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Introduction

Melanin refers to a group of biological pigments, which are commonly divided into two types:
the black eumelanins, and the reddish-brown pheomelanins.!* Eumelanins are composed of indolic
units derived from the oxidation of tyrosine. Pheomelanins are composed of benzothiazine deriva-
tives derived from the oxidation of cysteinyldopa molecules. Given that melanins are some of the
most ubiquitous natural pigments, it may appear surprising their chemical structures and biologi-
cal role(s) are still subject to debate. However, to date, it has proven impossible to assign a molecu-
lar structure to melanin.

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF MS),
x-ray, neutron scattering techniques, and spatial imaging technologies provide important informa-
tion about the molecular composition and structural morphology of melanins.*!? Synthetic
eumelanins and eumelanin isolated from the ink sacs of the cuttlefish Sepia officinalis are the best-
characterized systems. The melanin from Sepia is a pure eumelanin and can be isolated in quantities
large enough to study using physical techniques. MALDI-TOF MS studies reveal molecular con-
stituents in Sepia as well as other natural and synthetic eumelanin have molecular weights between
500 and 1500 amu.* X-ray diffraction measurements of dried synthetic eumelanin have led to the
proposal eumelanin is a highly crosslinked planar oligomeric structure containing ~4-5
indolequinone-like monomers.®’ These oligomers are then believed to aggregate into a n—stacked
structure containing 3-4 oligomers, often referred to in the literature as the fundamental aggregate.
The pigment is hypothesized to be assembled from these n—stacked, crosslinked, and planar struc-
tures. Support for this model comes from images recorded using scanning tunneling microscopy
(STM)!? and data on solutions of pure synthetic eumelanin and synthetic eumelanin in the presence
of copper ions.” On a larger distance scale, scanning electron microscopy (SEM) images of Sepia
eumelanin suggest the pigment is an aggregated structure comprised of subunits having a lateral
dimension on the order of 150 nm.'*13

Among various hypothesized functions, melanins are thought to be photoprotective, shielding
the skin and eye against UV and visible (VIS) radiation.' In the last few years we have carried out a
variety of physical measurements aimed at furthering the understanding of the structure and pho-
tochemical properties of melanins. In the following sections we examine AFM studies on Sepia
eumelanin and the role aggregation plays in affecting its aerobic photoreactivity.

Atomic Force Microscopy Studies of the Structure of Eumelanin

Figure 1A presents an SEM image of Sepia eumelanin granules. The typical granule measures
tens of microns in diameter. Higher magnification reveals the surface is not smooth, Figure 1B.
The granules share a common substructure; they appear to be comprised of closely packed spheri-
cal structures of diameters 150 = 34 nm. This represents the natural structural morphology
of the pigment.

Eumelanin is not very soluble in water, but material can be suspended and / or dissolved in water
through sonication. Figure 2 shows an AFM image of material suspended in water through

Continued on page 3
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From the Executive Director

D. C. Neckers, Executive Director, Center for Photochemical Sciences, Bowling Green State University

Something happened recently that caused me to look back at the textbook I used in organic chemistry as a student
in the late 1950s. The organic chemistry I took predated Morrison and Boyd, so I'm embarrassed to even suggest
whom the authors might have been. I remember we spent the first semester studying aliphatic compounds and the
second semester studying aromatic compounds. The word mechanism may have shown up, butif it did I don’t remem-
ber it. What struck me was how little in that well-worn textbook of another day I still use today. In another way,
though, I was reminded of why chemistry intrigued me in the first place.

I remember that I liked my organic chemistry laboratory. It was a pretty dangerous place to be in those days. We
ran Sandmeyer and Gattermann reactions, and I'm sure we crushed NaCN pellets under a non-working hood with a
mortar and pestle. Washing our hands in organic solvents, benzene among them, was the best way to get rid of the
grease. The sound of the fire extinguisher was very familiar. We often cut ourselves as we tried to force glass tubing
through a cork stopper. We thought nothing about pouring bromine at our desktops from a flask. Cry we did, but
when it happened we opened the windows. There were no instruments. Even melting points were taken in a bottle-
like instrument filled with mineral oil and equipped with a thermometer. Breaking a mercury-filled thermometer was
simply something to occupy our attention while an esterification reaction refluxed or an impure solid recrystallized.
It was great fun to see the science labs janitor run from a pyridine soaked rag. An occasional pound of sodium filched
from the stockroom to drop from a breakwall or sand dune into Lake Michigan could cause a heck of a racket.

Maybe I didn’t become a chemist solely because of all the fun I had in my organic chemistry laboratory, but that fun
sure didn’t hurt. I was surprised when, as a TA in graduate school, I had to talk with my students about safety
blankets, showers and kits. It was no wonder none of my students in those organic labs wanted to be chemists. Their
laboratories were packaged and sterile. Most of the time they were able to get good yields, and if they didn’t they
didn’t have to try the reaction until they did.

