbetweenP anddPS-h-PMMA adsorption can be gained. As
ization P. At the air-polymer interface, Budkowskt al.[9] P increases, the interfacial excessdRSH-PMMA (z3),
found that the block copolymer thickness decrease$ as increases, and reaches a plateau ea2Ng, whereNg is
increases. In their study, the stretched to collapsed transitiofi€ number ofdPS segments. The adsorbed layer thickness
was not investigated. For symmetric block copolymers(L) and the interfacial widthw) between the layer and ma-
Green and Russe[l5] reported thatP had no significant trix are both found to decrease with, and become nearly
effect on the z* of poly deuterate@tyrene-block- independent oP for P>2Ng. Quantitative analysis af
methylmethacrylateover a limited range oP. Clarkeetal. L, and w reveals that the adsorbed chains go from a
[10] used neutron reflectivity to determine the concentratiorstretched conformation at low to a collapsed one &
profile of carboxyl end-functionalized deuterated polystyrene>2Ng. A comparison of thedPS-b-PMMA volume frac-
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TABLE I. Polymer characteristics.

Polymer Number of segments Polydispersity index Source
dPSHh-PMMA 933 for dS; 44 for MMA 1.05 Polymer Source, Inc.
PS 288-6246 1.03-1.06 Pressure Chemical

tion profiles with those from a numerical self-consistentthe interaction parametergsg, xam. and xygm, and the

mean field(SCMF model shows that the interaction energy interaction energies between the substrate and polymer seg-

between the MMA block and SiOs —8KkT. ments, namelysy, g, andey,. The indexM denotes the
The characteristics of the adsorbing and matrix polymersnatrix polymer. Since th® block and the matrix arePS

are given in Table I. ThePSH-PMMA is a strongly asym-  and PS, respectively, the interaction paramgtgy was set

metric block copolymer having only 4.5 mole % of MMA. to 0. Similarly, the interaction of PS antPS with SiQ was

The short MMA block is known to adsorb to the SiGur-  neglected by setting3=¢3,=0. Using the known PS-

face, whereas the longS block adsorbs only weakly and is pMMA interaction parametergl9], the values ofy,g and

easily replaced by MMA segmenit$4]. To simplify the no- . were taken agag= xan=0.0367 at 174 °C. Thus, the

menclature in this paper, we will denote the adsorbing MMAonly unknown parameter is the interaction energy between

block asA and the nonadsorbindS block asB. To probe  theA block and the SiQ. Therefore, by varyings$ until the

the various regimes, the valuesmfange from much shorter  scMmF and experimental volume fraction profiles agree, the

thanNg to much longer thamg . strength of the MMA interaction with the wall can be deter-
_Substrates were prepared by etching a silicon wafer for 3yined. A reliable method for measuring, is of great im-

min in a 7% vol. hydroflouric acid solution to remove the qrance because this parameter strongly influences adhe-

native oxide. The substrate was then placed in an ultravioletjy,

ozone cle{;\ner for 10 min, resulting i'n a clefsm 20 A Siitn. Figure 1 showsZ (solid circles measured by LE-FRES

Polymer films were prepared by spin coating a toluene solu-

; : , :
tion of dPS-h-PMMA and PS on the substrate. As the matrix as a function oP. As P increaseszg Increases rapidly, and

) . . . then saturates at about 55 A Brapproximately equal 95 .
molecular weight increased, the solution concentration wa

decreased from 2.5% to 5% wt. in order to keep the ﬁlmi‘S P increases, the driving force faiPSH-PMMA adsorp-

thickness constant, Samples were then dried in a vacuurtﬁon increases because the entopic penalty for matrix chains

i i Eo *
oven for about 12 h at 80 °C. Film thicknesses as determineHJ reS|d_e hear the substrate INCreases. 2Ng z5 Stops .
by ellipsometry were about 2000 A. The volume fraction of Ncreasing because the accessible sites for MMA adsorption

: . _ filled atP~2Ng. Thus further increasing® does not
dPSh-PMMA in the as cast fims wasp,.=0.05. Al &€ B )
samples were annealed in a vacuum oven for 5 days atc'casé .the number*of adsorbe#lS-b-PMMA chains. The
174 °C. inset in Fig. 1 showsgg calculated from the SCMF model for

