Analysis of Copper
Incorporation into
Zinc Oxide Nanowires

Susie Eustis, Douglas C. Meier, Michael R. Beversluis, and Babak Nikoobakht*

Surface and Microanalysis Science Division, National Institute of Standards and Technology, 100 Bureau Drive, Mail Stop 8372, Gaithersburg, Maryland 20899

ABSTRACT Zn0 nanowires (NWs) are grown on a bulk copper half-transmission electron microscopy grid by

chemical vapor deposition in a high temperature tube furnace. Photoluminescence (PL) microscopy revealed band

gap emission at 380 nm and a more intense visible emission around 520 nm due to defect states in these NWs.

High-resolution transmission electron microscopy shows that the Zn0 NWs are single crystalline with hexagonal

structure. Auger electron spectroscopy (AES) and energy dispersive X-ray spectroscopy reveal that copper atoms are

present along the length of the NW. AES also found that the surface of the NWs is oxygen rich. The surface

concentration of zinc increases moving from the tip toward the base of the NW while the concentration of oxygen

decreases. The copper in this system not only remains at the tip of the growing NW but also acts as a dopant

along the length of the NW, leading to a decrease in the intensity of the band gap PL of these NWs.
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structural characterization -

zinc

inc oxide (ZnO) nanostructures have

received a lot of attention lately due

to their photoluminescence (PL),"™
field emission,” and piezoelectric
properties.®” The one-dimensionality of
these structures leads to some of their inter-
esting properties, along with the potential
for novel applications. ZnO nanowires
(NWs),>27"° nanobelts,'" tetrapods,'*'?
nanocombs,'® and many other shapes have
been generated using high-temperature
growth methods.? These nanostructures are
potential candidates for UV light sources,
sensors,'” solar cells,'® field emission
sources,” and piezoelectric devices.®

The lasing capabilities of single ZnO NWs

offers promise for future technologies.™
However, the PL of ZnO NWs differs de-
pending upon the synthesis method and
the defects present in the sample. Usually
two peaks are observed, one in the visible
region (=520 nm) and one in the UV region
(=380 nm).” The UV emission, referred to
as the band gap emission, is observed at the
energy corresponding to the difference be-
tween the conduction band and valence
band electrons. The visible luminescence,
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referred to as the deep trap emission, is be-
lieved to be due to one or more of the fol-
lowing causes: oxygen vacancies, adsorbed
oxygen molecules, surface defects, and im-
purities that give rise to electron density in
gap states. The presence of copper has
been reported to increase the intensity of
deep trap emission of bulk Zn0'” as well as
the intensity of band gap emission of ZnO
NWs.'872° Lj et al.'® showed that a copper
catalyst generates ZnO NWs with more in-
tense band gap emission than those gener-
ated from a gold catalyst. Xu et al.*® ob-
served a larger intensity band gap emission
from NWs grown with a copper catalyst
than nanostructures grown without a cata-
lyst. Due to the potential applications of
copper-doped and copper-catalyzed NWs
in optoelectronic devices, the study of the
distribution of copper atoms within ZnO
NWs and their oxidation state becomes im-
portant. This could increase the under-
standing of the PL properties of copper-
doped ZnO NWs by separating the effects
arising from surface and bulk defects.
Previous studies have shown that cop-
per catalyzes the growth of ZnO NWs via
the vapor-liquid-solid (VLS) mechanism at
high temperature.'®2° In the VLS mecha-
nism, the metal forms a liquid droplet which
sequesters zinc and oxygen precursor va-
pors, depositing ZnO on the surface.??2573!
The NWs grow by the successive crystalline
deposition of ZnO from the droplet, while
the liquid metal droplet remains at the tip
of the NW, as shown schematically in Figure
1a. Many researchers have shown the VLS
mechanism to be a kinetic process where
incorporation of the growth material into
the droplet and into the growing NW de-
pends on a number of parameters includ-
ing the temperature history of the
sample.?®73° Chemical properties also af-
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Figure 1. (a) Schematic drawing of VLS growth of ZnO NWs
on copper. The copper acts as the catalyst where the Zn and
O incorporate into the copper droplet to precipitate out as
ZnO, growing the NW. (b and ¢) SEM images of ZnO NWs
grown on a copper support where the copper droplets can
be seen on the tips of ZnO NWs.