When I started this piece it was in the context of how little I do today relies on what I studied as an undergraduate.
And that's still a true statement. But what I learned as an undergraduate is how much fun chemistry could be. I
suppose, more than anything, my undergraduate experience prepared me for lifelong learning.
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Continued from page 1

Figure 1. A. SEM image of melanin granules isolated
from Sepia ink sacs. B. SEM image of the surface of a
granule shown in (A). The white bars shown in images A
and B correspond to distances of 500 um and 500 nm, Figure 2. Tapping mode AFM image of Sepia eumelanin
respectively. dried on mica.

sonication and then air-dried on mica. The morphology is similar to that revealed by SEM images of intact granules
shown above. There is high salt content in Sepia eumelanin. To reduce the salt content, a eumelanin sample was
subjected to two cycles of washing (i.e. dispersed in double distilled water, sonicated for 30 minutes in a water bath,
centrifuged at 3000 rpm, and discarding the supernatant). The supernatant resulting from a third such washing was
collected and air dried on mica. Figure 3 shows an AFM image of the resulting pigment. Unlike Figure 2 there is great
uniformity among the constituent structures. In fact, in many locations, a hexagonal closed-pack structure is
observed. Thus, after removal of most of the salt and protein fragments, the eumelanin appears to be packed in
uniform structures. Previous AFM studies have confirmed these structures are not single polymeric units,
establishing the ~150 nm structures are comprised of molecular constituents that are small compared to the dimen-
sions of the AFM tip.

To gain more information on the dimensions of these molecular components, images were collected on a molecular
weight (MW) fractions isolated using ultrafiltration. Consider the 3000 < MW < 10000 fraction. In the preparation of

Figure 3. Tapping mode AFM image of dried Sepia Figure 4. Fractal-like deposit observed upon drying the
eumelanin on mica obtained by drying a eumelanin 1000 < MW < 300 fraction of Sepia eumelanin on mica.
suspension following three cycles of washing. The image The image is a 20 um x 17.6 um region.

isa 7.7 um x 7.7 um square region.
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this sample, the above ~150 nm structures are destroyed by their passage through the membrane disk under mild N,
pressure (40 psi). Images of this sample dried on mica reveal fractal-type growth patterns, Figure 4. The growth
involves the re- aggregation of small structures, but we do not observe any evidence for the reassembly of the mate-
rial into ~150 nm structures like those shown in Figure 3. Thus, the ~150 nm structures could not be self-assembled
from the constituent oligomers under the conditions used in vitro.

The Origin of the Action Spectrum for Oxygen Photoconsumption by Eumelanin

Photochemical excitation of eumelanin can result in the activation of oxygen, the most important primary photo-
chemical pathway being the formation of the superoxide anion, O,". In an effort to quantify the activation of molecu-
lar oxygen by eumelanin, Sarna and coworkers determined the action spectrum for the photoconsumption of oxygen
by eumelanin.” While eumelanin exhibits absorption throughout the visible and ultraviolet region, photoconsumption
only occurs for wavelengths shorter than 400 nm. In their original report Sarna and coworkers suggested that the
chromophore responsible for oxygen photoconsumption differed from that which dominated the absorption spec-
trum.'” One explanation would be that eumelanin is comprised of a number of molecular entities and one particular
constituent has an absorption spectrum matching the action spectrum. Given the above discussion of the structural
morphology of the pigment, however, it is reasonable to propose that the molecular basis may be rather homoge-
neous and that different sized aggregates have different spectroscopic and photoreactive properties. In this case, a
specific arrangement of the oligomeric building blocks (individual or aggregated) would be responsible for the
photoconsumption of oxygen.

The optical properties of different mass-selected fractions of eumelanin solutions were examined and Figure 5
shows the optical absorption for the MW < 1000 fraction of eumelanin from both Sepia and black human hair match
the action spectrum for photoconsumption of oxygen.'®!” Samples of larger masses (e.g., 1000 < MW < 3000, MW >
10000) exhibit increased absorption at longer wavelengths, and these fractions are currently believed to be aggregates
of the oligomers present in the MW < 1000 solution. The absorption spectrum of the MW < 1000 does not extend out
to the longer wavelengths exhibited by the spectrum of the bulk pigment. Aggregation results in absorption at longer
wavelengths. Photoacoustic studies suggest that the optical density in the visible is dominated by absorption and not
light scattering, so association of the eumelanin oligomers results in electronic structure changes in the pigment that
broaden the absorption spectrum to lower energy."

