tures in the tropical atmosphere are water-
like. Further examination of this point must
rely on more spectral measurements, partic-
ularly in the near-infrared, where liquid
water absorption and ice absorption become
important.
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Self-Assembled Metal Colloid Monolayers:
An Approach to SERS Substrates

R. Griffith Freeman, Katherine C. Grabar, Keith J. Allison,
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The self-assembly of monodisperse gold and silver colloid particles into monolayers on
polymer-coated substrates yields macroscopic surfaces that are highly active for surface-
enhanced Raman scattering (SERS). Particles are bound to the substrate through multiple
bonds between the colloidal metal and functional groups on the polymer such as cyanide
(CN), amine (NH,), and thiol (SH). Surface evolution, which can be followed in real time
by ultraviolet-visible spectroscopy and SERS, can be controlied to yield high reproduc-
ibility on both the nanometer and the centimeter scales. On conducting substrates, colloid
monolayers are electrochemically addressable and behave like a collection of closely
spaced microelectrodes. These favorable properties and the ease of monolayer con-
struction suggest a widespread use for metal colloid-based substrates.

In SERS, millionfold enhancements in
Raman scattering can be obtained for mol-
ecules that are adsorbed at suitably rough
surfaces of Au, Ag, and Cu (1). Although
many approaches have been reported (2),
preparation of well-defined, stable SERS
substrates having uniform roughness on
the critical scale of 3 to 100 nm has
proven difficult. Because colloidal Au can
be synthesized as monodisperse solutions
throughout most of this size regime (3)
and because molecules adsorbed to closely
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spaced, colloidal Au and Ag exhibit en-
hanced Raman scattering (4), these parti-
cles are excellent building blocks for
SERS-active substrates.

The key issue is whether colloidal Au
and Ag particles can be organized into
macroscopic surfaces that have a well-de-
fined and uniform nanometer-scale archi-
tecture. Indeed, controlling nanostructure
is currently a central focus throughout
materials research (5). Progress in the self-
assembly of organic thin films on metal
surfaces (6) led us to explore the reverse
process: the self-assembly of colloidal Au
and Ag particles onto supported organic
films. As detailed below, this approach has
yielded surfaces that are SERS-active,
characterizable at both the macroscopic
and the microscopic levels, highly repro-
ducible, electrochemically addressable,
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and simple to prepare in large numbers.
Moreover, these substrates have a surface
roughness that is defined by the colloid
diameter (which is tunable) and an aver-
age interparticle spacing that is continu-
ously variable. As such, self-assembled Au
and Ag colloid monolayers are likely to
have extraordinary utility for SERS.

Our construction protocol for SERS-
active Au and Ag colloid monolayers ex-
ploits the simplicity of self-assembly from
solution and the affinity of noble metal
surfaces for certain organic functional
groups (Fig. 1). In our case, these moieties
are present by virtue of organic films ei-
ther polymerized or deposited on the sur-
face of macroscopic (~0.8 cm by 2 cm)
substrates. Immersion of the functional-
ized substrate into a dilute solution of
monodisperse colloidal Au or Ag particles
leads to colloid immobilization. This solu-&
tion-based process is extremely general,Q
encompassing numerous permutations of -
insulating and conducting substrates <,
(glass, quartz, plasma-treated Teflon, Form- &
var, indium-doped SnO,, and Pt), organic
films [hydrolyzed mono-, di-, and trialkox- ©

ysilanes containing the functional groups ?

CN, NH,, 2-pyridyl, P(C(H;),, and SH, as 5,
well as carboxyl-terminated C,g organo- &
thiol self-assembled monolayers], and col- ©
loids (5 to 70 nm in diameter for Au and ©
5 to 20 nm in diameter for Ag and Au-Ag%
composites) (7, 8). @
Solution-based surface assembly also %
eliminates preparative, geometric, and op-
erational constraints associated with most £
previously described SERS substrates (1,8
2). Thus, 1 liter of 17 nM, 12-nm-diame-8
ter colloidal Au, which can be stored in-©
defintely at room temperature, can be used ©
to prepare 2000 0.5-cm? surfaces with only g
a 1% decrease in colloid concentration. ®
Importantly, these substrates can be as-
sembled sequentially or simultaneously.
Surfaces in novel geometries that extend
the utility of SERS can now be deriva-
tized, including one face of a 5-pl spectro-
electrochemical cell, large glass sheets sev-
eral centimeters on a side, and the inside
of a glass capillary with an inner diameter
of 20 wm (8). Moreover, once construct-
ed, no further activation steps (such as
electrochemical oxidation-reduction cy-

Step 1: Surface polymerization of (R0)3Si(CH,)5X

>

Step 2: Immersion into colloidal Au or Ag solution .

