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Fig. 5. The quantity 1/1o€*3 versus the rate of
rearrangement events per unit volume; we esti-
mated the latter by viewing surface bubbles with a
microscope. Both quantities are in units of s™!
cm ™3, The solid line is the best fit to 1/1,€*3 « R.
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whereupon its length is suddenly changed
and the phase is totally randomized. Thus,
£7(7) is an ensemble average of the fraction
of paths of length s that have not been
randomized since time T = 0. If rearrange-
ment events of a single size r occur randomly
at rate R per unit volume, then
£1(7) = e7¥". The decay rate v, depends on
the likelihood of a rearrangement event oc-
curring within the path and so increases
with the product of R and the path volume,
s€*2, where €* is the shortest meaningful
length scale for a diffusive light path. Also,
v, must increase with r3/€*3, because larger
events will affect more light paths. We there-
fore have vy, = R(s€*?)(r3/€*3); comparison
with Eq. 5 gives 7o' = Rr®. Physically, 7,
reflects the average time interval between
rearrangement events at any single location
in the foam.

To test this model, in Fig. 5 we compare
1/74€*3, measured by DWS, with R, esti-
mated from the rate of rearrangements at the
foam surface. Provided the average event
size r scales with bubble size, our model
predicts 1/7o€*® « R. As the foam ages,
both quantities decrease by many orders of
magnitude, and Fig. 5 demonstrates a linear
relation over the full range. The result,
1/70€*® = (35 = 10)R (10), implies that the
average event size scales with bubble size
and is on the order of ten bubbles in diam-
eter. This is in excellent agreement with our
microscope observations of r, confirming
the validity of our model for DWS.

In contrast to traditional dynamic light-
scattering techniques, which probe continu-
ous random movements, this form of DWS
probes events that are temporally intermit-
tent, large in scale, and spatially localized.
Studying the time evolution of the foam, we
find that R ~¢7 with y = 2.0 = 0.1 (10,
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11). The origin, scaling behavior, and con-
sequences of these rearrangement events
have not yet been considered. Presumably,
as the foam coarsens and packing conditions
change, local stress differences accumulate
until a critical value is reached and a rear-
rangement event occurs. This process must
also play an essential role in the relaxation of
applied stresses and therefore should pro-
vide important microscopic information
about the macroscopic rheological behavior
of foams. In general, rearrangement events
may vary considerably with the nature of the
foam, particularly with the volume fraction
of liquid and with the prevalence of bubble
coalescence. However, the simplicity and
convenience of these multiple light-scatter-
ing techniques should enable these and oth-
er important fundamental properties of a
wide variety of foams to be studied.
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Molecular Self-Assembly of Two-Terminal,
Voltammetric Microsensors with Internal References

JaMEs J. HickMmaN, DAvID OFER, PAUL E. LAIBINIS,
GEORGE M. WHITESIDES, MARK S. WRIGHTON*

Self-assembly of a ferrocenyl thiol and a quinone thiol onto Au microelectrodes forms
the basis for a new microsensor concept: a two-terminal, voltammetric microsensor
with reference and sensor functions on the same electrode. The detection is based on
measurement of the potential difference of current peaks for oxidation and reduction
of the reference (ferrocene) and indicator (quinone) in aqueous electrolyte in a
two-terminal, linear sweep voltammogram in which a counterelectrode of relatively
large surface area is used. The quinone has a half-wave potential, E,,, that is
pH-sensitive and can be used as a pH indicator; the ferrocene center has an E, , that
is a pH-insensitive reference. The key advantages are that such sensors require no
separate reference electrode and function as long as current peaks can be located for

reference and indicator molecules.

E REPORT PROOF-OF-CONCEPT
results demonstrating a new ap-
proach to electrochemical sen-
sors: two-terminal, voltammetric microsen-
sors with internal references (Fig. 1).
Detection is accomplished by measurement
of the potential difference, AE, associated
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with current peaks for oxidation (or reduc-
tion) of microelectrode-confined redox re-
agents, where the magnitude of AE can be
related to the concentration of analyte. One
of the electrode-bound reagents has an elec-
trochemical response that is insensitive to
variations in the medium and serves as the
reference.At least one of the electrode-
bound reagents is chemically sensitive and
serves as the indicator. Current peaks for
oxidation or reduction of the reference and
indicator are determined from two-terminal,
linear sweep voltammograms in which a
counterelectrode is used that has an area
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much larger than that of the sensor elec-
trode. A counterelectrode with relatively
large surface area is needed so that the linear
sweep of applied voltage will yield only a
change in potential of the sensor electrode.
For example, if the counter electrode is 10°
times as large as the sensor electrode, the
counterelectrode potential moves only ~1
mV on application of a 1-V potential differ-
ence. The key advantage of our new device is
that it does not require a reference electrode
because the indicator and reference mole-
cules are both on the sensor electrode. A
second advantage is that the sensor function
is based on peak-to-peak separations, AE,
rather than on peak amplitudes. According-
ly, the sensor can be useful as long as peaks
can be located, even when slow decomposi-
tion of the electrode-bound reagents occurs.