Photoacoustic calorimetry revealed the MW <
1000 sample is the only mass fraction showing mea-
surable energy storage following UV-A excitation."
These data suggest unaggregated oligomers under-
lie the phototoxic effects of melanin. This prompted
a series of optical experiments to probe the
photophysical and photochemical behavior of the
MW < 1000 fraction. Ultrafast laser experiments
showed 90% of the photoexcited molecules relax to
the ground state within 20 ps.? The remaining 10%
do not recover on less than the nanosecond time
scale, and likely reflect formation of a transient
intermediate(s). The presence of intermediate spe-
cies is confirmed by ESR studies and these interme-
diates ultimately lead to the consumption of oxy-
gen and production of ROS and free radicals.'”?!

Absorbance
Radical Photoproduction

300 400 500 600
Wavelength / nm
Aggregation-Dependent Photogeneration of
Superoxide Radical Anion
While the comparison shown in Figure 5 impli-
cates small oligomers as the photoreactive compo-
nent of melanin, they do not directly inform us
whether aggregation affects photoreactivity. It is
important to ask how and if aggregation affects the
mechanism and yield of ROS photoproduction by

Figure 5. The optical spectra for MW < 1000 fraction of hair
eumelanin (dashed), MW < 1000 fractions of Sepia eumelanin
(dotted) are compared to the action spectrum?®’ for the free
radical photogeneration by eumelanin (solid). Quantitative
agreement is observed.
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Figure 6. Kinetic traces for the time-dependent changes in
Fe(ll)-cyt ¢ concentration induced by irradiation of MW < 1000
Sepia eumelanin at various times following size separation. (A) 0
hrs., eumelanin optical density at 302 nm = 0.040; (B) 17.5 hrs.,
eumelanin optical density at 302 nm = 0.042; (C) 41.2 hrs.; For
both C and D the eumelanin optical density at 302 nm is 0.088;
(D) 66.5 hrs.

eumelanin. To address this issue, we examined the
kinetics of UV-B (302 nm) in-duced photoreduction
of cytochrome ¢ (cyt c) by eumelanin.?? Specifically,
the kinetics of irradiated solutions of MW < 1000
eumelanin and cyt ¢ were performed at various
times following generation of the sample. This
sample was chosen because we have demonstrated
that the constituents of the MW < 1000 sample ag-
gregate slowly over time. Thus, the kinetics could
be examined at varying degrees of aggregation. In
performing these experiments, it is important to fol-
low the photochemical processes for time periods
short in comparison to the time required for the
pigment to aggregate.

Figure 6 shows the results for a MW < 1000
sample maintained at room temperature and in the
dark for various lengths of time prior to study. Ini-
tially, (A) the time course of A[Fe(II)-cyt c] is quite
complicated, reflecting several different chemical
events. Studies with selective quenchers show the
dynamics originate from the photoproduction of
O,". A detailed explanation of the shape of the
A[Fe(II)-cyt c] vs. time plot is beyond the scope of
this article, and the reader is referred to our recent

report for a complete discussion.”? Herein, we stress
what these data reveal with respect to the affect of
aggregation on the redox reactions of melanin with cyt c. When solutions of MW < 1000 eumelanin and cyt ¢ were
incubated at room temperature in the dark for 17.5 h prior to irradiation (B), small effects on both the time course of
A[Fe(Il)-cyt c] and the absorption spectrum were observed, indicating that some aggregation had occurred. By 41.2 h
after filtration, aggregation had caused the absorption spectrum to broaden to lower energy and increase in intensity
in the ultraviolet and near-visible regions. The temporal behavior of A[Fe(Il)-cyt c] had changed drastically (C), be-
coming similar to that observed for eumelanin stock solutions (data not shown). No more significant changes in the
absorption spectrum or A[Fe(II)-cyt c] kinetics were observed with increased sample storage time, although the ab-
sorption spectrum had not fully evolved to that characteristic of bulk eumelanin, for which much more extensive
absorption is observed in the visible and near-UV.

Based on the initial slopes of the A[Fe(II)-cyt c] data in Figure 6, the initial reduction rate of cyt ¢ does not change
with aggregation. The optical density of the solution increased with time, however, and so the apparent quantum
yield for O, formation decreased as aggregation increased. After 17.5 h, the apparent yield decreased from 7.4*107 to
4.1¥10. Examination of the spectrum of bulk eumelanin shows that continued aggregation must broaden the spec-
trum and increase the absorption at 302 nm. This should result in a further decrease in the apparent quantum effi-
ciency of O, formation, consistent with the reported values of 6.6*10* to 1.7*107 for the bulk pigment.” Thus aggre-
gation appears to decrease the efficiency of O, photoproduction.