fect the properties of nanowires generated such as the
vapor pressure of the source material, 223" the solid/
solid? and liquid/solid®? solubility of the catalyst, and
the growth material. Changing the synthesis conditions
can influence the properties of the NWs formed as
well. For example, increasing the temperature of ZnO
NW growth, and thus increasing the rate of growth,
leads to an increase in the deep trap emission.®

Recently, spectroscopic techniques for composi-
tional analysis have been applied to ZnO NWs. Previ-
ous Auger electron spectroscopy (AES) results for ZnO
NWs grown at high temperature have shown roughly a
1:1 ratio of zinc to oxygen atoms, with carbon as the
only impurity detectable.'®2'23 Complementary en-
ergy dispersive X-ray spectroscopy (EDS) results have
also confirmed the presence of Zn and O in the NWs,
as well as some impurities from the growth procedure
(e.g., Si and the metal catalyst).2'242>343>

In this study, an analysis of the trace copper con-
stituent has been carried out at the single NW level,
both at the tip and along the body of the NW. The struc-
ture of the ZnO NW is probed with transmission elec-
tron microscopy (TEM), scanning electron microscopy
(SEM), and X-ray diffraction (XRD), while the NW compo-
sition is determined using AES and EDS. As a comple-
mentary technique, the PL properties of ZnO NWs are
investigated here, due to their strong variation with
copper presence.'” 2% EDS and AES on individual NWs
show that during the growth process, copper is incor-
porated along the length of the NW. The strong deep
trap PL of the ZnO NWs further confirms this finding.
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RESULTS AND DISCUSSION

Scanning electron micrographs of ZnO NWs on a
copper substrate are shown in panels b and c of Fig-
ure 1. The NWs’ growth dimensions range from 50 to
150 nm in width and from 5 to 15 wm in length. The
NWs grow in all directions from the copper surface. The
copper droplet observed at the tip of the NW confirms
that these NWs grow by the VLS mechanism.

Figure 2a shows a high-resolution TEM (HR-TEM) im-
age where the single crystal nature of the NWs grown
is observed. The individual atoms can be clearly seen in
this image; the direction of growth is [10 11]. Other
NWs investigated with HR-TEM show the same single-
crystalline structure regardless of the growth direction
relative to the substrate. In order to further characterize
the ZnO NWs grown on a copper substrate, XRD was
used to determine the crystalline phase of the prod-
uct. Figure 2b shows the XRD spectrum where the lat-
tice planes of ZnO are all detected, along with the re-
flections from the copper substrate. The spectrum
matches the lattice spacing of ZnO in the wurtzite struc-
ture, with a slight overexpression of the (002) plane sug-
gesting a slight preference for that growth direction
for some of the NWs. Peaks in the XRD spectrum for
Cu,0 are also detected in this sample, due to the oxida-
tion of the copper surface at high temperature. The
(Cu™),0 dominates at the high temperatures used in
this growth procedure, while (Cu™),0 is the more com-
mon form of copper oxide produced at lower tempera-
tures.®® The XRD results confirm the HR-TEM results,
where the ZnO NWs show single crystal growth with
multiple crystallographic directions observed for the
growth directions of different nanowires.

The PL spectra of the ZnO NWs shown in Figure
3 are measured using a microspectrometer. The PL
spectrum is uniform across the whole copper grid
with band gap emission at 380 nm and more intense
deep trap emission with a maximum around 520
nm. The deep trap emission dominates the emitted
light as observed in this spectrum. Control PL experi-
ments of the oxidized copper grid showed no emis-
sion due to the grid. Previous studies of uncatalyzed
ZnO nanostructures showed that deep trap emis-
sion due to adsorbed oxygen molecules or dust par-
ticles on the NW surface can be decreased by sub-
merging the ZnO NWs in ethanol.?” Figure 3 shows
the PL spectrum of the same location while im-
mersed in ethanol. The intensity of the deep trap
emission and the band gap emission decreased
while immersed in ethanol. In order to adjust the
spectrum for the difference in refractive index of eth-
anol versus air and for variation in scattering, the
spectra are normalized to the band gap emission in
Figure 3b. A relative decrease in the intensity of the
deep trap emission is observed while in ethanol;
however, normalized spectra of these NWs sub-
merged in water showed no change. After the etha-
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nol evaporates, the emission spectrum returns to
that observed originally, and this change with etha-
nol presence and absence is repeatable (data shown
in Figure S-1, Supporting Information). This de-
crease in intensity of the deep trap emission is not
accompanied by an increase in intensity of the band
gap emission due to ethanol presence nor does the
deep trap emission disappear completely. Therefore,
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Figure 2. (a) High-resolution TEM image of a single crystal ZnO NW growing in the [10 11] direction. (b) XRD spectrum of ZnO