Fig. 1. Assembly strategy for Au and Ag colloid
monolayers; X = CN, NH,, 2-pyridyl, P(C¢Hs),, or
SH; R = CH, or CH,CH,.
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cles or particle aggregation) are required
to initiate SERS activity.

Two lines of evidence demonstrate that
immobilized particles are located solely at
the surface of, and are not embedded with-
in, the organic film. (i) Colloidal particles
are very tightly attached to the polymer
(when stored in water, no particle disso-
ciation occurs after 1 year), yet monolayer
formation does not occur on polymers
with pendant methyl or methoxy groups.
These data indicate that multiple specific
covalent interactions between polymer
functional groups (which are oriented to-
ward the solution) and the particle surface
are necessary for immobilization. (ii) Al-
though SERS spectra for adsorbates from
solution are easily obtained (see below),
the SERS spectra of organosilane polymer
films underneath Au monolayers are quite
weak. This result contrasts with the results
of SERS studies of colloid-polymer mix-
tures (9) and demonstrates that the sur-
face of immobilized metal particles is ac-
cessible to solvent. In accord with this
finding is our observation that the optical
spectrum of Au colloid monolayers on
transparent substrates depends on the di-
electric constant of the surrounding medi-
um (7).

The optical properties of colloidal Au
and the nature of self-assembly offer an
unprecedented opportunity to monitor
surface evolution in real time. The time
course of the formation of a Au colloid
monolayer on a glass slide coated with
polymerized 3-aminopropyltrimethoxysi-
lane (APTMS) is shown in Fig. 2A. Bind-
ing of 12-nm-diameter Au particles to
amine groups on the surface is indicated
by an absorbance feature at 520 nm, the
location of the Mie resonance for isolated
small Au particles (10). As the particle
coverage increases, interparticle spacing
becomes small compared to the incident
wavelength, and a new feature corre-
sponding to a collective particle surface
plasmon oscillation grows in at ~650 nm.
This feature is responsible for the pro-
nounced SERS activity of collections of
colloidal Au particles (4). Accordingly,
when a colloid monolayer in various stages
of formation is placed in a solution con-
taining the adsorbate trans-1,2-bis(4-pyri-
dyl)ethylene (BPE), the SERS intensity
for the ring stretch at 1610 cm™! closely
tracks the magnitude of the absorbance at
650 nm (Fig. 2B). Immersion time is one
of four factors we have found responsible
for altering the rate or extent of surface
formation, the others being the choice of
the organosilane functional group (rate of
surface formation for SH ~ NH, >> CN),
the colloid concentration, and the pres-
ence or absence of an adsorbate on the
colloidal particle.
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This high degree of control over surface
formation has important ramifications for
reproducibility, a long-standing complica-
tion in SERS research (1). For example,
when BPE was adsorbed to eight identical
Ag colloid monolayers on glass, the greatest
variation in integrated peak intensity for
the 1610 cm™! band was less than 8%.
Similarly, for five different locations on a
single substrate, the greatest difference was
only 5%. As these values incorporate in-
trinsic errors associated with variation in
laser power and sample positioning, the ac-
tual sample reproducibility is significantly
better (11). This reproducibility extends to
the nanometer scale, where Au and Ag
colloid monolayers have been imaged by
transmission electron microscopy (TEM),
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Absorbance at 650 nm

