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Swelling of a polymer brush probed with a quartz crystal resonator

Arno Domack! Oswald Prucke?,Jirgen Rine! and Diethelm Johannsmahn
Max-Planck Institute for Polymer Research, P.O. Box 3148, 55021 Mainz, Germany
’Department of Chemical Engineering, Stauffer Ill, Stanford University, Stanford, California 94305-5025
(Received 13 November 1996; revised manuscript received 7 March 1997

We have studied the temperature dependence of swelling of a polystyrene brush in cyclohexane with quartz
resonators and ellipsometry. The swelling of the layer, which has been covalently bound to a silicon oxide
surface, continuously increases as the temperature is raised. The data from the quartz resonator display a “film
resonance,” which indicates that the thickness of the brush is on the order of the wavelength of transverse
sound. The quantitative analysis shows that the acoustic thickness as determined with the quartz resonator is
higher than the optical thickness from ellipsometry. We argue that this difference is partly due to the high
contrast achieved in acoustical measurements, which makes the quartz resonator most sensitive to dilute
regions in the tail of the segment density profile. The relation between the acoustic thickness and the hydro-
dynamic thickness is discussg¢&1063-651X97)03307-2

PACS numbe(s): 62.80+f, 68.45.Nj, 83.10.Nn, 83.85.c

INTRODUCTION periment[32] that shear will change the structure of the
brush and induce an increase in thickness. This scenario is
Polymers that have been terminally grafted onto a solichot expected for brushes on quartz resonators because of the
surface by a covalent chemical bond have recently attractel@w shear strairi~1%) and the fast time scale<1 us). Our
much interest both because of their importance in the contexdata show indeed that linear acoustics is observed, thereby
of surface modification and colloid stabilization as well asdefinitely excluding shear thickening.
due to the fundamental questions about the structure and the The brush is grown on a quartz resonator, slightly chang-
dynamics of polymers constrained in this peculiar way. Ofing the frequencies and bandwidths of its resonances. For a
special interest are so-called polymer brushes in which th&in brush in air, the changes in the resonances are mainly
graft density of surface attached chains is so high that thegletermined by the mag83]
have a strong overlap between neighboring chains leading to
a conformation in which the polymer is elongated normal to s
the surfacd1,2]. The field has been extensively reviewed in of =— 27 m, @
Refs.[3-7]. From the fundamental side, considerable theo- K
retical[8—15] and experimentell6—21 effort has gone into  with 5f the frequency shiftf the frequency of the given
the determination of the segment density profil@) as a narmonic, f; the fundamental frequency, Z,
function qf coverage, molecular weight, polydispersity, sol-_g gx 106 kgm1s2 the acoustic impedance of quartz,
vent quality, and surface curvature. Neutron scattefk®-  5nqm the mass per area. The central approximation in using
18] and reflectio 1921 have been the most widely em- o117 crystals as “microbalances” is that the wavelength of
ployed methods. While the segment density profile certainlishear sound inside the film is much longer than its thickness.
is a fundamental charaqtensuc_of the polymer brgsh, itis NOtrhis [imit obviously breaks down when the brush becomes
always clear how the interaction of a brush with, for in-pighiv swollen and dilute. When the brush is much thicker

stance, an opposing solid w4R?2], an atomic force micro-  han the wavelength of shear soufod its decay length the
scope(AFM) tip [23], another brush22], and a shear flow of scosity or the complex shear modulus of the brush can be

solvent[24-27 is determined by the density profile. Given yerived from the frequency shift according[@4]
the considerable experimental effort in determining a seg-

ment density profile, it seems worthwhile to probe the behav- if (i-1) f
ior of the brush under external stimuli such as shear flow Sf+iol= — VpG= A pwn, 2
directly. The behavior under shear in particular is of high 7L V2 T

importance because it relates to the tribologifaf—29,
rheological[30], and hydrodynami¢26] behavior. with 24" the change in bandwidtly the density,G=G'’
In this study we report on the response of a polymer brush+-iG” the shear modulus, ang the viscosity. It turns out

to transverse acoustic waves. The behavior of polymethat there is a very interesting situation in between the limits

brushes under strong shear recently has been subject to casf-a very thin film[Eqg. (1)] and a very thick filmEqg. (2)],

siderable debate. It is predict¢d1] and confirmed by ex- where the brush thickness is about one-quarter of the wave-
length of sound. For this situation, termed “film resonance”
[33-39, the bandwidth goes through a maximum. A film

* Author to whom correspondence should be addressed. resonance is very useful for acoustic characterization be-
FAX: 49-6131-379 360. cause the acoustic thickness can be determined. The acoustic
Electronic address: johannsmann@mpip-mainz.mpg.de thickness is the depth where most of the shear sound is
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reflected. The significance of the acoustic thickness is naotraveling acoustic wave in a bulk medium, the generalized
obvious when the viscoelastic properties vary graduallimpedanceZ* is the same as the conventional acoustic im-
across the brush-solvent interface as it is expected for a swopedanceZ=pv, with v the speed of sound. When several
len brush. As we will show below, the derived acousticwaves contribute to the stressis the sum of the shear stress
thickness is higher than the ellipsometrically derived thick-exerted by all waves, including the waves reflected inside the
ness. One reason is that shear sound tends to be reflectedsample. In this sens&* is clearly not a material constant
the outer edge of the brush. Because the acoustic thicknebsit depends on geometry.
critically depends on details of the segment density profile in  With this definition, the frequency shift of a quartz reso-
the tail of the distribution, it is difficult to relate it to a den- nator in contact with a viscoelastic medium is written as
sity profile as determined with neutron scattering. However, _
other types of interaction such as repulsion between two 5f*:|f_fz 4)
polymer brushef22] or the hydrodynamic behavi¢p4—26 T Zy'
depend on the tail of the profile in a very similar way as the
acoustic thickness. In particular, the acoustic thickness i#heresf* =&f+idl is the shift of complex resonance fre-
closer to the hydrodynamic thickness than the ellipsometrigluencyf* =f+iI" and " is the bandwidth. The shear stress
thickness. The acoustic thickness therefore is a useful quagxerted by a single wave is
tity for assessing the interactions of brushes. .