Aggregation-Dependent Production of Hydrogen Peroxide

We recently reported the quantum efficiency of hydrogen peroxide, H,O,, production by the MW < 1000 fraction is
5.7*107.2> The formation of H,O, is attributed to reaction between O,~ and hydroquinone groups on the oligomeric
molecules. The quantum yield becomes immeasurable upon aggregation and we speculate this effect is due to a
decrease in surface concentration of hydroquinone sites available to react O,” upon pigment aggregation, however,
this remains to be established. In any event, aggregation clearly reduces the production of this unwanted oxidant.

Aggregation-dependent generation of reactive oxygen species by eumelanin presents a framework for understanding
contrasting photoprotective and phototoxic roles exhibited by eumelanin. The equivalence between the action spec-
trum and absorption spectrum in Figure 5 along with the aggregation-dependent quantum efficiencies for O, and
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H,O, implicate the oligomers as the phototoxic component. Thus, any changes in melanin that lead to a disruption of
the aggregated structure could result in increased oxidative stress. The fact that oligomers generate more H,O, than
aggregated pigment may have significant biologic ramifications. H,O, can react with a variety of cellular compo-
nents, causing for example lipid peroxidation of membrane and hydroxylation of proteins and DNA.* Such pro-
cesses may be important in kerotinocyte cells, where melanin is deposited as a dust, or in retinal pigment epithelium
cells where the structural features of melanosomes are found to change with age, or in pathogenesis of Parkinson’s
disease where pigmented neurons are more vulnerable and neuromelanin is lost in parallel to neuron degeneration.
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Light-Based Detection Systems in Modern Gas Chromatography

Thomas G. Chasteen, Department of Chemistry, Sam Houston State University

Chromatography: The Science of Separation

The advent of higher and higher resolving gas chromatographic systems has lead to a revolution in the analysis of
volatile chemical compounds. Gas chromatography (GC) is a method of separating a mixture of compounds, often
termed analytes, into individual components using their chemical / physical differences. A mixture of analytes to be
separated is introduced onto a GC column (a long, small diameter tube most often coated with specialized material
on the inner wall’s surface) in the form of a gas. Differential interactions between the analytes and the column cause
different analyte molecules to separate in space as they pass through the column. Components introduced at the
column’s head as a mixture come off the column’s end one by one. This is called elution.

Samples that were once considered to contain only a few individual compounds, when analyzed by early GC
systems, have yielded tens or hundreds of compounds when analyzed by higher and higher resolving GC columns.
This is because compounds which previously eluted from a GC column simultaneously are now completely sepa-
rated and appear as multiple peaks on the data output of the GC process called a chromatogram. Figure 1 is an
example of two chromatograms stacked one on top of the other for comparison. The horizontal axis is time and the
vertical is (electronic) detector signal (see below).

Detection in Gas Chromatography
After separation by GC, analytes still need to be detected as they exit the column and therein lies the wonderful
world of GC detectors. Photochemical or spectrochemical detectors play a strong role because they allow sensitive
detection—that is excellent detection limits or selectivity. That is, they offer the power to determine one analyte in the
presence of other interfering compounds.
The job of the GC detector is to determine ex-
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Figure 1. Two chromatograms of the same chemical mixture
analyzed with two different GC detectors. Top is an FID
chromatogram; bottom is an FPD chromatogram. (Reprinted from
Agricultural and Forest Meterology, Vol 108, Schiffman Bennett, and
Raymer, Pages No. 213-240, Copyright 2001, with permission of
Elsevier Science.)

actly when a compound exits the column and to
provide an electronic signal proportional to the
quantity of that analyte’s peak. The elution time
of a chromatographic analyte is formally called
the retention time. The detector signal intensity
of an analyte is compared to that of a known
amount of a standard, and this process allows the
chromatographer to quantify the amount of the
known compounds.

The reason to use more than one kind of de-
tector for gas chromatography is to achieve selec-
tive and / or highly sensitive detection of specific
compounds encountered in particular chromato-
graphic analyses. The workhorse GC detector is
the flame ionization detector (FID). This device is
configured so that the end of the GC column is
plumbed directly into a hydrogen/air flame jet
which, in effect, burns the column’s analytes as
they exit the column and generates a signal that
stems from those compounds’ ions produced in
the flame. The energy of the flame is not enough
to completely atomize samples, but instead
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produces ionized molecular fragments. The FID is very sensitive to molecules that contain carbon and hydrogen
atoms (hydrocarbons). GCs using FIDs are therefore widespread in the petrochemical industry (Na et al., 2001;
Hernédndez-Beltran et al., 2001); however, the presence of other kinds of atoms (so called heteroatoms) in analyte
molecules degrades the signal the FID produces so other kinds of detectors are also needed.