NWs on a copper grid showing the characteristic crystal planes of ZnO (black), copper (blue), and copper oxide (green). The NWs
grow in multiple crystallographic directions.

ethanol quenches the PL due to the surface defect
states of these ZnO NWs while in suspension, pre-
sumably through nonradiative recombinations. Non-
radiative recombinations have previously been at-
tributed to Zn vacancies in ZnO crystals affecting
both the band gap emission and the deep trap emis-
sion.?® There are other electron traps present in
these NWs responsible for the weak band gap emis-

www.acsnano.org



deep trap

;.  emission
1400 - 20 -
1 a 18—- b
1200 - ]
] 161
1000 - 14
o ]
=5 1 = 124
3 8004 CE
2 ] ’é 104
2 band g = 8]
£ | emissi § 6
| 4
400 =
| ——start 4_.
200 — w/ EtOH 2
1 0 T T T
04 400 500 600
¥ T L T L T ¥ T L T ¥ T y T L) T L T k. 1
350 400 450 500 550 600 650 700 750 800 850 Wavelength (nm)

Wavelength (nm)

Figure 3. (a) PL emission of ZnO NWs grown on copper grids with and without ethanol. (b) The same spectra normalized to
the band gap emission. Ethanol is able to decrease the intensity of the deep trap emission and the band gap emission. The
high intensity of the deep trap emission is due to the copper along the length of the NW.

sion and the remaining deep trap emission show-
ing that there are multiple trapping mechanisms for
excitons, not just surface traps.

The deep trap emission of ZnO has previously been
attributed to a variety of different sources depending
on the emission maximum. There has been a lot of dis-
agreement regarding the source of emission in the
green region. Singly ionized oxygen vacancies, antisite
oxygen, oxygen vacancies, zinc vacancies, zinc intersti-
tials, copper impurities, and surface defects have all
been attributed as responsible for this emission.>3°4°
Differences in the temperature behavior, size of nano-
structures, impurities, and growth conditions of ZnO
structures suggest that multiple sources are respon-
sible for similar emission.?3%° Previous measurements
attribute the green trap emission to copper ions incor-
porated in the ZnO lattice, exhibiting fine structure at
low temperature.*’ Low-temperature cathodolumines-
cence measurements of these NWs*? show a green
emission band with similar zero-phonon energy and
fine structure to the band ascribed by Dingle to cop-
per impurities. Our measurements thus suggest that the
green emission band in these NWs arises, at least in
part, from included copper ions.

As indicated, two other spectroscopic methods for
compositional analysis, AES and EDS, were performed
on the NW sample. EDS is used in a semiquantitative
way to determine the bulk incorporation of copper into
the NW samples. Figure 4a shows the area of interest,
which is at a corner of the copper grid after ZnO NWs
have been grown on the surface. In Figure 4b, the X-ray
emission spectrum confirms the presence of copper,
zinc, oxygen, and silicon. (The presence of silicon is due
to the silicon wafer under the copper grid.) The emis-
sion spectrum is collected at every pixel, allowing el-

www.acsnano.org

emental maps to be generated showing where that el-
ement is located in the field of view. The signals at 8.6
and 8.0 keV are used to generate the maps of zinc and
copper shown in panels c and d of Figure 4, respec-
tively. (The map of oxygen shows its presence every-
where due to the ZnO, the silica substrate, and the ex-
posure of the whole surface to environmental oxygen
and thus is not presented here.) The presence of both
copper and zinc is observed over the copper grid, show-
ing that a ZnO film forms on top of the copper grid.
Since EDS is not surface specific, the copper atoms from
the substrate underneath this ZnO film are also de-
tected in this region. However, hanging off the edge
of the copper grid, the zinc map clearly coincides with
the SEM image of the NWs, confirming their composi-
tion. The copper map (Figure 4d) also shows intensity in
the same regions as the NWs observed in panels a and
c of Figure 4. This shows that copper is incorporated
along the length of the growing ZnO NWs with slightly
larger intensity corresponding to the tips of the NWs,
further confirming the VLS mechanism.