The brushes investigated were prepared by the “grafting o=iGku, ®)
from” technique[38—41], in which the polymer is formeih with k=w(p/G)*? the wave vector. In a geometry with

;itu_at the surface of the substrate by radical chain polymer—Shear waves traveling in both directions, we get
ization from a self-assembled monolayer of an initiator. The

brush thickness achievable with this technique exceeds those ik(u,—u_) 1—r 1—r
from “grafting to” procedures, where preformed polymers Z* = =NeGi 1 =% ©

are reacted with appropriate surface sites. This is due to the

fact that the limiting factor is the diffusion of monomers th u, andu_ the amplitudes of waves traveling forward
towards a growing chain rather than diffusion of polymers togng packwardyr =u_ Ju, the normalized amplitude of the
the surface. Followmg the grqftlng from approach, polymer afiected wave at the quartz surface, ahe: (p;G;)Y2 the
molecules with molecular weights up to severaP gmol  aeoustic impedance of the film at the quartz surfateis
can be attached to the surfaces with high graft densities angljerstood as a material constant, not as a generalized im-
films with thicknesses of several hundred nanomdiarthe pedance in the sense of E). Equation(6) shows that
dry stat¢ can be obtained. The molecul_ar weights of thecalculating the frequency shifif* of a resonator in a vis-
polymers can be measured after cleaving an ester bondye|astic medium requires the knowledge of the acoustic im-
which is part of the anchor group connecting the polymer tqeqance at the quartz surface and the amplitude of shear
the surfacg 38—40. _ _ sound reflected inside the sample.

Here we investigate the_k_)ehawor of a brush in poor sol-  5p important feature appears when the reflectivityn
vent and a_round th@ condition. A polystyrene brush Was gq. (6) approaches-1. This is, for example, the case when
immersed in cyclohexane and the tempe(ature was varieghao sample is a homogeneous film with a thicknesequal
between 10 °C and 60 °C. The solvent quality of polystyrengq 5 quarter of the wavelength of sound In this case the
in cyclohexane improves with temperature, #@oint for - panqwidth ' of the resonances becomes large and the fre-
unbound polystyrene in cyclohexane being Ta=34°C  quency shiftsf changes sign. Note that a positive frequency

[42]. The brush is_, in the concentrated solution regime for a"shift sf corresponds to a negative apparent mass of the film
temperatures. It is expected to be swollen at high temperas j s interpreted in the naive picture of the quartz crystal

tures and more compact beldly, . Around thed tempera-  microhalance. An acoustic model is required to correctly
ture, mean-field calculationgl0,43 as well as simulation  5nav7e the behavior of quartz resonators once the film thick-
studies[ 11,14 predict a gradual collapse of the brush. Our hesq is comparable to the wavelength of sound. A situation
data confirm that prediction. wherer in Eq. (6) is close to—1 has been termed film
resonanc¢35] because the film itself forms a resonator that
THEORY has an eigenfrequency close to the driving resonators fre-
guency. When the two coupled resonat@sartz and film
have similar frequencies, the transfer of energy into the film
is most efficient and the damping of the quartz resonance
fSaches a maximum. Film resonances are unambiguously
identified when the frequencies and bandwidths are mea-
'sured on several harmonics. The conditthr- A /4 will only
be fulfiled on those harmonics where the wavelength ap-
proximately matches four times the film thickness. These

flo(us+u_)

The formalism underlying our analysis of frequency shifts
and bandwidths has been described elsewf@&ée44. We
summarize the results and describe the adaptation of the ge
eral formalism to the particular experimental situation of a
polymeric adsorbate in a liquid environment. The general
ized acoustic impedanc& at an interface is defined as

0o\ o(w) harmonics have large bandwidths and the frequency shift
2" (w)=~ , (3 . X :
u(w) changes sign for harmonics lower and higher than the reso-
nant ones.
with o the shear stressg,the particle displacement, ancthe The feature of the film resonance has been exploited in

particle velocity. All quantities are complex numbers. For athe past to measure the viscoelastic shear moduli of thin
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films under various conditions such as hydroplastification, Acoustic Wave

swelling in a solvent, heating, and irradiation with uv light

[37,45,448. In these situations the film was homogeneous and

the ambient medium was air or vapor. Quartz Crystat—__| "
Here we report on a film resonance observed in a liquid

environment. Naturally, the film resonance is highly damped.