The interfacial excess of the deutera@dlock was de- &A= —8KT/A block, wherek andT are the Boltzmann con-
termined by LE-FRES using a 2.0-MeV Héon beam at 15°  stant and temperature, respectively. This value pforigi-
incident and exit angles with respect to the polymer film, andnates from NR measurements discussed later. In qualitative
a 7.5 um Mylar stopper foil. Under these conditions, the agreement with experiments, the SCMF-increases rapidly
depth resolution ranged from about 450 A at the surface to
about 700 A at 2000 A beneath the surface. Conventional
FRES[15] and LE-FRES[16] have been described else-
where. For selected samples, the volume fraction profiles
were measured by neutron reflectivity at the High Flux Iso-
tope Reactor at Oak Ridge National Laboratory, and at the
Intense Pulsed Neutron Source at Argonne National Labora:
tory on the MIRROR(HB3A) and POSYII reflectometers,
respectively. The principles of NR have been described else:
where[17]. For consistency, the LE-FRES and NR measure-
ments were carried out on the same samples. The NR dat
sets were evaluated using the fitting procedure outlined in
[18].

To complement the LE-FRES and NR measurements, &
SCMF model was used to calculate the volume fraction pro- 0 - - -
files of theB block at the PS/SiQinterface. These calcula- 0 2000 4000 6000 8000
tions followed the procedure of Shull and Kranidi and Number of segments of PS matrix, P
were extended by us to study block copolymer adsorption at
the polymer-solid interface. From the SCMF volume fraction  fG. 1. Interfacial excess dd block (z%) as determined from
profiles, the characteristics of the adsorbed layer can be d¢g-FRES (solid circleg. Inset: z§ calculated by SCMF model
termined, namelyzg , L, andw. The SCMF input param- (solid line for e3=—8kT. The segment-segment interaction pa-
eters are the segment numbers of shandB blocks and the rameters are given in the text. The error bars were obtained follow-
matrix polymer, the bulk volume fraction of the copolymer, ing [21].
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FIG. 2. Volume fraction profile oB block measured by NR 150 ) . : .
(solid circles for P=6246. The PS/SiQinterface is at depth O. 0 2000 4000 6000 8000
Lines represent the volume fraction profiles®tlock calculated Number of segments of PS matrix, P

by SCMF for e;=—6kT (dotted ling, —8kT (dash-doted ling

and— 10k T (dashed ling Segment-segment interaction parameters  FIG. 3. (@) Normalized thickness of the adsorbed layk) de-

used in the SCMF are given in the text. The arrow indicates théermined from NR(solid circles. Inset:L calculated by SCMF for

radius of gyration of thd block (Ry). ea=—8KT. (b) Adsorbed layer—matrix interfacial widtiw) deter-
mined from NR(solid circles. Inset:w calculated by SCMF for

at low P and saturates aP~2Ng. Note that the SCMF &;=—8kT. The error bars were obtained followifigl].

model underestimates the magnitudez§f by about 15 A

over the entire range d?. Recall that the slightly repulsive (*=1kT) was obtained consistently for all values Bf This

interaction betweedPS and PS was neglected in the SCMFresult contrasts with the SCMF calculations of Clagktel.

calculations. By including this interaction tki&S-b-PMMA [10], wheree} held no physical significance. Note that in our

chains would receive an additional driving force for leaving calculationss 3 represents the interaction energy between the

the bulk and consequentlf would increase. In addition, A block and the SiQ substrate. Because all 44 MMA seg-

the dS segments are preferentially attracted to silicon oxidements do not lie on the surface, the interaction energy per

over the PS segment&0] providing an additional increase segment is unknown. For example, if every fourth MMA

in the calculated . The incorporation of both contributions segment was attached to the surface, the strength of the

into the SCMF calculations is underway. MMA-SIO, interaction would be about 1kT, a reasonable
The B block volume fraction profile measured by NR result.
(solid circleg is shown in Fig. 2 for a matrix withP Figure 3a shows the normalized adsorbed layer thick-

=6246 (6.Ng). The PS-SiQ interface is at depth 0. Figure ness(solid circleg as a function ofP. The thickness is cal-
2 clearly shows thatiPS-b-PMMA adsorbs strongly to the culated from NR volume fraction profiles of th block
SiQ, surface, reaching B volume fraction of 0.28 near the [¢(z)] using

interface. Because of the finite sample thickness and appre-

ciablezg , the bulk volume fraction of th8 block decreases 1=

from 0.05 before to 0.02 after annealing. The thin depletion L= gfo [#(2) = ¢-]dz,

layer at the interface is due to the presence of the ads@bed

chains(i.e., MMA). Because MMA contains only hydrogen, \yherez is the distance from the PS-Si@nterface. At low

a depletion in the deuterium volume fraction profile is 0b-p he adsorbed layer is about R5thick, suggesting that
served at the PS-SiOnterface. ForP>Ng, Fig. 2 shows 0 4sorhed chains extend from their unperturbed conforma-
that the adsorbed layer thickness is comparable toBhe 5 and stretch into the matrix. A® increases.L/R

