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Probing Collective Motions of Terminally
Anchored Polymers

George Fytas,* Spiros H. Anastasiadis, Rachid Seghrouchni,
Dimitris Vlassopoulos, Junbai Li,+ Bradford J. Factor,§
Wolfgang Theobald,|| Chris Toprakcioglu9q

Polymer chains attached by one end to an impenetrable surface at high coverage
exemplify a tethered layer of mesoscopic dimensions. At equilibrium, thermal fluctua-
tions of the segment density profile of the brushlike layer reflect the tethered chain
dynamics; the probing of these fluctuations by evanescent-wave dynamic light scattering
is reported. By utilizing a set of terminally attached layers with thicknesses (L) from 45
to 130 nanometers, it was found that there is a preferred wavelength of order L, of these
fluctuations with a concurrent slowing down of their thermal decay rate. This technique
could open the route for the investigation of the largely unexplored area of polymer
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surface dynamics.

When polymer molecules are selectively
attached by one end onto a solid surface at
relatively high concentrations, the polymer
chains avoid one another by extending
away from the surface, forming a “brush” (I,
2). The formation of polymer brushes is of
technological importance in colloid stabili-
zation and in modifying bulk surfaces and
interfaces for improved adhesion, wetting,
and wear properties. Such brushes can be
created by synthesizing diblock copolymers,
in which one shorter block adsorbs strongly
to the surface from a solution and the other
longer block extends into the solvent. This
stretched configuration of tethered chains is
used as a model for a wide variety of con-
fined polymer systems (3). Most theoretical
and experimental studies (3-10) have ad-
dressed the static structure of brushes, such
as the density profile above the surface.
Although theoretical predictions have been
made of their dynamical structure as well
(4,5, 11, 12), direct relevant experimental
observation, although much needed (7), is
difficult because of the small size of the
brush and its low scattering power.

We have addressed this problem by per-
forming evanescent-wave dynamic light-
scattering (EWDLS) measurements of
asymmetric poly(ethyleneoxide-b-styrene)

(PEO-PS) copolymers (Fig. 1). Light is re-
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flected from a high-refractive index prism;
the polymer is attached at the glass surface
at the base of the prism, and the evanescent
wave propagates through the polymer brush
under conditions of total internal reflec-
tion. The evanescent wave is then used as
the incident beam in photon correlation
spectroscopy (13), which allows fluctua-
tions with wave vector q to be resolved on
time scales from 1077 to 10* s. From these
measurements, we obtained the time-corre-
lation functions C(g, t) of the scattered-
light intensity that reflect concentration
fluctuations in the brush. Our results show
that long-lived fluctuations have a finite
wavelength of order L, [O(L,)], where L, is
the equilibrium thickness of the grafted PS
layer. This result resembles that for the
interal relaxation mode seen in bulk
diblock copolymer solutions (14).

Detailed material and surface character-
ization is essential for the interpretation of
the results. The PEO-PS model system in
toluene was selected on account of the ex-
tensive information on adsorbed amount, ki-
netics of adsorption, and segment density
profiles obtained from ellipsometry, neutron
reflectivity, and surface-balance experiments
(9, 10). The characteristics of the PEO-PS
diblocks and the brushlike grafted layers are
given in Table 1. The brush is formed by the
stretched PS block that dangles in solution;
the anchoring density is o = 1/s* (chains
nm™2), with s the average interanchor spac-
ing. The volume fractions of the end-ad-
sorbed PS at the solid surface indicate that
the PS chains in the layer overlap, which
places the solutions in the semidilute regime.
The L, for the grafted PS monolayer corre-
sponds to a parabolic density profile normal
to the surface (I, 10). The adsorption con-
ditions of (9, 10) were reproduced, and a
copolymer concentration greater than the
threshold value for maximum adsorbance
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was used. The adsorption process took place
for 12 hours; equilibrium was confirmed by
the stability of the scattered intensity. The
temperature was held constant at 23°C.