The interface between the film and the liquid environment Gold Electrodes —~—

may be smeared out. Also, the phase of reflection at the /

Polarizer

B Polymer Brush
. /5 [ -

Si0y Layer ————

Analyzer

brush-solvent interface will be different from 0°. Reasonably Netwrk
analyzer

simple analytic expressions for the frequency shift can be
given if a viscoelastic box profile is assumed. We get

if f Zbr (Zb,+ Z|)eXF(2i kbrdbr) — (Zbr_ ZI) (7) Quartz Resonator Ellipsometer
T Zg (Zort Z))expl(2ikpdp) +(Zp—2Z)) FIG. 1. Experimental setup. The polymer brush is attached to
) o the surface of the quartz resonator and changes its resonance fre-
with Z, andZ, the acoustic impedance of the brush and theyencies and bandwidths during swelling in a solvent of varying
liquid, ki the wave number inside the brush, adg the  guality. The ellipsometric thickness is determined in parallel. The
thickness of the brush. The denominator becomes large whefshed lines show the amplitude of the acoustic wave. The thick-
exp(dky,d,~ — 1. This is again the condition for a film reso- ness of the brush has been largely exaggerated for the purpose of
nance. For swollen brushes the conditigd,,~ 7/2 ord,, illustration.
=\/4 does not exactly match the maximum &f because
the factorZ,, depends on swelling as well. Still the condition assume that there are no waves reflected from the cuvette
dy=A\/4 can serve as a good first guess. walls. We neglect longitudinal contributions, which if
For more general viscoelastic profiles numerical procepresent can cause problems because they have a different
dures are needed. Most conveniently, the samples is divideghpedance and can propagate to the cuvette wall and be re-
into N slabs of thicknessl; with a local acoustic impedance flected there[46,49. However, longitudinal waves would
Zi=(p;G;)¥? and a local wave numbds¢ . The situation is not go unnoticed. Because they depend on the position of the
analogous to the calculation of reflections and transmissionsample in the cell, strong longitudinal contributions would
of multilayer structures in optics, where the acoustic impedprevent the reproducibility of the measurements.
anceZ takes the place of the refractive indg47]. Note, While the calculation of the frequency shiff* from a
however, that in contrast to the refractive ind&xcan vary  given viscoelastic profile is straightforward, the inversion of
over many orders of magnitude. The contrast in sheara given experimental set of frequency shifts and bandwidths
acoustic experiments is thus much higher than in optics. to the shape of the viscoelastic profile is not without ambi-
In calculating the reflection amplitude[Eq. (6)] we fol-  guities. It is therefore crucial to identify qualitative features,
low the “matrix formalism” [48]. At any depthz; of the  which can be interpreted without recursion to quantitative
sample, the amplitudes of the waves going forward anditting. The film resonance is the most prominent of those
backward are written as a vectar=(u, ;u_;). In accor- features. When the film resonance occurs, it is safe to assume
dance with the conventions in optics, we take the direction othat there is a reflecting interfaceith some finite interface
the z axis as pointing towards the quartz surface. All time-width) somewhere inside the sample. The sound waves re-
dependent quantities vary as exgij. The outermost layer, flected from that interface have acquired an overall phase of
which is the liquid, has index 0. In the liquid, there is no . The width of the film resonance will depend on the loss
wave going towards the sample surface, iugs (1,0). tangent tad=G"/G’ in the medium as well as the nature of
The reflection coefficient at the quartz surface ris the interface. If the interface is smooth or if the acoustic
=u_ n/u, . The propagatoP connectinguy to up is de-  contrast is low, a large fraction of the energy will be trans-

of*

fined by mitted. Therefore, the acoustic energy inside the brush de-
creases and th® factor of the film resonance is low.
Uy=P-Up=Ln-Syn-1-Ln-1-" - 'L1-SioUp, (8 For frequencies far away from the film resonance, the
_ _ frequency shift 5f* is dominated by the prefactoZy,
with L; the layer propagator of thih layer, =(pGp) 2 in Eq. (7). Therefore, the shear moduliisoth
exp(ik;d) 0 G,, and Gy, at the quartz surface can be independently as-

(9) sessed.

0 eXF{ - |k|d|)
and S ;_; the interface propagator between layeand i EXPERIMENT
-1, A sketch of the experimental setup is shown in Fig. 1. We
employed AT-cut quartz crystals with a diameter of 1.4 cm
and a fundamental frequency of 4 MHz. The surfaces were
plane parallel and optically polished. The back electrode had
a keyhole shape to achieve energy trappib@]. Effects
Given a decay length of transverse sound at megaherfrom the mounting structure can be assessed in the following
frequencies in liquids of typically less thanuln, it is safe to  way. First, the quartz is held with an alligator clamp and the

1

147112, 1-Z_41Z,
S 175

. 1
1-2, 412, 1+Z,_,/Z (10
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3 o oN o concentration of styrene was 50 vol % in toluene. After po-
[ CI—éiWOMN¢N\f/Me e lymerizing for 15 h at 60 °C, the sample was rinsed with
8 e & Me N solvent, underwent Soxhlet extraction overnight, and was

dried in 10 3 mbar at 60 °C for 6—14 h. The dry thickness of
the resulting polystyrene film was ellipsometrically deter-

