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Electromechanical Properties of an
Ultrathin Layer of Directionally
Aligned Helical Polypeptides

T. Jaworek,* D. Neher, G. Wegner,T R. H. Wieringa,
A. J. Schouten

The electromechanical properties of a monomolecular film of poly-y-benzyl-L-glutamate
(PBLG) 15 nanometers thick grafted at the carboxyl-terminal end to a flat aluminum
surface were measured. The field-induced change in film thickness, dominated by a large
inverse-piezoelectric effect, demonstrates that the “grafting-from” technique forces the
chains into a parallel arrangement. The mechanical plate modulus of the film as deter-
mined by electrostriction agrees with the theoretical prediction for a single PBLG mol-
ecule along the chain axis. The experiments show that ultrathin polypeptide layers with
large persistent polarization can be fabricated by the grafting approach.

One of the challenges of supramolecular
chemistry is the manufacture of ultrathin
layers with a perceptible and stable polar
order. Such materials have potential in the
construction of nanoscale piezo- and pyro-
electric devices and for electrooptical appli-
cations. Techniques that have been used or
suggested include the poling of initially
nonpolar polymer films (1), the Langmuir-
Blodgett (LB) assembly of polar monolayers
(2), and, more recently, the defined growth
of films of polar polymers by self-assembly
(3) or grafting (4). In particular, the grafted
films of polyglutamates have attracted in-
terest for the fabrication of polar films (4-
10). Poly-L-glutamates in the a-helical con-
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formation are generally considered as pro-
totype materials. The rodlike structure of
the polar a-helix gives rise to some unique
properties such as a high persistence length
and large optical and mechanical anisotro-
py. In the helical conformation, the dipole
moments of the individual repeat units
along the chain add up to a large total
dipole moment (11). Attempts have been
made to orient polyglutamates by an elec-
tric field (12), and the net orientation was
investigated by x-ray diffraction or second
harmonic generation. However, as a conse-
quence of the large dipole moment, the
polar alignment of neighboring polypep-
tides helices is energetically unfavorable.
The “grafting-from” approach makes
possible the directional alignment of the
helical molecules (Fig. 1), as was first dem-
onstrated by the work of Whitesell and
Chang (6). These investigators first deco-
rated the surface of a flat metal or metal
oxide film with a layer of organic material
exhibiting free amino groups by a self-as-
sembly process and then started the poly-
merization of N-carboxyanhydrides of a-L-
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5.37 (s, 1H), 3.32-3.19 (m, 4H), 2.93-2.87 (m, 1H),
2.59-2.30 (m, 6H), 2.00 (m, 2H), 1.58-1.31 (m,
16H), 0.91 (t, J = 6.1 Hz, 6H). UV (CHCI,) A ., 496
(496 113,500 M~1 cm~") nm; accurate fast atom
bombardment mass spectrum (m/z) for M*
CusHa7Ng, calculated: 379.2987, found: 379.2979.
Elemental analysis, calculated: C 79.11, H 9.82, N
11.07; found: C 78.81, H 10.01, N 10.97.
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amino acids (NCAs) to obtain poly-L-ami-
no acids. These amino acids are covalently
attached at their COOH-terminal end to
the surface and, depending on the type of
amino acid used, grow directly in a helical
conformation. Whitesell and Chang con-
cluded that the chain orientation is mainly
normal to the surface (6). However, to date,
there is no conclusive evidence for pro-
posed polar order in grafted polypeptide
films.

We have measured the electromechani-
cal properties of a grafted layer of poly-y-
benzyl-L-glutamate (PBLG) using a Nomar-
ski optical interferometer (Fig. 2). Winkel-
hahn et al. have shown that this setup is
capable of detecting periodic thickness
changes with subpicometer resolution at
modulation frequencies between 10 Hz and
100 kHz (13, 14). The experimental data
can yield the degree of polar order and the
mechanical plate modulus of the ultrathin
layer.

We constructed sandwich-type struc-
tures by growing a thin layer of PBLG on
the surface of a glass substrate previously
coated with thin aluminum strip electrodes
(15). The self-assembled initiator layer was
derived from triethoxy aminopropylsilane
according to the procedure of Haller (16).
This process generates a large surface den-
sity of amines on the substrate and prevents
pinholes due to holes in the initiator layer
(17). The surface graft polymerization ini-
tiated by the surface-anchored amino
groups was carried out at 40°C in a 0.5 M
solution of N-carboxyanhydride monomer
in N,N-dimethylformamide for 2 days under
nitrogen atmosphere. Further experimental
details on the polymerization will be pub-
lished elsewhere (18). The thickness of the
grafted layer was 15 nm, as determined with
a Tencor a-step profiler (19). The top alu-
minum strip electrodes were deposited with
an orientation perpendicular to that of the
bottom strips. In this way six independent

57



capacitors with an area of 16 mm? were
formed, of which two were functional.