Scanning AES is also performed on ZnO NW samples
and their precursors in order to probe their composi-
tion and surface chemistry. Prominent AES features of
bulk copper and zinc overlap.*® In general, materials
containing mixtures of atoms with overlapping spectra
(such as the NWs of the present study) can only be
properly analyzed using spectral stripping.** This pro-
cess requires spectra collected from pure standards of
each component in a chemical state equivalent to that
of the sample (in this case, metal oxide NWs). Since the
equivalent structures composed of purely copper ox-
ide or zinc oxide are unknown, the materials must be
approximated using available reference materials. Fig-
ure 5a shows the spectra obtained from the ZnO pre-
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Figure 4. EDS images and spectrum of ZnO NWs grown on copper substrates. (a) SEM image of region showing NWs on a
grid. (b) EDS spectrum of the imaged region. (Si signal is from the wafer beneath the Cu grid.) (c and d) Maps of Zn (8.6 keV)
and Cu (8.0 keV) atoms in the sample, generated from the absorption peaks indicated in panel b, showing the presence of
Zn and Cu atoms along the length of the NW, respectively. Note the increased Cu intensity centered at a number of the NW

termini.

cursor and from an oxidized copper TEM grid. XRD con-
firmed that the copper oxide formed on the grid is
Cu,0 (Figure S-2, Supporting Information). The LMM
spectral features of Cu and Zn in these oxides confirm
overlap at several energies between 750 and 950 eV.
AES spectra are collected at a series of points along
the length of the NW, starting at the growth terminus,
where according to the VLS mechanism a metallic cop-
per droplet is expected to be observed. This area is shown
in Figure 5b with the arrow representing the path fol-
lowed for data acquisition. In order to separate the sig-
nal of the copper and zinc inside the NW, a spectral strip-
ping procedure is used. Here, the stripping consists of
derivatizing each spectrum, zero-centering about the
baseline, normalizing to the largest Zn LMM feature (ob-
served at 989 eV), then subtracting the zero-centered,
normalized ZnO precursor spectrum from each NW spec-
trum. Figure 5c shows a representative AES derivative
spectrum measured on the NW before stripping, normal-
ized to the ZnO precursor spectrum from Figure 5a. The
chemical similarity between the zinc spectra from the NW
and the starting material is noted. Figure 5d shows the
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normalized AES spectrum of the NW after ZnO stripping
to obtain the copper signal from the NW along with the
copper oxide spectrum. Comparison of the stripped NW
spectra to the oxidized copper grid suggests that the Cu
measured in the sample is chemically equivalent to the
(Cu™),0 found on the TEM grid, with its major peak at 918
eV. The features at 985 and 1008 eV remaining in stripped
spectra in Figure 5d are due to slight chemical differ-
ences between the Zn in the ZnO precursor and the sur-
face composition of the ZnO NW, which appears in this
difference spectrum as enlarged features compared to
Figure 5c.

The atomic fraction of C, O, Zn (using normalized
raw data), and Cu (using the stripped spectra) are calcu-
lated in the usual way by utilizing published relative
sensitivity factors (RSFs).*® That is, the concentration C
(in atom fraction) of element component x can be cal-
culated as follows:

/S,
50750 @
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Figure 5. (a) Derivatized and zero-centered AES spectra of the ZnO precursor and oxidized copper (Cu,0) TEM grid. The
overlap of the LMM region (shown) obscures Cu signals, requiring spectral stripping to elucidate them. (b) Image of a repre-
sentative NW (dark feature spanning diagonal) at 15000 x magnification. The AES profile line is noted (red). (c) NW spec-
trum, normalized to and superimposed over the ZnO precursor spectrum from Figure 5a. The Zn in the two samples is nearly
chemically equivalent. (d) NW spectrum stripped of ZnO precursor spectrum showing the copper content of the NWs; the
spectral coincidence of the oxidized copper TEM grid and the NW copper is evidence for chemical equivalence of copper in
both samples. The features visible at 985 and 1008 eV are due to the slight chemical differences between the precursor ZnO

and the ZnO NW.