It is also important to verify the opera-
tion of the experimental setup (Fig. 1) (15,
16). Adjustment of the total reflection spot
on the prism surface and tilting of the in-
cident beam relative to the detected vol-
ume grossly affects the duration of the
counting times necessary to acquire C(q, t)
with good statistics. Furthermore, three
control EWDLS experiments were per-
formed: (i) Analysis of the evanescent wave
scattering from 100-nm latex particles in
water leads to a C(q, t) with the predicted
mirror effect (15); the particle diffusion co-
efficient is (4.2 X 1078 cm? s71) identical
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Fig. 1. Schematic diagram of the evanescent
wave dynamic light-scattering instrumentation.
The light-scattering cell is a right-angle high re-
fractive index (n4 = 1.632) prism to which surface
a semicylindrical cellis epoxy-glued. The cell hold-
er is placed on a precision 8-26 Huber goniometer
for independent rotations of the cell relative to the
incident laser beam and of the detector arm in
order to define both the total reflection angle 6.,
and the various scattering wave vectors q; the
detection system is the standard used in conven-
tional photon correlation spectroscopy (73). The
enlargement shows the evanescent wave geom-
etry. For total reflection [6 > 6, = arcsin(n./ny)],
the evanescent wave propagating parallel to the
surface, with an electric field exponentially decay-
ing away from the surface, is scattered by the
concentration fluctuations of q|q| = 2ksin(/2)] in
the adsorbed polymer layer; q = kg — k;, with k;
and kg being the wave vectors of the evanescent
and scattered electric field forming a scattering
angle . The penetration depth & = (Ay/21n,)
(sin?0 — sin?6,)~ 2, with A, = 488 nm the light
wavelength in vacuum. The critical angle 6, is de-
termined by measuring the reflected intensity as a
function of 6.
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to that obtained in bulk solution. (ii) The
C(q, t) from PS (weight-averaged molecular
weight M, = 900 kg mol™!) solutions in
dioxane in the dilute and semidilute regime
(0.05 to 1%) reveals the appropriate con-
centration and gq-dependence of the scat-
tered intensity from bulk solutions. (iii) For
a dilute solution of PS (M, = 1200 kg
mol™1) in toluene (17) (the same solvent as
in the PEO-PS layer), C(q, t) exhibits an
exponential shape, is insensitive to penetra-
tion depth £ variations (0.4 to 1 wm), and
shows a g’-dependent rate that yields the
translational diffusion D = 9 X 1078 cm?
s~! in agreement with bulk solution data.
The latter are also in agreement with “bulk”
measurements obtained in situ for 6 = 0_ +
5°, where the incident light penetrates into
the solution as a refracted beam. In fact,
such measurements were used in situ to cal-
ibrate the scattering angle s and hence g in
the EWDLS experiment for a given D of the
molecule (18). These control experiments
show that the standard assertions used in
bulk solution measurements are accurate for
the present EWDLS. The measured intensi-
ty autocorrelation function G(q, t) leads to
the computation of the desired [C(q, ) =
[G(q, t) — Al/f, where A is the baseline at
sufficiently long delay times and f is a co-
herence (instrumental) factor.

Figure 2 shows C(q, t) for the tethered
PS layers. The expected featureless C(q, t)
from pure toluene (Fig. 2A) becomes a well-
defined decay function after 7 hours of
counting for PEO-PS/500 at ¢ = 0.034
nm~!. This surface relaxation function
clearly reflects dynamics of the grafted layer
and not fluctuations due to the translation-
al motion of free polymer chains, which
were probed in the control experiment (iii)
and measured in the “bulk” geometry (I8,
19) (solid line in Fig. 2A). The average
scattered intensity [, is stable over the
duration of the EWDLS experiment (inset
of Fig. 2A). C(q, t) is well represented by a
single exponential function:

Clg,t) = alg)exp[—T(q)t] (1)

where T'(q) is the thermal decay rate of the
composition fluctuations in the layer. The
value of the relaxation amplitude a(q)

shows that ~25% of I is due to the probed
polymer layer mode. Both C(q, t) and the
process intensity I(g) = a(g)I ,, depend on g
(Fig. 2B); I(q) increases with g (inset of Fig.
2B), in support of the homodyne condi-
tions, implying strong suppression of the
long-wavelength  (low-q)  fluctuations,
whereas I'(q) for all but the longest PEO-PS
chain is virtually insensitive to g (see Fig. 3
below). At comparable gs (0.034 nm™!)
and adsorbances A* (~1.6 mg m~2, Table
1), PEO-PS/500 (L, = 130 nm) clearly
displays a higher I(g) than PEO-PS/150 (L,
= 70 nm), as indicated by the amplitudes of
the C(q, t) of Fig. 2C. The intensity data for
the four different layers superimpose well
when I(q) is divided by A* and g is normal-
ized to Ly (inset of Fig. 2C).

On the theoretical side, de Gennes (4,
5) has examined the relaxation processes of
physically adsorbed polymers; the lowest re-
laxation rate for the breathing longitudinal
modes was proportional to ¢°Rp>/ny (R,
size of the swollen free chain in solution,
and 1, solvent viscosity) and the scattered
intensity arising from composition fluctua-
tions at low ¢’s was proportional to ¢°N?.