A second PBLG film was grafted onto an
aluminum-coated glass substrate under
identical conditions and analyzed by infra-
red (IR) spectroscopy. The grafted polymer
chains exist in the a-helical conformation,
as demonstrated by the spectral positions of
the amide I (1655 cm™!) and amide II
(1551 cm™1) absorption bands (Fig. 3A). In
the grazing-incidence IR (GIR) absorption
spectrum only vibrations with transition di-
pole moments perpendicular to the sub-
strate are observed. Because the transition
dipole moment of the amide I vibration is
directed almost parallel to the polymer
backbone, LB films with PBLG helices ori-
ented parallel to the substrate have rather
weak amide I bands (Fig. 3B). In contrast,
the PBLG grafted layer shows amide I and
amide II bands of similar strength (20). This
means that the helices are standing upright
on the surface although they are presumably
tilted significantly toward the substrate.
This second sample was further character-
ized by x-ray photoelectron spectroscopy
(XPS) experiments. The sample exhibited a
uniform, substrate-free signal indicative of
a homogeneous film with low pinhole
density. .

The electromechanical experiment mea-
sures the change in film thickness h as a
function of the applied electric field E:

ME) = ho(1 + dE + aE* +...) (1)

where d is the inverse-piezoelectric coeffi-
cient, a is the electrostriction coefficient of
the polymer layer, and hy is the film thick-

Substrate

Fig. 1. Geometry of the “graft-from” fim of a he-
lical polyglutamate. Arrows indicate the directions
of the individual dipole moments [polypeptide
structure according to (32)]. :

ness without external bias. For an ac elec-
tric field with amplitude E , - and frequency
o, the field-induced thickness change Ah as
a function of time ¢ is given by

AnE) 1 _,
ho = jaEAc + d(w)Eaccos(wt)

1
+ 7 a(2w)E4cos(2wt) (2)
with frequency components at Ow, 1w, and
20. In the experiment we separated the
different contributions using frequency-se-
lective lock-in detection.

We investigated the inverse-piezoelec-
tric and electrostriction response of the
grafted film for a range of frequencies of the
film thickness modulation (Fig. 4 and Table
1). Both intact capacitors gave comparable
results. Expressions for d and a are derived
in (13, 14, 21):

a(2w) = ——%"PZ(Z“’)
[s,(w) RGO 213[e'<m> - 1]] )

d(w) = —Kp(m)Po[Elo%)—-F—z] 4)

Laser diode
A=780nm
Wollaston
prism
g Beam splitter
Top electrode
Calcite *®
Grafted layer
........ U
..................... C /I Bottom electrode
Substrate

Fig. 2. Simplified scheme of the optical Nomarski
interferometer (13, 74). The sample consists of a
thin film sandwiched between a bottom electrode
and two smaller top electrodes. At these elec-
trodes two perpendicularly polarized beams are
reflected. When voltage U is applied between only
one of the top electrodes and the bottom elec-
trode, the resulting change in film thickness caus-
es a phase shift between the probe and reference
beam. In the detection arm of the interferometer
the recombined beam is split by a Wollaston prism
into two beams with intensities A and B of perpen-
dicular polarization and directed onto two photo-
diodes. At the working point of the interferometer,
the difference of the two diode signals is propor-
tional to the electric field-induced change in film
thickness. The spot size of the laser beam reflect-
ed at the top electrode was ~1 mm.

where €'(w) is the real part of the dielectric
constant at the ac modulation field frequen-
cy and €'(w,) the dielectric constant at
optical frequencies; K, is the frequency-de-
pendent plate compliance.

If the real part of the dielectric constant
€' of the material is known, then it is-pos-
sible to calculate the polarization P, from
the ratio of the coefficients of the inverse-
piezoelectric effect and the electrostriction.
For most organic materials, €' (w,) at optical
frequencies is close to 2.5. Values for €'(w)
of the PBLG film should be comparable to
those reported for polymeric films at fre-
quencies above the major dipole relaxation
regime (22). For the data analysis values
between 3 and 4 were chosen independent
of frequency.

The value of P, as determined from the
experimental data (Table 1) varies between
16 and 32 mC m~2. The polarization de-
creases with increasing modulation frequen-
cy. This behavior is not yet understood, but
it might indicate that the value for P, is
affected by a tilting motion of the rodlike
molecules or by a motion of the side chains.