Fig. 2. Kinetics of the formation of Au colloid
monolayers as measured by ultraviolet-visible
(UV-VIS) spectroscopy and SERS. (A) A series of
UV-VIS spectra of Au colloid-functionalized
glass slides in H,O obtained with a Hewlett-
Packard 8452A spectrophotometer. Cleaned
(4:1H,80,:H,0,, 70°C) rectangular glass slides
(~0.9 mm by 25 mm) were placed into a dilute
solution of APTMS [0.3 ml of APTMS in 3 ml of
methanol (CH,OH)] for 12 hours and rinsed with
CHL,OH upon removal. The polymer-coated
slides were then immersed in a 17 nM solution of
12-nm-diameter colloidal Au particles (wave-
length maximum = 520 nm) (7, 22). At each time
indicated (and at several others not shown), the
slide was removed from the Au colloid solution
and an optical spectrum was recorded in H,O,
followed by a SERS spectrum in 4 mM BPE in
956:5 H,0:CH,OH (20 mW, 632.8 nm, Spex
1403 double monochromator, Hamamatsu
R928 photomultiplier tube; band pass, 7 cm~';
scan rate, 1 cm~' s~ 7; integration time, 1 s). (B)
SERS intensity for the 1610-cm~" band versus
absorbance at 650 nm. Other bands in the BPE
SERS spectrum evolve with identical kinetics.
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field-emission scanning electron microsco-
py (FE-SEM), and atomic force microscopy
(AFM). A representative TEM image of an
Au colloid monolayer prepared on an SiO, -
coated Formvar surface is shown in Fig. 3A.
The Au particles are confined to a single
layer, and the vast majority of particles are
isolated from each other, unlike earlier sys-
tems of SERS-active Au and Ag colloids
studied by TEM (12). Furthermore, the
large field of view available with TEM al-
lows us to conclude that particle aggrega-
tion has been eliminated over the entire
sample. Similar conclusions obtain from
large-field FE-SEM images and from multi-
site tapping-mode AFM images of Au-mod-
ified glass surfaces (13). We have demon-
strated that the spacing obtained on these
colloid-based surfaces is sufficient to yield
SERS enhancement. Figure 3B shows the
SERS spectrum of BPE adsorbed onto ths‘:{
derivatized TEM grid pictured in Fig. 3A0
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Fig. 3. (A) Image from a Formvar-coated Cu TEM
grid that had been sputter-coated with a thin layer
of SiO, (Ted Pella, Inc.), treated for 2.5 hours in
neat 3-cyanopropyldimethylmethoxysilane, rinsed
exhaustively with CH,OH upon removal, and im-
mersed for 12 hours in colloidal Au (12 nm in diam-
eter) (7, 22). Imaging was performed on a JEOL
1200 EXII instrument operated at an accelerating
voltage of 80 KV. The area depicted is 0.28 um?
and is representative of the sample surface. (B)
SERS spectrum (upper curve) of 5 ul of 1 mM BPE
drop-coated onto the surface of the derivatized
TEM grid (100 mW; 647.1 nm; band pass, 5cm™";
step, 2 cm~; integration time, 2 s). For compari-
son, an identical quantity of BPE was drop-coated
onto an underivatized SiO, grid; the Raman scat-
tering from this sample is shown in the lower curve
(step, 1 cm™"; integration time, 1 s).
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For comparison, the Raman scattering spec-
trum of an equivalent amount of BPE de-
posited onto an unmodified SiO,-coated
TEM grid is also shown in Fig. 3B. The
intensity difference in these two samples
clearly demonstrates the enhancing proper-
ties of colloid-based surfaces.

Another important feature of film-sup-
ported metal colloid monolayers is that
the particles are subject to electrochemi-
cal potentials applied to underlying con-
ductive substrates. Consequently, like
SERS-active electrodes, Ag colloids im-
mobilized on Pt exhibit an electrochemi-
cal potential-dependent SERS intensity
for adsorbed pyridine (Fig. 4) (14). Iden-
tical maxima for the two surfaces in the
plots of intensity versus potential suggests
that the voltage drop across the polymer
film is minimal. Voltammetry at colloid-
based surfaces also resembles that at mac-
roscopic electrodes. The first reduction
wave for methyl viologen (MV?*) is mark-
edly rectified at an organosilane-coated Pt
electrode (Fig. 4, inset) but returns upon
immobilization of Au particles. The slightly
broadened peak-to-peak separation is ex-
pected for an array of closely spaced micro-