Realization of a two-terminal, voltammet-
ric microsensor depends on discovery of
viable reference and indicator molecules that
can be confined to electrode surfaces. Our
system is prepared by self-assembly of two
redox-active molecules on Au microelec-
trodes by adsorption of the RSH group on
gold (as thiolate, RS™Au™, where R is an
alkyl group) (Fig. 1) (1-5). The reference
molecule is a ferrocene (Fc), a redox center
with a chemically insensitive formal poten-
tial (6). The indicator molecule is a hydro-
quinone (QH,), which has a pH-dependent
redox potential (7). Quinone thiols (8, 9)
and ferrocene thiols (10, 11) have been
attached separately to Au electrodes.

One can modify Au microelectrodes (12)
(~10® wm?) or Au macroelectrodes (~1
cm?) with QH, (13) or Fc (11) by dipping
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the Au into solutions containing one or
both of the thiol reagents (14). Cyclic vol-
tammograms for Au macroelectrodes mod-
ified with pure Fc, QH,, or a combination
of Fc and QH,, are shown in Fig. 2. The
electrochemical response is persistent and
consistent with about one monolayer of
redox-active molecules. Coverages deter-
mined from integration of the current-volt-
age curves are 3 X 107'% to 5 x 107'°
mol/cm?. The combination of QH, and Fc
on the Au yields an electrochemical response
expected from the presence of both redox
systems. The electrochemical response for a
Au microelectrode derivatized with QH,

A
Microelectrode Rem Rt M—sMF
Electrode with i
relaively high | |
surface area | |
MR
'_‘s.\l | |
L Sy
v r— AE—>{
I -~
E,
- L1 1 +L :'_ “ ‘_':
I |
e M- L | m-L*
L
MR i I | Fig. 1. (A) Concept of a two-
I | terminal, voltammetric microsen-
I I sor showing idealized response to
v a species L that binds to the indi-
v cator molecule M. The linear
B sweep voltammograms reveal a
H difference between the current
Electrode with I (CHgle SH peaks for oxidizing the reference
fOI:ﬁVOW high ﬁ?ﬂmr"m oH molecule, R, and M or M-L, de-
surface area o R, O pending on the presence of L. (B)
N\ °”ﬂ° Fo System designed for measuring
. l L é’ﬂ pH where the Fc thiol can serve
v—J e as a reference, R, and the QH,
?e CHzlysH thiol can serve as an indicator, M,
<& for pH.
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Fig. 2. Cyclic voltammetry at three scan rates for
Au macroelectrodes in 1.0 M NaClO, at pH 1.5
buffer (phosphate) derivatized with only acyl Fc
thiol (5.2 X 107!° mol/cm?) (top); only Q thiol
(5.6 x 107!° mol/cm?) (middle); and a mixture
of the acyl Fc thiol and Q thiol at 3.9 x 107'°
mol/cm? and 1.7 x 107'% mol/cm?, respectively
(bottom).

and Fc at two values of pH (Fig. 3) indicates
that the redox potential for the Fc*-Fc
system (Eq. 1) is pH-insensitive, whereas
the redox response for the Q-QH, system
(Eq. 2) depends on pH.

Fc*+e =2 Fc e8]

Q+2¢ +2H"= QH, )

When the Au microelectrode is run as the
sensor electrode in a two-terminal device
(~1 cm? Pt counter electrode), the voltam-
mograms are superimposable on the curves
shown in Fig. 3, where a saturated calomel
(SCE) reference electrode was used. The
microelectrodes show a somewhat smaller
potential window than macroelectrodes in
the aqueous electrolytes. This disadvantage
is, however, compensated for by the fact that
microelectrodes modified with a monolayer
of reference and indicator molecules mini-
mize the charge passed in effecting the
movement of potential of the sensor elec-
trode. Thus, both the size of the counter
electrode and the perturbation of the solu-
tion interrogated can be minimized.