. . _ . . . ’ g
block radius of gyrationR,=84 A), indicated by an arrow. quickly decreases and becomes nearly independeRtfof
Also shown in Fig. 2 are the_: SCMF vqume_ fra_lctlon p_rof|les P>2Ng. Because the entropy of mixing decreases with in-
of the B block forsthree different MMA-SIQ interaction  reagingp, the matrix chains are progressively expelled
energies, namelys,=—6kT (dotted ling, —8kT (dash- oy the layer. As a result, the adsorbed layer becomes thin-
dotted ling, and—lO_k_T (dashed ling Note that the profiles ner and compact. The inset of FiglaBshowsL/R, calcu-
are extremely sensitive to the magnitudesf. For s3=  |ated by the SCMF model. Although the SCF model under-
—6kT the adsorption is very weak, whereas an increase igstimatesL by about 20% these results are in good
SZ from —6kT to —10kT results in an almost fivefold in- qualitative agreement with experiments_
crease in theB block concentration at the interface. Fok Figure 3b) shows that the interfacial width between the
= —8kT (dash-dotted linethe model profile is in best agree- adsorbed layer and the matrigolid circles behaves in a
ment with the NR profile(solid circleg. This value ofei  similar manner a&/R;. The width is defined from the gra-
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dient of the profile at the center of the interface. For By tative study of the stretched to nearly collapsed transition of
the interface is quite broady=190 A, suggesting that the dPSb-PMMA chains adsorbed from a PS melt to a silicon
nonadsorbingB block and matrix chains are highly en- oxide surface. The interfacial excessd$ block is found to
tangled. AsP increases, the matrix chains are expelled fromincrease withP, and to reach a plateau ne@r-2Ng. The

the adsorbed layer. Thus, the interface becomes narrower aadsorbed layer thickness and the width of the layer/matrix
w decreases. Fd?>2Ng, w becomes nearly constant. The interface are both found to decrease withand to become
inset to Fig. 80) shows howw from SCMF varies withP.  nearly independent d® for P>2Ng. By rigorous compari-
Again, the SCMF prediction is in good qualitative agreemenison of the experimental volume fraction profiles with those

with experimental results, although the calculated values ung, 1 4 SCMFE model. the value of the MMA-Sj@nteraction
derestimate the experimentai by about 25%. A possible energy is determine;j to be, = —8kT per block. These re-

ri?f,ﬁznvtgyvgffgst?f i?hélﬁoi;d;\%ar; lisr'z tzhasﬂgcvilrtﬁ;{ sults show that the effectiveness of BS2MMA copolymers
b s . - 719 as adhesion promoters in PS coatings can be optimized by
the yalue Of‘?A strongly mflut_ances the shape of the VOIumechoosing PS block lengths which are greater thanUnder
fraction profile. The interaction energy was chosen 10 proy,eqe conditions the adsorbed chains are well entangled with

V'de. the best agreeme.nt. between SCMF and expgrlmentﬁlle matrix chains and therefore the polymer coating is more
profiles near the PS-SiQinterface. Away from the inter- securely anchored to the substrate

face, the agreement becomes worse and, in general, the
SCMF profile is thinner and sharper than the experimental This research was supported by the Division of Materials
profile. Research, National Science Foundation, under Grant Nos.
Figure 3 shows that foP<<2Ng bothL andw are very NSF/MRSEC and DMR96-32598. Support also came from
sensitive functions oP. In this regime the adsorbed chains the National Science Foundation’s International Program
are stretched and the matrix polymer penetrates deep into thT94-17523 and Division of Materials Research, DMR95-
adsorbed layer. AR becomes larger, the adsorbed layer col-26357, and from the U.S.-Czechoslovak Science and Tech-
lapses, and aP~2Ng, we observe a transition into the re- nology Program, Grant No. 95009. The NR experiments
gime where the adsorbed layer properties are almost indevere supported by the Division of Materials Sciences, Basic
pendent onP. These results agree with the observation ofEnergy Sciences, Department of Energy, under Contract
Green and Russgb] who found that the layer thickness was Nos. DE-AC05-840R21400 (ORNL) and W-31-109-
independent oP for P>2Ng. Our results suggest that the ENG-38 (ANL), respectively. We acknowledge the use of
adhesion of polymer coatings can be improved by addinghe shared experimental central facilities of the LRSM at the
block copolymer additives with sufficiently high molecular University of Pennsylvania, NSF/MRSEC DMR96-32598,
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