Me N e styrene - toluene mined to be 763 nm. The molecular weight of this particu-
—O—%i—/\/OMN//N\’/Me T lar sample could not be detected since the amount of material
e 12 . .
= 0 CN is too small to be used for polymer analysis. However, from

other experiments using large substrates as well as high sur-
face area silica gels, where similar polymerization conditions

oN " . .
Yo ON—% immobilized have been chosen, we can estimate that the molecular weight
o3 Me poly(styrene) of the sample is in the ranghl,~(0.5—-0.8)x 1¢° g/mol
Me © [38,39. The polydispersityM,,/M,, is about 2. From the

molecular weight and the mass dendiitg., mass per ar¢a

FIG. 2. Schematic depiction of the synthesis. Th_e Iniator 18ye gistance between two anchoring sites is calculated to be
self-assembled on the surface of an evaporated oxide layer. Thf

. " 0-40 A. Frequently, this is expressed as a grafting density
polymer grows by free radical polymerization from that surface- o . o
bound initiator. o, where the minimum geometric area per segment is di-

vided by the area per chain. In molecular-dynamics simula-

frequencies and bandwidths are determined on alll harmonicgf)ndS Lhis colrresponﬁs.to thz fra;tion IOf sg;?geogit%socgccu-
When the quartz is mounted in the liquid cell, the rim of theP!€d Dy polymer chain ends. value ar=0.0o-U.

. . . . __fresults.
quartz is covered with a silicone glue to prevent electrical )
contact between the front and the back. This mounting struc- It has been suggested that collapsed films may be unstable

ture affects only the lowest harmonics. The frequenc shiff’Vith.reSpe.Ct to Iat.eral structure formati.cﬁm1,56,5z. T_he
induced by theymounting is less thanf0of the rqefererzlce stability criteria given i Ref.[56]' indicate that h|gh-
frequency and therefore much less than the shifts induced bfn)(:olecular-welght brushes are particularly good candidates

swelling of the brush. Only low harmonics are sensitive to r such a scenario. _In ordgr to inves’gigate that possibility,
the mounting because the confinement of the oscillation t e looked at the dry films with a scanning force microscope.

the central area is more effective for short wavelengths o e found t_hat the rms roughqesg of the_ﬁlm surface was less
sound. _han 3 nmin all cases. For th|_n films, this rpughness is most
The front electrode covered the whole surface of thej'kely due to the SIQ film, which has considerable rough-

quartz. A 30-nm layer of Sipwas evaporated onto the gold nesshdue tc_) the et:/?porattt:on ?rzocﬁss'trlp sny calsfe, tlh? rn?s
electrode to provide the oxidic surface needed for the syn.[Oug NEss 1S much [ess than the fim thickness. 1t a 1atera
stability occurs its amplitude is much less than the film

thesis of the polymer brush. Both the electrodes and the : ) : .
SiO, layer are sufficiently hard to be considered as a part o |ckn¢ss(cf. Fig. 6 In Ref.[56]). For matters of V'SQOEIaSt'C
modeling, we consider the lateral variation of thickness as

the quartz crystal for all purposes of acoustic modeling, xveak and neglect it in the following. This assumption is also

The amplitude of shear sound at the quartz surface is i . SO
the range of tens of nanometers. Given a wavelength insid upported from the neutron refllect|o.n data, which indicate
y at the brush-solvent interface is quite shespe below.

the brush on the order of micrometers, we derive a shea
strain on the order 1%. Note, however, that the shear rate is RESULTS
quite high due to the high frequency. We checked for any
acoustic nonlinearities by varying the driving voltage of the Figure 3 shows the normalized frequency shift¢f and
impedance analyzer. A dependence of frequency on the drivthe normalized shifts in bandwidthd™/f for ten harmonics
ing voltage would have been indicative of shear thinningbetween 12 and 84 MHz. We usually discard data from the
[51] or shear thickening as it was found with the surfacefundamental(4 MHz) because of insufficient energy trap-
forces apparatu8,49,53. More basically, the fact that the ping. First, the data very clearly show the feature of the film
resonances are nice Lorentzians in itself proves that lineaesonance. Because higher harmonics have shorter wave-
acoustics is observed. When we sweep through the resdengths, the films resonance occurs at low thickriess low
nance, the amplitude of oscillation increases from zero to itsemperaturg This result in itself is quite remarkable because
maximum value. If there were shear thickening, the fre-one might have doubted the applicability of the one-
quency of resonance would depend on amplitude and thdimensional acoustic model for such a complicated acoustic
Lorentzians would be distorted. Since we appear to be in theituation. Also, it is far from obvious that the brush-solvent
range of linear acoustics, we conclude that the structure dhterface is sharp enough to be considered as an acoustic
the brush is unperturbed by shéai7,53-54. interface. It seems natural that the film resonance is highly
The synthesis of the polymer brushes followed the graftdamped. The reasons for the I@vfactor are twofold: First,
ing from approach as depicted in Fig. 2. Details are dethe medium inside the resonator is viscous and dissipates
scribed in Refs[38—41]. Briefly, the first step is the immo- energy and second the reflectivity of the brush-solvent inter-
bilization of an initiator for free radical polymerization at the face may be low either because of low acoustic contrast or
surface. The initiator used was a derivative of 920-bis-because it has a large intrinsic interface width.
isobutyronitrile(AIBN), which was attached to the SjGur- We have observed a continuous change of thickness in alll
face via a silane moiety. Subsequently, the polymerization igxperiments but one. A continuous collapse is predicted from
thermally initiated in the presence of styrene monomer. Thenean-field calculation§10,43 and simulationg4]. In one