Current (pA)

Potential (mV versus SCE)

Relative SERS intensity (arbitrary units)

]
-1.0

-0.5 0.0
Potential (V versus SCE)

Fig. 4. Electrochemical potential dependence of
the SERS intensity of the 1006 cm~' band of
pyridine on bulk Ag (4) and on a Ag colloid mono-
layer on Pt (@) (74); SCE, saturated calomel elec-
trode. The monolayer was prepared as follows:
Clean Pt foil was placed into neat APTMS for 4
hours. After it was rinsed with triply distilled H,0O
and air-dried, the polymer-coated foil was dipped
in Ag colloid solution (23) for 1 hour. The deriva-
tized foil was then rinsed with triply distilled H,O
and air-dried. In the absence of colloidal Ag, no
pyridine SERS spectra were observed at any po-
tential. See Fig. 2 for spectral acquisition param-
eters. (Inset) Cyclic voltammograms (100mVs~1,
N, atmosphere) of 5 mM MV2* in 0.1 M Na,SO,
on three surfaces: unmodified Pt, Pt coated with
surface-polymerized 3-mercaptopropylmethyldi-
methoxysilane (MPMDMS), and Pt coated with
MPMDMS and derivatized with 15-nm-diameter
Au particles (5 hours in neat silane, rinsed, and
then immersed for 4 hours in colloidal Au).

electrodes (15). In view of the demonstrated
biocompatibility of Au particles 5 to 20 nm
in diameter (3), the ability to make electro-
chemical measurements at Au colloid mono-
layers suggests possible electrode-based bio-
sensor applications (16).

Interparticle spacing in preformed Au
monolayers can be further reduced by chem-
ical deposition of a Ag coating; increased
interparticle coupling because of decreased
spacing and concomitant changes in dielec-
tric properties lead to a dramatic increase in
SERS activity. The optical and SERS spec-
tra before and after deposition of Ag onto
18-nm-diameter colloidal Au are shown in
Fig. 5. Initially, relatively large interparticle
spacing is indicated by the absence of a
collective particle surface plasmon band in
the ultraviolet-visible and by a weakly en-
hanced SERS spectrum for adsorbed p-ni-
trosodimethylaniline (p-NDMA). Deposi-
tion of Ag causes a large increase in ex-
tinction at all wavelengths as well as a
shift in the maximum wavelength \ .
from 520 to 386 nm. The shift in energy of
and increased extinction at A,  concur
with expectations based on a computer
algorithm for predicting the optical prop-
erties of isolated coated particles (10);
the best agreement between the experi-
mental and model data was reached with

2 [T T T T
Ag-coated Au
s
&
Au (x4)
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Fig. 5. Effect of Ag coating on the UV-VIS and
SERS spectra of preformed Au colloid monolay-
ers. The initial substrates were prepared as in Fig.
2, except that the organic film was formed from
reaction with 2-(trimethoxysilyl)ethyl-2-pyridine
(PETMS) for 24 hours. We carried out the Ag coat-
ing by immersing Au colloid monolayers intoa 1:1
mixture of LI Silver enhancer and initiator solutions
(Nanoprobes, Stony Brook, New York) for 13 min.
The SERS spectra were of 0.5 mM p-NDMA so-
lutions in CH;OH. When Ag is deposited from the
plating solution onto a PETMS-derived polymer
on glass in the absence of colloidal Au, no SERS
intensity could be observed for the same p-NDMA
solution, irrespective of coating time. (Inset) Op-
tical spectra were measured in H,0. Instrumental
parameters were as described in Fig. 2.
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a 4-nm Ag coating (to make 26-nm-
diameter particles) (17). The exceptional
SERS activity (enhancement factor =10°)
(18) of these substrates reflects optimiza-
tion of the thickness of the Ag coat-
ing for this particular particle size and
spacing of colloidal Au. Even greater en-
hancements may be possible with other
combinations.