where [, is the amplitude of the derivative of a transi-
tion for element x, S, is the RSF for x at the measured
transition, and « is the set of elements in the sample.
Figure 6 shows in graphical form the composition trend
from the NW tip to its base obtained using eq 1 (with
the literature values of the RSF). Equation 1 is also used
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Figure 6. Compositional line profile of the NW from the ter-
minus to the base using published RSFs for Cu and Zn. The
dashed and dotted lines represent the Zn and Cu atomic
fraction measured in their respective pure samples.
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to calculate the percents of Zn and Cu in the reference
materials using the literature RSF values for the metals.
The calculated atomic fractions of Zn (58%) and Cu
(45%) in the ZnO powder and the oxidized copper grid
are shown as the dashed and dotted lines, respectively,
in Figure 6. The spectral evidence in Figure 6 supports
the formation of an oxygen-rich NW surface. This result
is in agreement with previous work on ZnO surfaces
that found that oxygen-terminated surfaces are more
thermodynamically stable under long-term
annealing.*

Copper is detected along the entire length of the
NW with only small variation in the atomic fraction
along the NW. Moving from terminus to the base of
the NW, the atomic fraction of oxygen on the surface
decreases while the atomic fraction of zinc increases.
While the relative surface concentration of Zn to Cu in-
creases from the NW terminus to its base, at no point
does AES measure the presence of purely metallic Cu
(922 eV)*® in the NW. In fact, the Cu concentration does
not exceed an atom fraction of 8% assuming that RSFs
for metals are valid for their ions.
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We recomputed the RSFs of Zn and Cu by using
the ZnO precursor and oxidized Cu from Figure 5a as
reference data, assuming perfect sample stoichiome-
try, homogeneity, and equivalent bound O?". Inserting
the recomputed RSFs (1.1012, 0.4717, and 1.5206 for
0?7, Cu™, and Zn**, respectively) into eq 1 generated
the values shown in Figure S-3 (Supporting Informa-
tion). While the trends in Figure S-3 are similar to those
in Figure 6, the atomic fractions of Zn and O decrease
while the atomic fraction of Cu increases. A maximum
Cu atom fraction of 17% is obtained with the recalcu-
lated RSF values. The larger concentration of copper de-
termined using the recomputed RSF values (Figure
S-3) results in the concentration of the Zn and Cu cross-
ing around the midpoint of the nanowire.

Traditionally, the drawing in Figure 1a is used to de-
scribe the structure of NWs grown by the VLS mecha-
nism, where the metal is exclusively located at the ter-
minus of the wire. For example, Wang and co-workers
found that EDS detected only Au at the tip of ZnO
NWs.*® It is as significant to note that by using either
of the RSFs (literature metallic or calculated ionic) de-
scribed herein, there is a substantial copper concentra-
tion near the base of the NW (no less than 1:6 Cu:Zn, as-
suming metallic RSFs). Thus the copper is not remaining
in the molten droplet as the NW is growing but is ex-
pelled as isolated copper ions along with the ZnO to
form the NW. Also of note is the rather large zinc con-
centration measured at the terminus (no less than 4:9
Zn:Cu, assuming calculated ionic RSFs) showing that
these materials remain alloys as the NW cools, leaving
a mixed metal oxide coated droplet of copper of the
NW tip.

METHODS

The ZnO NWs are grown by chemical vapor deposition in a
high-temperature tube furnace. A small quartz tube (13 cm in
length, 2.5 cm diameter) with a Si wafer in the middle contain-
ing a mixture of ground ZnO and graphite in a 1:1 mass ratio
(=~0.15 g) is placed in the middle of the hot zone of the tube fur-
nace. Downstream, a second Si wafer with a copper half TEM
grid attached to the surface extends outside the small quartz
tube. The tube furnace is set to ramp up to 890 °C at 100 °C/
min and hold for 15 min with a continuous purge of argon at
0.60 standard L/min for a space velocity of 5 mm/s. The furnace
initially reaches ~1000 °C due to the high heating rate. The
sample is allowed to cool in the tube furnace under argon flow
until the temperature decreases below 400 °C, at which point the
argon flow is stopped and the sample is removed from the fur-
nace. An oxidized TEM grid was produced by following the same
procedure without using any ZnO:graphite mixture, just re-
sidual oxygen; this method of producing a copper oxide refer-
ence sample for use in AES is similar to that used in prior work.*”