Photochemical Detectors in GC

The determination of sulfur or phosphorus containing compounds is the job of the flame photometric detector
(FPD) one of the earliest photochemical GC detectors (Brody and Chaney, 1966). This device uses the chemilumines-
cent reactions of these compounds in a H,/air flame as a source of analytical information that is relatively specific for
substances containing these two kinds of atoms. Instead of responding to ions like the FID, the source of the FPD’s
signal is from the light produced by an excited molecule created in the flame’s combustion, that is, a photochemical
process called chemiluminescence. The light emitting species for sulfur compounds is an excited S, fragment created
in the flame (commonly noted as S,’). The maximum light emission of S," is approximately 394 nm. (Again molecular
fragments are the signal producers.) The emitter from reacting phosphorus compounds in the FPD flame is excited
HPO' (light emission centered around 510-526 nm). In order to selectively detect one or the other family of com-
pounds as it elutes from the GC column, an interference filter is used between the flame and the photomultiplier tube
(PMT) to isolate the appropriate emission band. The drawback here is that the filter must be exchanged between
chromatographic runs if the other family of compounds is to be detected or two different PMTs and filters must be
built into the design. Figure 2 is a drawing/schematic of the FPD. The bottom chromatogram in Figure 1 comes from
the same chemical sample as the top chromatogram in that figure but analyzed with the FPD instead of the FID. The
fact that some analytes show up in one detector’s chromatogram and not the other is an excellent example of detector
selectivity. If the analyst is interested in sulfur compounds in swine factory emissions the bottom chromatogram is
the key; otherwise the FID chromatogram shows the sample’s hydrocarbons (Schiffman et al., 2001) .

In addition to the instrumental requirements for 1) a combustion chamber to house the FPD’s flame, 2) gas
lines for hydrogen (fuel) and air (oxidant), and 3) an exhaust chimney to remove combustion products, the final
component necessary for this instrument is a thermal (bandpass) filter to isolate only the visible and UV radiation
emitted by the flame.

Because many different kinds of atoms emit light in this type of flame, the photochemical processes
of the FPD have been applied to compounds containing S, P, Se, Ge and Ru with varying amounts of success
(Aue and Singh, 2001). FPDs find application in pesticides, derivatized blister agents, and sulfur emissions
from animal wastes (Tompkins et al., 2001; Yao et al., 2001; Schiffman et al., 2001). Other GC detectors also find uses in
gas chromatography.

Pulsed Flame Photometric Detector (PFPD)
The pulsed flame photometric detector (PFPD) is a relatively new weapon in the arsenal of the analytical chemist
(Amirav and Jing, 1995; Jing and Amirav, 1997). Though it uses a flame like the FPD, the PFPD is a significant
improvement because it can provide better sensitivity and selectivity for sulfur and phosphorus. The old FPD was

Chimney r,'rﬂlEd
- L — 2 S — :
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| éh‘ﬁm'"l Igniter
| Anslvie Liler .
E EI'":-.}".':I ||I.‘Ih.ITI ?S;:;';huhhﬁr
i # PMT A
| I Glass
Analyie Fileer _T z
| Fliame §." = 354 nm Filter
L HPO® = 536 mm .
Sapphire Flame
Ge & Window Gases
Colusn GC Column ————»]
Figure 2. Schematic of one design for a flame photometric Figure 3. Schematic of the pulsed flame photometric

detector. detector.
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generally only used for sulfur and phosphorus and a few others (see page 8); however, the PFPD allows for selective
detection of S and P primarily but also detects compounds containing many other heteroatom-containing species as
well by using software processing of the PMT’s signal.

As this instrument’s schematic diagram shows on page 8, the PFPD has a combustion chamber (or combustor tube)
like the old FPD and a PMT like the FPD. However in this new detector, two different combustible gas flows enter the
bottom of the combustion chamber through narrow gas lines. The normal FPD has only one fuel line which is for
hydrogen. It also has air plumbed in. The second incoming gas flow’s job in the PFPD is to help fill up the outer
volume of the combustion chamber, and outside the combustion zone which is in the center of the combustion tube,
while the analyte and the primary combustion gas flow into that chamber. The capillary gas chromatographic column
from the GC oven enters at the bottom of the combustor (also like the FPD).