The surface-confined Fc*-Fc system be-

6~ pH=14
L
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o
2'_
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.2—_
.4.__

Potemlal (V)

Fig. 3. Cyclic voltammetry (500 mV/s) of Au
microelectrodes derivatized with a mixture of acyl
Fc thiol and Q thiol at pH 1.4 and pH 6.0. The
solutions used were phosphate buffers in 1.0 M
NaClO, base electrolyte; an SCE reference elec-
trode was used.
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Fig. 4. Plot of E;;, versus SCE for the surface-
confined Fc thiol versus pH (top) and plot of
difference in cathodic current peak for surface-
confined acyl Fc* and Q versus pH from two-
terminal, voltammetric scans. All data are from
voltammograms recorded at 500 mV/s in 1.0 M
NaClO, in buffered solution.

haves ideally (15) at all values of pH inves-
tigated (0 to 10). The surface-confined
Q-QH,, system is not ideal in that there is a
large difference in the potential for the an-
odic and cathodic current peaks. Such be-
havior is well documented for other qui-
nones (9, 16). Although the Q-QH, system
is not ideal, the effect of pH on the electro-
chemical response of Q-QH, is reproduc-
ible. Both the anodic and cathodic current
peaks for the Q-QH, system shift to more
positive potentials at lower pH. The E, ,, of
the surface-confined Fc*-Fc system is pH-
insensitive and the potential difference be-
tween the cathodic current peaks, AE,, is
pH-dependent for the processes shown in
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Egs. 1 and 2 (Fig. 4). The linear response to
the solution pH forms the basis for a pH
sensor system where the Fc*-Fc serves as the
reference and the Q-QH,, serves as the indi-
cator (Fig. 1).

These results illustrate our concept of a
two-terminal microelectrochemical sensor.
Study of electrodes modified with Q and
11-ferrocenylundecanethiol, F¢(CH,) ,,SH
(10), and subsequently examined in highly
acidic media establishes a possible applica-
tion of our new concept. The electrochemi-
cal response of a derivatized Au macroelec-
trode in aqueous media containing different
concentrations of HCIO, is illustrated in
Fig. 5. The electrochemical response of the
redox molecules persists even in 10 M
HCIO,. Note that the response for the
Q-QH, system moves from ~0.5 V nega-
tive (pH = 11) of the Fc to ~0.5 V positive
(10 M HCIO,) of Fc for the media used.
Measuring H™ activity in highly acidic me-
dia is thus possible with the electrode mod-
ified with both Q and Fc (CH,),,SH. Ear-
lier work has established the constancy of
the redox potential of a surface-confined Fc
at very high H* activity (17), justifying our
use of the Fc as an internal reference in such
media. In applications, locating peak posi-
tions in linear sweep voltammetry can be
improved with the use of derivative voltam-
metry (18). The linear sweep voltammograms
and the first derivatives in 0.1 M and 3 M
HCIO, illustrate the use of the derivatives to
establish the differences in the peak positions
for the oxidation of the Fc and the QH,
centers confined to a Au electrode (Fig. 6).

The proof-of-concept microsensor system
described here can be easily extended by use
of other specific indicator molecules. Mono-
layer redox reagents and microelectrodes are
not required, but their use has the advantage
that very small amounts of charge are in-
volved in detection. The self-assembly of
thiol reagents provides a reproducible meth-
od, applicable to many chemical functional-
ities (1-5, 8-11), for assembly of device-
active materials, but there are a large number
of other electrode modification techniques
that can be useful (15). Au electrodes deriva-
tized with thiol reagents are robust, but
long-term durability is an issue in many
sensor applications. Sensor electrodes de-
scribed have been used intermittently over a
period of several weeks with reproducible

Fig. 5. Cyclic voltammetry (500 mV/s) for a Au macro-
electrode derivatized with alkyl Fc thiol and Q thiol in
(from top to bottom) 1.0 M NaClO, buffered to pH
11 with phosphate (0.05 M Na,HPO, and 0.05 M
Na,PO,); 0.1 M HCIO,; 1.0 M HCIO,; 10 M HCIO,.
The reference is taken to be the average position of the
oxidation and reduction waves for the ferrocene system.
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Fig. 6. Linear sweep voltammograms (500 mV/s)
and their first derivatives for oxidation of alkyl Fc
thiol and QH, thiol confined to a Au macroelec-
trode. Top two panels, 0.1 M HCIO,. Bottom
two panels, 3 M HCIO,. The potential scale is
relative to the Fc oxidation wave.