For a grafted brush, the end-to-end
chain relaxation was predicted (11, 12) to
depend on N and on the anchoring density
o. Considering mean-squared fluctuations
of the chain-free end in the perpendicular
direction proportional to L3, a Rouse-like
diffusion led to the characteristic g-inde-
pendent relaxation rate:

I« w(o)o N3 (2)

where w(o) is the microscopic mobility,
and B = 2/3 for free-draining chains or B =
1 when hydrodynamic interactions were
taken into account (12).

Molecular dynamics and Monte Carlo
simulations (20-22) were consistent with
the scaling prediction of Eq. 2. The simu-
lated chain-end density distribution (21)
showed that end monomers were frequent-
ly in the outer region of the layer, imply-
ing prominent fluctuations with length
scale O(L,). Moreover, fluctuations paral-
lel to the surface were suggested (22) to
provide the dominant contribution to the
structure factor.

Table 1. Molecular characteristics of the PEO-PS block copolymers (weight-average molecular weight,
M,,; number of styrene, Npg, and ethyleneoxide, Npg, monomer units in the two blocks), adsorbance
A*, and characteristic lengths of the free PS chains and PS layer grafted onto quartz from toluene
solution (size of swollen free chain R, layer thickness L, and the interanchor spacing s) (70).

M A*

Sample kg mvovl—‘) Nepg Npeo (mg m-2) Re (nm) Lo (nm) s (nmy)
PEO-PS/80 80 730 90 2.9 14 45+ 3 7+05
PEO-PS/150 150 1420 51 1.6 21 70+ 5 12 £0.5
PEO-PS/184 184 1700 167 2.6 23 80+ 5 11205
PEO-PS/500 502 4790 91 1.7 42 180 = 10 28 * 1
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Recently, small-amplitude deformation
of the free surface of an incompressible mol-
ten “step function” polymer brush was ana-
lyzed and the free energy F relative to that of
the undeformed flat layer was computed
(23-26). Both lateral and perpendicular
chain displacements were considered, and
the S(g) due to the pair correlation of height
fluctuations at the surface exhibited a max-
imum at a certain value of g*L,, because
both long- and short-wavelength fluctua-
tions are suppressed for entropic and inter-
facial tension (vy) costs, respectively. This
maximum leads to a preferred wavelength
(parallel to the polymer-air interface) 2/g*
of the most probable thermally excited sur-
face modes. The value of g*L, depends on
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Fig. 2. (A) Correlation functions for the grafted PS
layer formed by adsorbing PEO-PS diblock copol-
ymer from toluene solutions at 0.4 mg mi~" and
23°C. The well-defined (O) versus the featureless
(+) correlation for the tethered PEO-PS/500
chains at g = 0.084 nm~" and for toluene, re-
spectively, and the distinctly different correlation
function from the “bulk” solution (solid line) are
shown. The profile of the average total scattered
intensity corresponding to the end-anchored layer
with duration time is depicted in the inset. (B) The
dependence of C(qg, t) on g (O, 0.034 nm~" and
0, 0.022 nm~") for PEO-PS/500; the inset shows
the g dependence of the process intensity /(g) for
PEO-PS/500 (O) and PEO-PS/80 (4). (C) Corre-
lation functions for the PEO-PS/500 (O) and PEO-
PS/150 (O) specimens at g = 0.034 nm~'. The
inset depicts the variation of the intensity normal-
ized to the adsorbed mass per area A* for all four
samples with the product gL, (A, PEO-PS/80, [,
PEO-PS/150, V, PEO-PS/184, and O, PEO-PS/
500); the data superimpose very wellin the regime
gL, =~ 1to 5. Slope 2 is indicated by the line.



the relative contributions to F at high gs of
the y-term versus that due to chain stretch-
ing. The earliest calculation (23) leads to
q*L, = 1.44 for low v and decreases with
increasing . Relaxing the assumption that
all free chain ends reside at the top layer
surface (24) leads to only a slight modifica-
tion. The assumption that the y-term dom-
. inates at high gs (26), leads to ¢*L, = 4.6 for
v = 0.001 erg cm™?; however, for such vy
this assumption fails for our system. A more
detailed calculation of F (26) can lead to
q*Ly = 4.6 for y = 0.02 erg cm ™%

In every case, long-wavelength fluctua-
tions are energetically unfavorable and the
height fluctuations are suppressed for gL,
<< 1, irrespectively of y. The scattering
intensity I(q) at low gL, arising from con-
centration fluctuations can be obtained
(27) from the S(q) of height fluctuations
(23-26) as:

I(q) = A*¢’L 3)

where A* = gN. The theoretical (qL,)*
behavior holds for g/q* < 0.5 (23, 26) or
0.2 (25). The above approaches rely on the
assumption that chain trajectories in the
brush do not cross.