An estimate of the static polarization can
be made on the basis of (22):

‘N 8’((1)0) +2
E TS
assuming a perpendicular orientation of
the rods; N/V is the number density of
dipoles with dipole moment . Assuming
a height of 1.5 A and a dipole moment of
1.5 D per repeat unit as well as a surface
area per polyglutamate chain of 195 A?
(23), the theoretically predicted polariza-

A 3
3 I
)
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o
g
=
£
A
§ B .
B[ ]
e
2|
2 i
3500 3060 25(.)0 2060 1560 1060
Wavelength (cm™)

Fig. 3. Grazing-incidence IR absorption spectra
of agrafted poly-y-benzyl-L-glutamate layer on an
aluminum-coated glass substrate (A) and of a LB
film of 10 layers of PBLG on a gold-coated glass
substrate (B).
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tion is 26 mC m™2. This estimate is very
close to the average of the measured val-
ues for Py. A more detailed interpretation
would need to take into account the av-
erage tilt of the polymer chains relative to
the surface normal.

A pseudo inverse-piezoelectric effect can
also be measured in nonpolar materials in
the presence of a dc offset field E, as, for
example, caused by a built-in field across
the sandwich layer. In this case, we must
substitute for d in Eq. 2 an effective piezo-
electric coefficient d' = d + 2aE,. We
have measured the electromechanical prop-
erties of LB films of “hairy-rod” type poly-
glutamates (24) in a similar sandwich ge-
ometry between two aluminum electrodes.
In these films the chains are exclusively
oriented parallel to the substrate plane and
the polarization is expected to be zero. For
all LB films that we studied the piezoelec-
tric (lo) component was much smaller
than the electrostriction (2w) signal. This

U (V)

g . T Sl T TR 8 B o 2B S TR sy e o
2B ”‘% ‘&’,rt L Sl %& o ?x,“&%‘&“‘,

0.50 -
8 g
g 3
0.25 :
0.00 .

£

result demonstrates that the inverse-piezo-
electric effect of the grafted films is caused
by the large polarization in the film result-
ing from the polar alignment of the polymer
chains.

The plate compliance of the grafted film
can be evaluated from the electrostriction
coefficient (Eq. 3). The plate modulus L
(defined by the inverse of the plate compli-
ance) varies between 37 and 47 GPa (Table
1), but there is no clear correlation with
modulation frequency. These values are
close to a Young’s modulus of 34 GPa pre-
dicted for a single PBLG chain in a free-
backbone simulation (25). In comparison,
the determination of the elastic constants
by Brillouin spectroscopy of “hairy-rod”
type  octadecyl, ;-co-methyl, ;-polygluta-
mate LB films yields a mechanical constant
parallel to the rod of 10 GPa (26). Bulk
values for the Young’s modulus are even
smaller (27, 28). Matrix effects as well as a
more isotropic chain orientation are

075F B ]

0.0000 0.0005 0.0010 0.0015 .
U’fh, (Vlpm)

Fig. 4. Field-induced change in film thickness Ah due to the piezoelectricity (L) and electrostriction (M)
of a grafted PBLG layer 15 nm thick. In the electrostriction experiment the frequency of the ac driving
field was half the frequency used for the determination of the inverse piezoelectric coefficient (frequen-
cy = 1986 Hz). In (A) the field-induced modulation in thickness is plotted as a function of the amplitude
U of the applied sinusoidal voltage. The slope of the linear fit to the piezoelectric date vyields the
inverse-piezoelectric coefficient d. In (B) the electrostriction data are plotted as a function of U2/h,. The
linear regression yields the electrostriction coefficient a.

Table 1. Coefficients of the inverse-piezoelectric effect d and electrostriction coefficients a of a PBLG
graft film 15 nm thick, measured at different frequencies of the field-induced change in fim thickness
(voltage range U = 0 to 3 V). We calculated the polarization P, and the plate modulus L = ' from
. these values for each frequency, using Egs. 3 and 4. The indicated errors for P, and L correspond to the
range of values taken for &’(w), which was varied between 3.0 (lower limits) and 4.0 (upper limits).

Frequency d a Py L

(Hz) (pm V7T (pm2V~3) (Cm™3) (GPa)
156 1.323 984.6 0.032 + 0.007 37+8
1986 0.954 765.8 0.030 + 0.007 47 + 11
2500 0.912 943.3 0.023 = 0.005 38 +38
5000 0.950 970.3 0.024 + 0.005 37 £8
10000 0.793 916.2 0.021 = 0.004 39+9
20000 0.740 1089.2 0.016 = 0.004 33+7
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thought to account for these lower values.