At the top of the PFPD is an ignition wire which stays continuously red hot. When the gases flowing into the
combustor, including the analytes exiting the GC column, reach a flammable mixture they are ignited by the ignition
wire; the flame ignites at that wire and propagates back down the combustor. Here is another big difference between
the pulsed flame photometric detector and the old FPD: The flame front terminates, that is, uses up all of the quickest
burning flammable material in the combustor in less than 10 milliseconds and the flame goes out. It is AFTER this
short flame pulse that the slower burning analytes are excited and emit the light that is characteristic of their ele-
ments. Therefore, it is also during this period that the PMT, in a manner similar to the old FPD, records the analyte’s
light from the combustion chamber. After about 300 milliseconds, the flame pulses again as new flammable material
fills the combustion chamber from the inlet tubes and GC column. That combination once again constitutes a flam-
mable mixture. In this way about three flame pulses are recorded per second.

Here’s where the PFPD’s selectivity arises. The shape of the flame pulse profile, over time, depends on the ele-
ments in the analytes that are present in the flame. The temporal light emissions are characteristic of whichever
chemical analyte is eluting from the GC column; some emit faster and some slower. Using this information the PFPD
can be used to determine compounds containing many, many different elements: N, As, Sn, Se, Ge, Te, Sb, Br, Ga, In
and Cu among others (Amirav and Jing, 1995).

Photoionization Detector (PID)

The selective determination of aromatic hydrocarbons or organo-heteroatom species is the job of the photoioniza-
tion detector (PID). This device, also about as old as the FPD (Price et al., 1968), uses ultraviolet light as a means of
ionizing an analyte exiting from a GC column. While the energy of this process is even less than the flames of the FID
or FPD, the analyte molecules are still ionized and the ions produced by this process are collected by electrodes. The
electrode current generated is therefore a measure of the analyte concentration.

If the energy of an incoming photon is high enough (and the molecule’s electrons are quantum mechanically “al-
lowed” to absorb the photon) photo-excitation can occur to such an extent that an electron is completely removed
from its molecular orbital, i.e. ionization.

If the amount of ionization is reproducible for a given compound, pressure, and light source then the current
collected at the PID’s reaction cell electrodes is reproducibly proportional to the amount of that compound entering
the cell. The reason why the compounds that are routinely analyzed are either aromatic hydrocarbons or heteroatom
containing compounds (like organonitrogen or organophosphorus species) is because these species have ionization
potentials (IP) that are within reach of commercially available UV lamps. The available commercial lamp energies
range from 8.3 to 11.7 ev, that is, lambda max ranging from 150 nm to 106 nm. Although most PIDs have only one
lamp, lamps in the PID can be exchanged depending on the compound selectivity required in the analysis.

Here is an example of selective PID detection: Benzene’s boiling point is 80.1 degrees C and its IP is 9.24 ev. This
compound would respond in a PID with a UV lamp of 9.5 ev because this lamp’s photon’s energy is higher than
benzene’s IP (9.24). Isopropyl alcohol has a similar boiling point (82.5 degrees C); these two compounds might elute
relatively close together in normal temperature programmed gas chromatography, especially if a fast temperature
ramp were used. However, since isopropyl alcohol’s IP is 10.15 ev this compound would be invisible or show very
poor response in that PID (that is, configured with that lamp), and therefore the detector would respond to one
compound but not the other. That is, only benzene would produce a chromatographic peak even if isopropyl
alcohol were present.

Very recent PID applications have involved the determination of derivatized hydrides of arsenic collected in the
western Atlantic Ocean (Cutter et al., 2001) and chemical warfare agents (Suryanarayana et al., 2001).
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Atomic Emission Detector (AED)

Since more and more complex chemical mixtures can be successfully separated, subsequent gas chromatograms
are increasingly more complex. Therefore, the need to differentiate between the sample components using the GC
detector as a means of compound discrimination is more and more common. One of the newest additions to the gas
chromatographer’s toolkit is the atomic emission detector (AED). This detector, while quite expensive compared to
other commercially available GC detectors, is an extremely powerful alternative. For instance, instead of measuring
simple gas phase (carbon containing) ions created in a flame as with the flame ionization detector or the emission
from sulfur or phosphorus species in the flame photometric detector, the AED has a much wider applicability because
it is based on the detection of atomic light emissions. If light from its plasma is divided into individual atomic emis-
sion lines using a light separating device called a monochromator, then information can be gained about the atomic
make-up of each different analyte in a sample (Quimby and Sullivan, 1990).

As analytes come off the capillary column they are fed into a microwave powered plasma (or discharge) cavity
where the compounds’ bonds are completely destroyed and their atoms are excited by the energy of the
plasma, energy that is much higher than that of the flame systems discussed above. The light that is emitted by the
excited atoms is separated into individual emission lines via an optical grating and the lines shined onto a photodiode
array. The photodiode array can simplistically be thought of as hundreds of different PMT grouped together with
each individual diode converting light into electrical
signals. The associated computer then sorts out the indi-
vidual emission lines and can produce chromatograms
O made up of peaks from analytes that contain only a
Pt il specific element.