Although none of these theories have
addressed the full structure factor S(q, t)
(that is, include its time dependence) they
provide the theoretical framework to dis-
cuss the experimental results. The evanes-
cent wave is in principle scattered by com-
position fluctuations throughout the PEO-
PS layer swollen with toluene, which has a
different refractive index than PS. The
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Fig. 3. The thermal relaxation rate I" (Eq. 1) as a
function of g for PEO-PS/184 (V) and for three
independently prepared layers of PEO-PS/500 (@,
A, and M). Dashed lines are drawn to guide the
eye. The solid lines indicate the upper (for PEO-
PS/80) and lower (for PEO-PS/500) limit of the
diffusive relaxation rates in the “bulk” solutions
and demonstrate the distinctly different dynamics
from the end-adsorbed layer. The inset depicts
the scaling of I'o® (b = 5/3) at g = 0.08 nm~" with
molecular weight of the tethered PS chains, im-
plied by Eq. 2 and an effective local mobility (I" in
reciprocal seconds and o in reciprocal nanome-
ters squared); the predicted slope of —3 is also
indicated.

nonuniform distribution of chain ends on
the surface appears to emphasize the scat-
tering from surface perturbations. The re-
duced intensities I(g)/A* for all layers ex-
hibit a (qLO)2 dependence at the lower ex-
perimental gL, range (inset of Fig. 2C), Eq.
3; for the longest PEO-PS/500 layer and at
higher gL, values, I(q) exhibits a higher rate
of increase with g with indications of a
broad maximum at the edge of the highest
accessible g range; for the other layers, g*
should shift to even higher ¢'s. In order to
quantitatively establish the g* versus L,
relation and clearly prove the form of 1(q),
further investigations on brushes with high-
er L, and hence higher N would be need-
ed. Nevertheless, the I(q) of PEO-PS/500
suggests that g*L, (=4.7) can be repro-
duced by the recent calculations (23-26).

Because dynamic light scattering in prin-
ciple probes collective dynamics, I'(q)
should bear the thermodynamic effect as
expressed in I(q). I'(q) is typically (28) rep-
resented by the relation I'(q) = ¢*Qg,(q)/
I(q), where g;(q) is the chain form factor
and Q) the pure kinetic Onsager coefficient.
The distinct drop of I'(g) for PEO-PS/500 at
high gs compared to the other samples (Fig.
3) is partly due to the concurrent increase of
I(q) (Fig. 2B), and the anticipated ) o« ¢°
dependence was found. For the thinner lay-
ers, the q dependence of I'(q) was compen-
sated from that of I(g) « ¢* for low qLgs (Eq.
3); hence, I" becomes a local relaxation rate
(Eq. 2). To reveal the N dependence of T,
the comparison among the different samples
should be made at the same grafting density
and local mobility. The w(d) = &~ depen-
dence assumed in the simulation study (21),
together with the blob picture of semidilute
solutions (s ~ & ~*), suggests that w() «
072, leadingtoT' %« ¢ N3 withb =B +
2/3. The inset of Fig. 3 shows the variation
of T'a® versus Npg for the four layers with
b = 5/3. The obtained exponent is less than
the predicted value of 3 for perpendicular
fluctuations (Eq. 2) and increases with in-
creasing contribution of .

The equilibrium structure of terminally
anchored PS layers (9, 10) conforms to the
predictions based on non-uniform chain
stretching that yield L, ~ o'N. The study
of the dynamic structure of the same system
reveals the presence of long-lived thermally
induced layer fluctuations with wavelength
2m/q* = 1.3L, and indicates strong surface
coverage effects on their thermal decay rate.
The identification of the precise mecha-
nism of the layer fluctuations would highly
benefit from a theoretical calculation of the
full structure factor S(q, t) and would pro-
mote fundamental studies of polymers near
surfaces and provide information on chain
relaxation and brush friction, which are
relevant to technological applications.
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Copper-Catalyzed Oxidation of Aicohols
to Aldehydes and Ketones:
An Efficient, Aerobic Alternative

Istvan E. Markd,” Paul R. Giles, Masao Tsukazaki,
Stephen M. Brown, Chistopher J. Urch

An efficient, copper-based catalyst has been discovered that oxidizes a wide range of
alcohols into aldehydes and ketones under mild conditions. This catalytic system utilizes
oxygen or air as the ultimate, stoichiometric oxidant, producing water as the only

by-product.