500

response to variation in pH. At least the
two-terminal, voltammetric microsensor is
self-assessing in that failure of the device-
active materials is revealed by an inability to
detect current peaks. It should be possible to
devise multiple-response, two-terminal mi-
crosensors by incorporation of more than
one indicator molecule.
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Three-Dimensional Readout of Flash X-ray Images of
Living Sperm in Water by Atomic-Force Microscopy

T. ToMmig,* H. SHiMIZzU, T. MAJIMA, M. YAMADA, T. KANAYAMA,

H. Konpo, M. YANO, M. ONO

The imaging of living specimens in water by x-ray microscopy can be greatly enhanced
with the use of an intense flash x-ray source and sophisticated technologies for reading
x-ray images. A subpicosecond x-ray pulse from a laser-produced plasma was used to
record the x-ray image of living sea urchin sperm in an x-ray resist. The resist relief was
visualized at high resolution by atomic-force microscopy. Internal structure of the
sperm head was evident, and the carbon density in a flagellum was estimated from the

relief height.

-RAY MICROSCOPY (XRM) HAS

x many potential advantages over elec-
tron microscopies (EMs) (7). The

most favored application is the observation
of living cells in water with the use of x-rays
in the so-called water-window wavelength
region (2.32 to 4.37 nm). Although there
have been many synchrotron-radiation
XRM studies (2) with an exposure time
longer than a few seconds, flash exposure is
essential for high-resolution imaging (3).
Although a 100-ns x-ray pulse was used in
the first experiment of flash XRM of speci-

men in water (4), the maximum exposure -

time for high-resolution imaging is consid-
ered to be shorter than 1 ns, as discussed
below. Such a short duration flash x-ray is
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currently available only from a laser-pro-
duced plasma.

Along with the difficulty of obtaining an
intense flash x-ray source, the other major
problem in flash XRM has been reading the
x-ray images. High-resolution flash XRM is
possible at present only in contact XRM, in
which the x-ray shadow of a specimen is
recorded in the closely contacted x-ray resist.
The magnification of the image is achieved
in the examination stage of the recorded
profile. In the examination by EMs, radia-
tion damage by the electron beam of the
resist surface or a replica of the resist relief
has been a serious problem (5). We have
used atomic-force microscopy (AFM) (6)
because the relief on a nonconducting resist
surface can be examined directly without
coating or making a replica. In microscopy,
one wants to observe both thin and thick
features in the same image, and the record-
ing material should have a large dynamic
range, contrary to the case of lithography, in
which an on-off pattern is required. When a

dynamic range is large, the contrast of the
image is inevitably low. AFM is a good
technique for examining low-contrast to-
pography. Moreover, the relief height can
be measured with high precision, which
allows us to discuss the density of speci-
mens quantitatively. We report the use of
AFM in contact XRM in imaging sea ur-
chin sperm.

After a detailed study of the laser-plasma
x-ray source (7), we succeeded in obtaining
one-shot x-ray image of specimens in water
by using a low-energy (2-]) laser pulse (8)
(Fig. 1). The major concern in using a
laser-plasma x-ray source was the effect of
ultraviolet (UV) emission and debris from
the plasma (9). We confirmed experimental-
ly that the contribution of UV emission to
resist exposure was negligible. Although the
0.1-pm-thick silicon nitride (SizN,) mem-
brane used as an x-ray window was broken
after the x-ray exposure, the debris did not
reach the resist surface when a specimen in
water was imaged. The water between the
membrane and the resist protected the resist
surface from the debris. The specimen was
the sperm of a sea urchin Anthocidaris cras-
sisspina in semen solution. The undiluted
semen was stored at 4°C. For the observa-
tion, the semen was diluted with a one-
quarter volume of artificial seawater. A drop
of the diluted semen was sandwiched be-
tween the Si;N, membrane and a polyme-
thylmethacrylate (PMMA) x-ray resist. The
laser plasma was produced by a frequency-
doubled glass laser pulse (500 ps, 2 J). The
specimen was placed 6 mm from the x-ray
source. The x-ray energy density on the
resist was 5 to 10 mJ/cm?. The main contri-

P';'i__s_nﬁ_—e—/
O\La&

; X-ray
SigN,
h Specimen
,\./D in
PMMA water

Fig. 1. Experimental configuration. A silicon ni-
tride membrane of 0.1-pm thickness supported
on a silicon wafer was used as an x-ray window.
The membrane maintained the pressure difference
between the vacuum region for the x-ray genera-
tion and the atmospheric specimen environment.
The x-ray image is recorded in PMMA x-ray resist
of 0.5-um thickness spun on another silicon
wafer. The separation between the membrane and
the resist was 3 pwm and was estimated from the
x-ray transmission through water. The minimum
separation is limited by the flatness of wafers.
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