The Au and Ag colloid-based surfaces
have many of the best attributes of pre-
viously described SERS substrates (uni-
form particle size, electrochemical addres-
sability, and large enhancement factors)
and a combination of other features that
few surfaces can match (ease of char-
acterization, no geometric constraints, low
cost, and very high intra- and intersample
reproducibility). These advantages, to-
gether with the ability to vary particle
size, spacing, and the nature of the mono-
layer support, suggest a rich use for these
materials in fundamental and applied stud-
ies. For example, as far as we know, no
theoretical model correlating SERS activ-
ity with particle size or spacing (19) has
been quantitatively tested; metal colloid
monolayers should allow such experiments
to be carried out. Most importantly, SERS
can now be considered for applications in
which the preparation of multiple high-
quality substrates was previously viewed as
an insurmountable barrier.
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Granular Convection Observed by
Magnetic Resonance Imaging

E. E. Ehrichs, H. M. Jaeger,* Greg S. Karczmar,
James B. Knight, Vadim Yu. Kuperman, Sidney R. Nagel

Vibrations in a granular material can spontaneously produce convection rolls reminiscent
of those seen in fluids. Magnetic resonance imaging provides a sensitive and noninvasive
probe for the detection of these convection currents, which have otherwise been difficult
to observe. A magnetic resonance imaging study of convection in a column of poppy
seeds yielded data about the detailed shape of the convection rolls and the depth
dependence of the convection velocity. The velocity was found to decrease exponentially
with depth; a simple model for this behavior is presented here.

More than a century ago, Faraday discov-
ered that vibration can produce large-scale
convection within a granular medium (1).
Like molecules of a liquid heated from
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below, grains in a vibrating container con-
tinuously circulate between the bottom
and top of the container. This ubiquitous
phenomenon has implications for a wide
variety of industrial processes, but the
mechanisms that cause it are poorly un-
derstood even today (2). One unusual and
perplexing feature is that the grains flow
rapidly at the container walls rather than
exhibiting the nonslip boundary condition
observed in normal fluids. Investigators
have been hampered by an inability to
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see motion deep inside a container so as to
determine the full, three-dimensional con-
vection pattern. Here, we report a noninva-
sive convection measurement technique
that provides the detailed shape of the
boundary layer and the functional form of
the convection velocity.

Much effort in the past has focused on
calculations of flow patterns and velocity
profiles in industrially important situa-
tions such as chute flow and discharge
from hoppers (3-5). More recently, large-
scale computer simulations have been used
to model convection (6, 7) and size sepa-
ration (8, 9) in vibrated granular materi-
als, but few experimental data on the in-
terior of the granular flow are available for
comparison with these models. In two-
dimensional geometries, particles can be
tracked optically (10-12); however, be-
cause such experiments necessitate fronty
and back walls and their associated friction3
it is unclear how these results relate to the™
more technologically relevant three-dimen<
sional case, where granular convection can®
be a driving mechanism for size segregatio
(13) and where optical tracking is difficult.o
Early three-dimensional experiments used®
invasive methods in which the granular ag-g,
gregate was cast in resin and cross sections®
were cut and examined (14). Noninvasiveg
techniques using x-rays (15) and radioactive2
tracer particles (16) also have been ex-Q

. o
plored, but neither approach has yet resulted®
in a high-resolution tool for the study o
granular flow.

Magnetic resonance imaging (MRI) of-¢
fers a promising alternative for visualizingg
convection flows. With this technique it isg
possible to image arbitrary cross sectionsy
through the interior of a granular aggregateS
and to obtain direct information about théc
velocity profiles. Altobelli et al. (17) haveg
used MRI to study particles in liquid susQ
pensions, and Nakagawa et al. (18) have
used MRI to study the flow of dry granular
materials in a rotating drum. In the latter
study, the use of oil-containing seeds as the
granular material provided sufficient free
protons in the liquid state to produce an
acceptable signal-to-noise ratio. Here, we
use this technique to study convection rolls
induced by vertical vibrations in a column
of white poppy seeds.

A magnetic resonance image of the
poppy seeds at rest in a small cylindrical
glass container is shown in Fig. 1. As in
(18), a single layer of seeds was glued to
the inner surface of the container. This
coating makes the walls of the container
visible in the image, thus giving a base
line from which to measure the vertical
displacement of the seeds, and it also pro-
vides a controlled degree of friction be-
tween the walls and the vibrating seeds
(13). Inside the bore of the MRI magnet,
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