Cham bar The components of the AED include: 1) an interface
for the incoming capillary GC column to the microwave
DM action induced plasma chamber; 2) the microwave chamber it-
Ly self; 3) a cooling system for that chamber; 4) a diffraction
grating and associated optics to focus then disperse the
|_'. = spectral atomic lines; and 5) a position adjustable photo-

Frocessing diode array interfaced to a computer. The microwave cav-
ity cooling is required because much of the energy focused
into the cavity is converted to heat.

Instead of plotting chromatograms based solely on the
total signal from the detector, the AED can produce ele-
ment-specific chromatograms: a plot like that of Figure 1
but only showing chromatographic peaks of analytes con-
taining, for instance, nitrogen or selenium atoms; and with software/signal manipulation, chromatograms for each
subject element can be generated. Because of this sort of ultimate selectivity, this is a very powerful detector. AEDs
find applications in coal analysis (Ross et al., 2001) and difficult to analyze alkylphenols compounds following chemi-
cal derivatization (Rolfes and Andersson, 2001).

Phoiodhinde
Ay

Figure 4. Schematic of a gas chromatographic atomic
emission detector.

Summary
The power of photochemical GC detectors gives the chemical analyst the ability to detect very low concentrations
of important analytes alone or in the presence of high concentration of interferants even if strict chromatographic
separation is not possible. If a compound is thermally stable, that is, will vaporize without decomposition, and has a
low enough boiling point, GC with specialized detection is the most chemically powerful analytical method known.
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Bistable Optoelectronic Device Realization by Photocurrent Bleaching

Bruno Ullrich, Centers for Materials and Photochemical Sciences,
Department of Physics and Astronomy, Bowling Green State University

Optoelectronic bistability is observed in a CdS single crystal by bleaching of an alternating photocurrent by a
continuous wave optical bias. Exploitation of lock-in technique produces a bistable switch. The hybrid device re-
quires extremely low electric fields (1-2 V ecm™), and highly sensitive optoelectronic links and hybrid survey applica-
tions seem feasible with the introduced device concept.

Introduction

Although all-optical technologies for data transfer appear feasible, the reality is that electronic conversion will
continue to dominate optical networks for quite some time.! The problem with the fully optical approach is that
photonic switches are not commercially available in the required size and density to meet the technical requirements
to fully replace or even surpass standard electronics. On the other hand, due to the increasing demand for telecom-
munications and data-storage capacity, it is clear that any foreseeable future development in the field of data process-
ing requires enhanced optical routing of signals.?

An optoelectronic hybrid device merges optical switching concepts with an electronic core to yield a smart prog-
eny that will provide a seamless upgrade path to a pure photonic switch architecture in the future.! Therefore, it is
desirable that hybrid switch design merges the best of both the electrical and photonic technologies. It seems, how-
ever, that hybrid concepts are far from being exhaustively studied. A sophisticated, but nevertheless very well known
and reliable concept, lock-in technique is usually used in metrology rather than the realization of optoelectronic
switches. In this paper, it is demonstrated that the lock-in concept in conjunction with a photoconductor is very useful
for the achievement of hybrid bistable devices (HBDs).

Device Concept

Figure 1 shows the HBD.>* The photoconductor used is an industrially produced Cadmium Sulfide (CdS) crystal
from the gas phase with a cross-section of 2x2 mm and a length of 9 mm. The electrical connection is performed by
evaporated Indium contacts, which are separated by 1 mm. A commercial green (=520 nm) light emitting diode (LED)
illuminates the crystal. The emission of the LED is chopped at 278 Hz, providing the reference frequency for the lock-
in amplifier. Due to an applied constant electric field, the chopped LED illumination causes an alternating photocur-
rent (APC), which is detected with a lock-in amplifier. So far, the arrangement is identical to standard photocurrent
measurements employing lock-in technique. The
difference from standard experiments is that the
CdS crystal is additionally illuminated at 1.96 eV
TR T R employing a He-Ne laser. The crystal weakly ab-
41 e sorbs the irradiation of the He-Ne laser since the

D parwer-suppids s
gap of CdS is at 2.45 eV. The intensity of the laser
e beam is swept in the mHz-Hz range by means of
et a liquid-crystal light control system. This repre-

= - sents, in comparison to the LED, a non-modulated
s S — continuous wave (cw) excitation, which causes
Eh_":l';‘ll';‘:'l " If';':““' w0 direct photocurrent (DPC) in the crystal. By mea-

suring the impinging power of the He-Ne laser,
the setup in Figure 1 is used to record the APC vs.
laser intensity. Figures 2 (a) and 2 (b) show the
Figure 1. Schematic of the HBD. Below the CdS crystal, the results. At 1 V cm™, the APC does not show any
crystallographic orientation is depicted.