684 DOMACK, PRUCKER, RIHE, AND JOHANNSMANN 56

d/d, as a function of temperature. One could call the result-
j ing thickness an “equivalent optical thickness.” It should be
kept in mind that the box profile is an input to the optical
analysis. More realistic profiles will display a gradual de-
crease in the segment density. We chose the error function
for modeling because this is the simplest functions having
both the thicknesd and the interface widtlv as adjustable
parameters. Note that parabolas are not appropriate because
our samples are polydisperggl]. We emphasize that at no
point in our subsequent discussion do we rely on details of
the functional form of the segment density. When modeling
our profiles with an error function

1

E— erf

z—d
S

1
ep(2)=00 75 W

with d the thicknessw the interface width, and, a nor-
malization constant, we found that the thicknesseterived
from ellipsometry depends on the interface wielth In this

10 20 30 40 50 60 casew is an input parametery=0 corresponding to a box
Temperature [°C] profile. The optical thickness, therefore, is not model inde-
pendent.

FIG. 3. Frequency shifts and bandwidths for the quartz-brush In a previous experimen69], the thickness of a similar
system immersed in cyclohexane as a function of temperature. Theolystyrene brush was measured with neutron reflectometry.
thickness increases with increasing temperature. At a certain thicki/eakly swollen brushe$y>0.5 showed a good contrast
ness (,~M/4) a “film resonance” occurs. between the layer and solvent. The reflectivity curves could

o ] ) be well fitted with error functions wittw<0.1d. Unfortu-
preliminary experiment, which could not be reproduced, anately, the contrast for neutron reflection from highly swol-
discontinuous drop in the interfacial acoustic impedance afgp, brushes(y<0.5 and/or the instrumental resolution at
27 °C occurred58]. We do not discuss the this finding in the these large length scales was so low that no detailed infor-
following. mation about the profile could be obtained. The thickness

Because the condition of a film resonance involves tthiven in Fig. 4 was determined from the spacing of the
ratio of the thicknessl,, and the wavelengtivy,, it is of  fringes. Within the experimental error, the data from ellip-
great help to get independent informationdipandy,. I sometry and neutron reflection are consistent.

Order to assess the thiCkl’leSS during SWe”ing we performed Karim et a'_ [19] have previous|y investigated Sim”ar
in situ ellipsometric measurements. Because of the low Conpo|ystyrene brushes in Cyc'ohexane_ They used a molecular
trast between polystyrene and cyclohexane, only the eIIipsquight M,,= 105 000, a dry thickness of 10 nm, and a di-
metric parameten varies significantly. When converting  mensionless grafting density @f=0.027. From Fig. 2 in
to an “optical thickness” we used a box profile for the re- Ref. [19] the degree of swelling at 31.5°C is around 3,
fractive index. Figure 4 shows the derived swelling ratiowhich is consistent with our results. Generally speaking,
their segment density profile appears to be smoother than the
7 - 7 - T ones obtained in our experiments. The difference may be due
] " '::‘::Z::ﬁge:;%"le;w ] to the fact that our molecular weight was about a factor of 10
- Ellipsometry ] higher than the one used by Kariet al. At high molecular
weights the fluctuations due to the finite size of the chain
decreasd14]. The edge observed for our samples at the
condition are certainly sharper than what mean-field calcula-
tions [8—10] predict. Interestingly, the molecular-dynamics
studied 14] show a deviation from the mean-field picture for
ol i high molecular weights at the temperature, the outer edge
- being sharper as wellFig. 8 in Ref.[14]). Polydispersity
1 T should smoothen the profi[€0,61]. However, this argument
oL L may not be effective under poor solvent conditions.
10 20 30 40 50 60 It is interesting to compare the experimental thickness
Temperature [°C] with the detailed predictions made by Zhulimd al. [10]
which were generated with a mean-field approach. Zhulina

FIG. 4. Swelling ratiosd/d, as determined with ellipsometry et g|. predict the thickness of a brush at theondition to be
and neutron reflection. A box profile was used in the analysis of the

ellipsometry data. The solid squares are data obtained on an iden- a4
tical brush with neutron reflectometf$9]. The dashed results from H :i (VE cY2Na (12)
applying Egs. 12 and 13 from RdfL0] to our experiment. 0 2 '
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FIG. 5. Frequency shifts and bandwidths obtained for a quartz immersed into bulk solutions of polystyrene in cycloh@xane at
=24°C. The dotted lines are fits to the equation$’(eps,®)=G\(f/50 MH2 (¢pd0.3)" and G"(¢ps,®)
=G}(f/50 MH2)* (¢pd0.3)".

with H , the thickness at th@ temperatureyw the dimension-  “transient networks.” Thens dynamics mostly takes place
less third virial coefficientp the dimensionless parameter at the level of polymer strands in between entanglements. In
measuring the chain stiffne$S], o the grafting densityN  the blob picture, the brush properties are similar to the bulk
the degree of polymerization, aradthe length of one seg- properties up to the size of the blobs, which is in the range of
ment. Note that the variable has a different meaning in several nanometers. Therefore, we used concentrated poly-
Ref. [10]. The slope of the thickness versus height close taner solutions in contact with the quartz resonator to inde-

the ¢ temperature is pendently assess the wavelength
The wavelength\ depends on both the frequeneyand
d_H_ Vo i (B) v 34 _—1/2 13 local segment densitypg via the dependence of the shear
dT " ’T,37\2 W (13 modulus G on ® and opg To obtain \(opgw)