Because the piezoelectric coefficient is
proportional to the compressibility of the
layer, the large mechanical modulus along
the a-helical chain dampens the hope that
ultrathin layers with huge piezoelectric co-
efficients can be built from polyglutamates.
Even though the persistent polarization is
large, comparable to values observed in fer-
roelectric polymers (29), the inverse-piezo-
electric coefficient only reaches a level sim-
ilar to that of quartz. Large piezoelectric and
inverse-piezoelectric coefficients have been
reported for materials such as BaTiO; (d =
190 pm V1), lead zirconate titanate (d =
289 pm V1), polyvinylidene fluoride (d =
28 pm V71) (30), and ferroelectric elas-
tomers (d = 12.5 pm V™1) (31). Despite the
low inverse-piezoelectric coefficient of the
grafted layer, the voltage sensitivity (de-
fined as d/e) is, however, quite comparable
to that of commercially used piezoelectric
materials. The advantage of the “grafting-
from” concept is its feasibility for the
growth of piezoelectric-active films directly
on a variety of electrodes and even on
flexible substrates, without the need for
subsequent poling.
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Coupling of South American and African Plate
Motion and Plate Deformation

Paul G. Silver, Raymond M. Russo, Carolina Lithgow-Bertelloni*

Although the African Plate’s northeastward absolute motion slowed abruptly 30 million
years ago, the South Atlantic’s spreading velocity has remained roughly constant over
the past 80 million years, thus requiring a simultaneous westward acceleration of the
South American Plate. This plate velocity correlation occurs because the two plates are
coupled to general mantle circulation. The deceleration of the African Plate, due to its
collision with the Eurasian Plate, diverts mantle flow westward, increasing the net basal
driving torque and westward velocity of the South American Plate. One result of South
America’s higher plate velocity is the increased cordilleran activity along its western
edge, beginning at about 30 million years ago.

The motions of tectonic plates are well-
established components of plate tectonic
theory. Yet, the manner in which plates
interact, specifically how the forces driving
adjacent plates are coupled to each other, is
still uncertain. Plate interaction is most
clear at a convergent margin. In a conti-
nent-continent collision, the leading edges
of both plates are deformed and the veloc-
ities of both are constrained to be the same.
Subduction represents a more subtle plate
interaction, in which the overlying plate is
deformed (producing marginal basins or
cordilleran structures), although plate ve-
locities are not obviously affected.

Our interest in plate interactions for At-
lantic basin plates is motivated by the issue
of cordillera formation along the western
edge of the American plates, and its rela-
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tion to the forces responsible for South
American Plate (SA) motion. It was sug-
gested (I, 2) that Andean deformation is a
result of the westward velocity of SA and
the resistance to that motion by a more
slowly retreating subducting Nazca slab.
The velocity difference v between the
trenchward velocity of the overlying plate
and the natural retrograde velocity of the
slab determines whether the back arc is
under compression (positive) or tension
(negative) [for example, (3)]. More gener-
ally, a temporal change in v should change
the stress state of the back arc. In the case of
SA, the onset of the latest phase of Andean
deformation, beginning 25 to 30 million
years ago (Ma) (4) was concurrent with an
increase in the westward velocity of SA (2).
A change in plate velocity must be due to a
change in the force-balance on the plate.
Thus, temporal variations in cordilleran de-
formation are an expected result of tempo-
ral changes in plate driving forces.

To examine this linkage, we analyzed
the relative and absolute motion histories of
the African Plate (Af) and SA over the last
80 million years (My) using fracture-zone
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orientations and sea-floor magnetic anom-
alies (5), and the motion of Af with respect
to Atlantic basin hot spots Tristan da
Cunha and St. Helena (6, 7). The varia-
tions in SA and Af velocity vectors were
determined from the stage poles of motion
that were decomposed, as angular velocity
vectors, into directions parallel and orthog-
onal to the relative plate motion direction
(defined as the 80 My finite rotation pole).
The corresponding plate directions are
roughly east-west and north-south, respec-
tively. While the half-spreading rate be-
tween the Af and SA remained relatively
constant at 2 cm/year over the last 80 My,
the absolute motion of Af slowed consider-
ably beginning at about 30 Ma. Af’s east-
ward velocity before this time averaged
about 2.5 cm/fyear, but subsequently
dropped to 1 cm/year (Fig. 1) (8). The
combination of a roughly constant relative
velocity and an abrupt reduction in Af’s
eastward velocity, requires a simultaneous
increase in the absolute westward velocity
of SA. During the last 30 My, this velocity
increased from about 2.0 to 2.8 cm/year
(Fig. 1). SA is currently moving faster rel-
ative to the hot spots than at any time in
the last 80 My.

A simple explanation for the decelera-
tion of Af is its collision with the Eurasian
Plate (Eu), beginning about 38 Ma [for
example, (9, 10)], which is the largest and
slowest moving plate (11, 12). The simul-
taneous westward acceleration of SA,
however, requires a separate mechanism.
We propose that the change in SA’s mo-
tion is the result of a flow-coupled plate
interaction. If Af and SA are coupled to
mantle flow (13), a change in Af motion
perturbs the mantle flow field, which in
turn alters the basal shear stress and,
hence, the velocity of SA. The existence
of this interaction is independent of
whether the plates drive the flow or vice

60 SCIENCE « VOL. 279 = 2 JANUARY 1998 ¢ www.sciencemag.org