T'he oxidation of alcohols into aldehydes and
ketones is a ubiquitous transformation in or-
ganic chemistry, and numerous oxidizing
agents are available to effect this key reaction
(1). In most instances, these reagents are re-
quired in stoichiometric amounts and are usu-
ally toxic, or hazardous, or both. Moreover,
purification of the reaction products is often
demanding and laborious. Despite the indus-
trial importance of this process and the ever-
growing environmental concerns, surprisingly
few efficient catalytic oxidations of alcohols
have been described (2). The scarcity of alco-
hol oxidation processes that simply use oxy-
gen or air as the ultimate stoichiometric oxi-
dant is particularly notable (3, 4).

We describe an efficient, aerobic catalyt-
ic system for the transformation of alcohols
into carbonyl compounds under mild condi-
tions. Our work was inspired by the seminal
report of Jallabert and Riviére and co-work-
ers (5) on the aerobic oxidation of benzylic
alcohols mediated by copper-amine com-
plexes (6, 7). This method, however expe-
dient, unfortunately requires 2 equivalents
(equiv) of copper complex per equivalent of
alcohol. Moreover, it is severely limited in
scope to some benzylic alcohol substrates.
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Initial investigations of the effect of var-
ious additives on promoting catalyst turn-
over led to a remarkable result. Substituted
azo compounds, such as diethylazodicar-
boxylate (DEAD) or its tert-butyl (Bu®) an-
alog (DBAD) strikingly improve not only
the turnover and the lifetime of the catalyst
but also the rate of the reaction (8). The
corresponding hydrazines, DEADH, and
DBADH,, are even more competent co-
additives.

Further studies showed that the nature of
the copper counterion is critical to the suc-
cess of the reaction, with chloride, acetate,
and triflate proving to be the most effective.
Among a variety of ligands tested, diamines
such as phenanthroline (phen) and its de-
rivatives are particularly efficient. Whereas
polar solvents (such as acetonitrile) inhibit
the reaction, smooth aerobic oxidation takes
place in apolar solvents such as benzene.
More significant from a practical viewpoint,
toluene and trifluoromethylbenzene are su-
perior solvents to benzene and lead to an
important increase in reaction rates (9).

Under the following conditions (5%
CuCl, 5% phen, 5% DBADH,, 2 equiv
K,CO,, O, or air, toluene, 70° to 90°C), a

wide range of primary, secondary, allylic, and

5% CuCl; 5% Phen;

R! 2 equiv. K,COg; R!
Hzé—OH =0
H ,  5%DBADH, O, Rz
Toluene; 70° to 90° C 2

benzylic alcohols can be smoothly oxidized to
the corresponding aldehydes or ketones in
good to excellent yields (Table 1).
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Air can be conveniently used instead of
oxygen without affecting the efficiency of
the process. However, the use of air requires
slightly longer reaction times. With activat-
ed allylic and benzylic alcohols, lower cata-
lyst loading can be used with only a marginal
drop in reaction rate (10). In these cases,
lower temperatures can also be applied but
result in a longer reaction period. Remark-
ably, catalyst deactivation is not observed
during these extended reaction times (11).

The catalyst shows excellent tolerance
for a broad range of alcohol substrates and is
notably not deactivated by nitrogen- and
sulfur-containing compounds. Sensitive al-
dehydes, such as neral and geranial, are not
isomerized under the reaction conditions.

The active catalyst appears to be hetero-
geneous and adsorbed on the insoluble
K,CO; (12). Besides its role as a solid sup-
port, the carbonate also acts as a base (13),
initiating the addition of the alcohol, or
DBADH,, or both to the copper complex,
and as a water scavenger (14). In sever%l
instances, K,COj5 could be replaced by 4 A
molecular sieves and a catalytic amount of a
nonoxidizable base such as KOH or KOBu".

Mechanistic studies suggest that an initial
hydrogen-transfer reaction within the cop-
per-alkoxide/azo complex 3 generates the
carbonyl-bound hydrazino-copper species 4
(Scheme 1) (15). Upon reaction with oxy-
gen, this copper(l) complex then produces
the binuclear copper(Il) peroxide 5 (I16).
Homolytic cleavage followed by hydrogen-
atom abstraction from the complexed hydra-
zine affords the hydroxy Cu(I) species 6.
Rapid exchange between the OH ligand and
alcohol 1, with concomitant loss of a water
molecule, regenerates the loaded catalyst 3
and initiates a second catalytic cycle.
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Scheme 1. R';R2 = alkyl, aryl, heteroaryl, H; E = COOEt, COOBU!

We have discovered an efficient catalytic
system that oxidizes a wide range of alcohols
into the corresponding carbonyl compounds
under mild conditions and that uses O, or