=27l w[G(0opsw)/p]*? one needs to measure the shear

where we have used=vy(T—T,)/T,. For polystyrene we modulusG of the bulk material as a function of volume
havep~1.7 anda~2.5 A. There is some uncertainty about fraction of polymerops and frequencyw. The densityp de-
the degree of polymerizatioN and the dimensionless graft- pends weakly omrpg Viscoelastic measurements on polymer
ing densityo. We estimate the degree of polymerizatrto  solutions in that frequency range have been performed with
be between 5000 and 8000, yieldinghetweeno=0.03 and ultrasonic reflectometry62,63. Unfortunately, we are not
0=0.06. The third virial coefficientv is derived from the aware of any data on the polystyrene-cyclohexane system.
relationw=3— y,, wherey,=0.149[42] describes the con- We determineds(pps,w) With a quartz resonator immersed
centration dependence of the parameter {~ xo+ x1¢+ into a polystyrene-cyclohexane solution. This measurement
--+). For a degree of polymerization &f=7000, Eq.(12) is equivalent to ultrasonic reflectometry apart from the fact
matches our data at thé@ temperature best. The slope that resonators are used instead of transducers and detectors.
dH/dT is then determined without adjustable parameterslt is not obvious that the interfacial region probed by evanes-
These calculations are indicated as a dashed line in Fig. 4.cent wave of the quartz has the same viscoelastic properties

In principle, it would be highly desirable to obtain inde- as the bulk because there may be either polymer adsorption
pendent information on the wavelength of sounds well.  or polymer depletion at the quartz surfd&d. Such surface
Such measurements are in principle questionable becaus@omalies are a general impediment when ultrasonic reflec-
there are by definition no bulk samples equivalent to a polyiometry is used to test bulk viscoelastic parameters. How-
mer brush that could be used to independently derive thever, the thickness of an anomalous surface |ggdsorbate
shear modulus. However, due to the high frequency we bear depletion layershould be roughly equal to the correlation
lieve that concentrated polymer solutions are a good firstength of concentration fluctuations in the bulk mediL64].
approximation. At low frequencies, polymer solutions areFor concentrated solutions, this correlation length is only a
much different from brushes because they can flow, wheredew monomers and therefore much smaller than the penetra-
the brush cannot. In the megahertz region the entanglemertion depth of the evanescent wave. The quartz resonator
that presumably are present both in the brush and in thehould essentially probe bulk properties.
concentrated polymer solutions prevent flow regardless of Figures %a) and §b) show the elastic and viscous moduli
whether or not there is terminal attachment to a substrateés’ and G” of bulk solutions at a volume fraction appg
Both the brush and the concentrated polymer solution are=0.1, 0.3, and 0.4 as a function of frequency. The straight
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0.2 . . . ; T crepancy. First, the shear modulus of a brush could indeed be
much lower than the shear modulus of a polymer solution of
equivalent density. Due to chain stretching the number of
entanglements or the response of chains to stress could be
different. Note, however, that these peculiarities would have
to be operative at the local scale. Also, the square-root de-
pendence of the wavelength on the shear modulus would
require that the difference between polymer solutions and
bulk polymers is at least a factor of 4. A factor of 4@ on
the other hand, is hardly compatible with our data. It moves
the overall scale of frequency shifts by a factor of 2 due to
the prefactor in Eq(7).
- A second possible origin of the discrepancy is a failure of
the box profile to accurately describe the experiment. Espe-
cially in the swollen state, smoother functions such as the
error function[Eq. (11)] are certainly more appropriate.
However, when using error function profiles to model the
data, we found that for every choice of parameters, a certain
box profile could be found, which gave very similar results.
When a very smooth profile was used, the equivalent box
. . ) profile had a large thickness. Box profiles can reproduce our
10 20 30 40 50 60 data surprisingly well provided that the acoustic thickness is
Temperature [°C] chosen to be much higher than the optical thickness. This

) _ ) _ peculiar behavior originates from the very strong dependence
FIG. 6. Viscoelastic modeling of the polymer brush according toqf 3c0ustic contrast on the segment density.

Eq. (7). The dashed lines are theoretical data, which use a viscoelas- Figure 7 illustrates the situation. Figuréa¥ shows the
tic boxl prt(.)f"e with tthe cs(;hi)sometrécfthlgk?kessles from ::'gé,"' and segment density profiles for four different error functions
viscoelastic parameters determined for bulk polymer SOIUGBIG: iy jgentical thicknessd but interface widthsw varying

5_). This model _contalns no free parame_ters. T_he occurrence of etweerw=0.2d and 1.41. Figure Tb) shows the amplitude
film resonance is reproduced. A comparison with the experimental

data(straight lines, same as Fig) 8hows that the position of the of an opt|cal_p-polar|zed Wa}ve. as it appro_aches the gold
film resonance is predicted incorrectly. surface and is reflected. This is the behavior of one of the

two optical waves used in ellipsometry. When the interface
lines are power laws according toG’'(¢ps, ) becomes sm(r)]other, thﬁ %roﬂle Olf th_e ?p;I(:l?I amﬁlltl:jde be-
—GY(f/50 MHz)“' and G"(¢ps, @)= GL(f/50 MHZ)“". comes smoother as well, but qualitatively follows the density