AES, TEM, SEM, XRD, EDS, and PL spectroscopy were all used
to characterize the NWs generated. The TEM grid was used as
both the substrate for NW growth and the source of copper
while also providing a convenient means of indexing areas of in-
terest on the sample. SEM images were obtained using a 5 kV ac-
celeration voltage; AES was also performed at this incident beam
energy with a 2 nA beam current, thus generating a nominal

CONCLUSIONS

Scanned probe electron microscopies and PL mi-
croscopy were employed to fully characterize ZnO NWs
produced on a bulk copper catalyst. SEM data confirm
particle size and position, while HR-TEM and XRD con-
firm structure and morphology with low structural de-
fects. Taking into account the results from EDS and AES,
it can be seen that the copper does not remain exclu-
sively in the terminal droplet, as shown in the drawing
in Figure 1a. The growth termini of the NWs contain
copper and ZnO, showing that the alloying of these ma-
terials takes place in the droplet. Moreover, as is evi-
dent from both the PL data and the AES results, the cop-
per is carried into the NW when the ZnO forms the
NW. Due to the similarity of the copper AES reference
spectrum and copper AES signal obtained from the NW,
it appears that the copper is dispersed in the ZnO lat-
tice as Cu™ in isolated locations maintaining the bulk
ZnO lattice observed in TEM images. The entire NW
structure is apparently sheathed in an oxygen-rich
mixed-metal oxide whose composition is dependent
upon its distance from the growth terminus. The use
of RSFs from either the literature values or the ionic spe-
cies observed from reference samples gives similar
qualitative pictures of these NWs. The oxygen-rich sur-
face leads to increased deep trap emission. Copper ions
that remain along the length of the NW are expected
to lead to centers for recombination of charge carriers,
leading to less intense band gap emission and more in-
tense deep trap emission in the green as observed in
the PL spectra for these samples. This analysis will be
applied to other catalyst materials to determine if this
is true of other metals or if it is due to a specific interac-
tion between zinc and copper atoms.

spot size ~23 nm. The total measurement time for each AES
spectrum was ~2.5 h. EDS was performed at 30 kV. TEM images
were obtained using a 300 kV accelerating voltage. XRD spectra
were obtained by tilting to a theta of 17° with a calibrated area
detector and integrated over chi to obtain the spectrum shown.
A custom-built PL microscope was used to characterize the
ZnO NWs optical properties. A HeCd laser operating at 325 nm
was used to optically excite the ZnO NWs. The laser light was fil-
tered with a Schott Glass UG11 filter to remove unwanted laser
emission at 425 nm. (Commercial products identified here
specify the means by which experiments were conducted. Such
identification is not intended to imply recommendation or en-
dorsement by the National Institute of Standards and Technol-
ogy nor is it intended that the identified products are necessar-
ily the best available for the purpose.) Five milliwatts of laser light
was focused using a fused silica triplet lens onto an approxi-
mately 200 wm diameter spot of the sample at a grazing angle.
The ZnO PL was collected through an infinity corrected 40X ob-
jective with a numerical aperture of 0.60, which transmits wave-
lengths above 340 nm. Any residual scattered laser light from the
sample was removed using a 6 optical density 325 nm laser
blocking filter. The PL was then focused with a fused silica tube
lens onto a charge couple device (CCD) camera used for focus-
ing and imaging the area of interest. Once a suitable region was
found, a mirror was placed into the microscope to direct the PL
onto the face of a UV-transmitting fused silica fiber. The fiber
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coupled the PL into a spectrometer coupled to a thermoelectri-
cally cooled, scientific grade CCD for spectral acquisition. The
wavelength sensitivity of the microscope and spectrometer sys-
tem was measured using a tungsten halogen lamp as a reference
source and an instrumental spectra response profile was gener-
ated. The spectral response of the PL microscope and spectrom-
eter system was characterized in the range of 350—1100 nm.
This spectral response data file was applied to all of the spectra
presented here to account for the spectral sensitivity and though
put of the instrument.

Supporting Information Available: Figures showing photolu-
minescence emission of ZnO NWs grown on copper grids with
multiple exposures to EtOH, XRD of copper grid as received and
after oxidation treatment, and compositional line profile of the
NW using adjusted RSFs. This information is available free of
charge via the Internet at http://pubs.acs.org.
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