. file. In particular, the “reflection depth?,, where most
Figures %c) and d) show some of the same dath2, 44, protile. . ’ . LT
angd 84 I\?II-)izl plot?e(; versus density. In this casz( the powerOf the light is reflected, remains approximately constant. The

laws (straight line$ do not work as well. For a thorough contrary |s.true for the acoustic wave displayed in F'@:)j.
: . The reflection deptlz, , where most of the sound wave is
analysis more detailed measurements, preferably as a func- ) X
' . ; reflected, now depends on the interface width. The reason
tion of temperature, have to be made. At this point we “OMthat optical and acoustical waves behave so differently is the
fine ourselves to a simple model, which can be readily imple- . puce . S y
: . widely different contrast. While the refractive inddthe
mented into the modeling of the polymer brush. We, ~~7 = )
X ptical impedance’) [47] changes by only a few percent,
use power laws for the concentration dependence as wel o . :
, , , o 5 the acoustic impedance varies by some orders of magnitude.
and - write G'(¢ps,®)=Go(f/50 MHZ)* (¢/0.3)"  and  The reflectivity at an impedance step is determined by the
G"(pps,w)=Gy(f/50 MHz)* (¢/0.3)’". The derived val- normalized impedance differencéoptical or acoustical
ues are Gy=2.4 MPa, «'=0.77, B'=2, Gg=8.8 MPa, rather than the impedance difference itself. For the optical
’=0.75, andB’=1.04. The deviation between this fit and case that is easily verified by =(n;—n,)/(ny+ny)
the data is below a factor of 2. SinGeenters the wavelength ~An/2n. Incremental reflectivities at impedance gradients
of sound only as a square root, this error does not affect ththerefore depend odz/2Z=3d(InZ). This consideration is
subsequent discussion. unimportant for the optical case because the refractive index
With independent information on both the thickndsand  n varies by only a few percent. The acoustic impedance, on
the wavelength of sounal, one can model the experiment the other hand, varies over some orders of magnitude. There-
without any adjustable parameters. The dotted lines in Fig. fore, the logarithm of the impedance is the relevant quantity
show the modeled data@lashed lines when a viscoelastic rather than the impedance itself.
box profile with the optical thickness and the bulk viscoelas- The consequences are seen in Fig).7For this model
tic shear moduli is used. The model qualitative reproducesalculation it was assumed that the shear modulus depends
the occurrence of a film resonance. However, the position ofn the square of the segment density. In all cases, the sound
the film resonance is quite wrong. Either the wavelength ofamplitude can be reasonably approximated by a box profile.
sound or the acoustic thickness has been determined incdrtowever, different thicknesses of the equivalent boxes
rectly. (“acoustic thicknesses)' have to be used for the different

We see two possible candidates at the origin of the disinterface widths. For an interface widtii~1.4d the acous-
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0.4 Segment Density . . with #» the viscosity,v the velocity of the mediump the
(a_) pressure, andck? the hydrodynamic screening parameter,
0.3 Thickness *d* of . which is related to the mesh sizé4]. V\/_he_n the.pregsure
Error Function Profile p is assumed to be constant, the flow is in théirection,

and all gradients are along tkalirection we get the ordinary

Polymer Volume Fraction
=]
n

0.1 . differential equation
0.0 2 [nm] 720 960 1200 Q _ sz, (15)
Jz
1.00 pasac o T
£ 098 ] which has to be solved under the boundary conditions
k=
5 09 ical Thi ] =0 atz=0,
% vos Optical Thickness 1 v (16)
%0,92- i dvlgz=1 at z=os.
<
080 240 280 2 nm) 720 960 1200 Uznfortunately, we are not aware of experiments where
k“(¢pg has been determined for the polystyrene-
® Acoustic Amplitude cyclohexane system. For the purposes of illustration and
e - T - - comparison with Ref.25], we adopt the data derived for the
g 10 TN Acoustic ] poly(a-methylstyrengcyclohexane systeni25,65, which
g o8l N _227] Thickness 1 are k=3.45x 10" [ p(g/cn)]%®8cm L. Figure 7d) shows
: the profiles of tangential velocity derived from numerical
3 integration of Eq.(15). The hydrodynamic thickness is de-
= rived from extrapolating the linear range down to zero ve-
£ oo L - locity. Hydrodynamic thicknesses of 490, 700, 950, and
240 480 nmy 720 960 1200 1120 nm are found for the interface widths w=0.2d,
0.6d, d, and 1.4, respectively. The acoustic thicknesses
1.0 Jangential Velocity in Shear Flow . derived from the acoustic amplitude profile are about 380,
2. (@ z 520, 650, and 770 nm. The acoustic thickness apparently is
88 %% g lower than the hydrodynamic thickness.
z ‘g 06  Hydrodynamic These consideratiorj&ig. 7(c) in particulai explain why
£ [ Thekness the differences between a smooth profile and a box profile
e 4 with a large depth are hard to distinguish. As a consequence,
w0 y > _ we fit all our data with box profiles. This is not to be under-
0.0 240 280 ‘7;'0 ""9;50 00 stood in the sense that we assume the density profile to be

z[nm] rectangular. All we say is that the acoustic behavior of

smooth profiles can be well approximated by box profiles,

. . . . where the thickness of the box depends on the smoothness of

profile of light amplitude andc) shear sound amplitude. Error func- th ment densitv profile. If th ment density profil

tions with an interface width betweewn=0.2d and 1.4 were € segme ensity profile. . € segme € S y proliie
was known to be an error function, one could derive a rela-

used. While the light amplitude profile matches the density profile, . . . .
the sound amplitgde degays atpa depth much larger mas%ﬁe tion between the interface widtlv and the thickness of the

position of the steepest gradient is the “reflection depth,” which box profile ylieldlng equivalent results..Thls relation would,
will roughly be reproduced when fitting the data with box profiles. NOwever, critically depend on the functional form of the pro-
The figure illustrates that the acoustic thickness is larger than théle. Since the error function is just a guess, such a relation
optical thickness. The origin of that discrepancy is the high contrasyould be of very limited validity.
in acoustics.(d) shows the tangential velocity in stationary shear In order to improve the quality of the model, we allowed
flow calculated according to Reff24]. The derived hydrodynamic the acoustic thickness to vary by introducing a raig,
thickness is even higher than the acoustic thickness. between the optical thickness and the acoustic thickness.
. . . R., is allowed to depend on the temperature Rg,
tical wave is reflected at a depth corresponding to about. Ro(T,)+Ry(T—T,). The two parameter®, andR; put
Sﬂj‘slk\]/loégro;tgﬁa\;\éa\i/nete'ff;ggve(ftgdzﬁt tgr? t%gt%rtﬁgrgﬁa%the[he film resonances into the right place and adjust the spac-
: T ' ing between the film resonances on the different harmonics.

the factor is only about 1.5. . : .
; : T . igure 8 shows the results obtained with that model. The
It seems interesting to compare this situation with otherF sulting parameters areRy(T=T,)=1.85 and R,

experiments, where one is interested in how a stationar{}_e Lo .
shear flow of liquid above the brush is influenced by the_o'028 C". Rq(60 °C) comes out to be 2.5.

brush. That problem has been treated in the frame of hydro- Note th_at' Fig. 8 contains only two fit parameters. N?‘“'
dynamic screening by Anderson and co-workgd,25. rally, the fit is worst at temperatures far away from the film
They start from the Brinkman equation ' resonance, i.e., at the highest and lowest temperatures. Sub-

stantial further improvement can be achieved by allowing
nV2—Vp—nk?v=0, (14 more parameters to vary. Explicit use of error functions in

FIG. 7. Influence ofa) the segment density profile ontb) the
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the prefactor in Eq(7). This is hardly compatible with our
data. Second, a smooth profile is expected for polymer
brushes and the above analysis showed that the shear waves
will very generally be reflected at the outer egde. Our data do
not allow us to state to what extent an anomalously low shear
modulus contributes. We again want to emphasize that the
experiments happen in the linear regime and that the shear
induced distortion of the brush’s structure are minute.

In the future we want to investigate the variation of acous-
04 , , : , : tic thickness with grafting density. Another interesting ques-
tion would be to investigate brushes with strong intermolecu-

1 lar interaction, namely, polyelectrolyte brushes. The optical
and the acoustic behavior of these systems may be quite
different.

10° 5/

10° 8T

CONCLUSION

We have measured the temperature dependence of swell-
ing for a polystyrene brush in cyclohexane with a quartz
10 20 0 40 50 50 resonator. The occurrence of a film resonance is very useful
Temperature [°C] for diagnostic purposes because it allows us to determine the
acoustic thickness of the brush. We have used measurements
FIG. 8. Fit to the data of Fig. 3 with a model accounting for the on polymer solutions in contact with the quartz resonator to
difference between optical and acoustic thickness by introducing fhdependently assess the wavelength of the shear sound in
factor Rao(Ty=1.89 andR,o(T=60 °C)=2.5. the brush. The acoustic thickness derived in this way is

the acoustic modeling also helps. Unfortunately, the variou$ligher than the optical thickness by about a factor of 2. The
input parameters to a more realistic model interfere withdifference between acoustic and optical thickness gets larger

each other. In order to model the system more realisticallo" higher temperatures. One source of the discrepancy may
more theoretical input on the viscoelastic behavior would?® that the shear modulus of a brush is much lower than the

also be needed. At this point we confine ourselves to thénear modulus of a polymer solution of the same concentra-

qualitative features, which do not rely on details of thetion. A sgcond source certainly is the fact that the acoustic

theory. contrast is much higher than thg opnca! contrast. The acous-
Finally, we want to recall that there are in principle two tic waves are mostly reflected in the dilute outer tail of the

reasons for the surprisingly high acoustic thickness. It could€gment density distribution. This situation is reminiscent of

be that the megahertz shear modulus of a brush is mudfvestigations on the hydrodynamic thickness of polymer
lower than the shear modulus of a polymer solution at thdrushes, which is also largely determined by the outermost

same segment concentration. It could also be that thfraction of the brush. Simple model calculations show that
smoothness of the profile in conjunction with the Iargethe acoustic thickness should be some what lower than the

acoustic contrast moves the acoustic interface into the dilutBydrodynamic thickness.

tail of the brush. Obviously, both effects can operate simul-

tanequsly. We think that the_second'njechanism certainly ACKNOWLEDGMENTS

contributes for two reasons. First, ascribing the whole effect

to an anomalously low shear modulus would change the We thank Steve Granick, Ekaterina Zhulina, and Gary
overall scale of the frequency shifts by a factor of 2 throughGrest for helpful discussions.
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