Likik- i gsmplilfied

—_— CERIE ——
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noteworthy dependence on the He-Ne laser in-
16 ¢ , , , , (a) tensity. The situation is drastically changed at2 V
14 E e cm’, where the APC exhibits a bistable switch
, practically without hysteresis. An increase of the
= 12 electric field produces hysteresis and reduces the
= 10F e— intensity necessary to evoke switching. This be-
: K m havior is known from thermo-optical hybrid logic
5 0g b gates formed with thin film CdS.® Part of the
Sl switching energy is delivered by the bias by low-
0.4 3 ering the required optical power.
02k
o 2 A ) i Discussion of the Device Function
In order to explain the bistable switch, one has
B (b) to consider the different currents in the crystal,
e o Vool i.e., APC, DPC and dark DC current. The latter,
i ——— L R g exceeds the APC by five orders of magnitude at
PR ';E e oV oom! the voltages in Figure 2 since the dark resistance
- R of the crystal between the contacts is only 598 Q.
= ' & ] Hence, the switching of the HBD in Figure 2 (b) is
E ' understood by the bleaching of the APC, which
< |10 - is mainly generated in the surface region of the
) crystal, by the DPC due to the bulk penetrating
0.5 i ‘1: E cw illumination of the He-Ne laser in addition to
A , _ A the dark DC current at a certain electric field. It
) 100 200 I 400 S{M) has been pointed out previously® that a critical
He-Ne laser intensity (mW em '!] electron concentration of 1 =10' cm? prevents the
build up of APC in thin film CdS under moderate
Figure 2. (a) APC vs. intensity of the He-Ne laser at 1 V cm™. illumination since the sample appears to be too
(b) Bistability of the HBD at 2, 3 and 4 V cm™. The measurements “metallic” and the electron concentration remains
are carried out at 300 K. untouched by light. Hence, considering the low
He-Ne laser intensity and the small voltages re-

quired to induce the bistable switch, the dark con-
centration of the crystal should be close to the critical value. In order to check this, we excited the crystal between the
contacts with the He-Ne laser. The dark concentration 7, is found with the following relation,

_ 1@ (R /R )1 - exp(-ad))
" (v)d(-R /Ry)

(1)

where, I is the incident He-Ne laser intensity, 7is the lifetime of the excited electrons, R is the resistance of the crystal
under illumination, R (=598 Q) the dark resistance, a is the absorption constant, d is the thickness of the crystal (=0.2
cm), and hv (=1.96 eV) the photon energy. For I =320 mW cm?, we find R=555 Q. The lifetime is measured via the
photocurrent decay employing a 500 MHz oscilloscope. The decay is shown in Figure 3 and the exponential fit of the
data gives 7=22 ms. Transmittance studies at 1.96 eV show that =1 cm™. With these parameters, we find 7,=3x10"
cm?®, which is indeed fairly close to the critical concentration.

So far, basically, the optoelectronic behavior of the sample is represented by the circuit of two parallel resistances.
One resistance, which is constant, draws the APC, and the other becomes less due to the illumination resulting finally
in an electric shorting of the constant resistance. There are, however, several additional properties to consider in order
to fully comprehend the function of the device. In spite of the weak intensity, the He-Ne laser causes incoherent two-
photon processes.” Therefore, we believe, that the DC shorting takes place not only via impurity states directly excited
by the He-Ne laser emission, but also by electrons excited into the conduction band. Such a process eventually ex-
plains the sharp switching threshold at 2 V em™ in Figure 2 (b). Currently, additional experiments are being conducted
to explore the influence of two-photon processes on the switching characteristic of the HBD.
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Comparison With Other Concepts

0.35 T R e ) It is important to compare the HBD presented

] with already existing optoelectronic devices. The

Tk most common is the use of photodiodes to achieve
E 0.25 optoelectronic switches.® Furthermore, during the
- last 15 years, the so-called self-electrooptic-effect
= {120 device (SEED)’ gained considerable importance
E in the field. The principle of the device is subject
B 015 to the quantum-confined Stark effect in a multiple
= quantum well. It seems that the HBD here has two
E 0.10 advantages: a) Most straightforward material re-
R quirements, i.e., no specific doping processes or
0.05 rather complicated and expensive growth meth-
gty Esnaia oy anagnann priina Gy o 9 ods as molecular beam epitaxy are necessary to

i} n 0 a0 40 51 ] form the core of the device. b) The extreme bias

Time (ms) sensitivity appears to be unbeatable. Figure 2

demonstrates that an applied voltage of 0.2 V

Figure 3: Decay of the photocurrent evoked with He-Ne laser causes the bistable switch. By reducing the con-
irradiation. The measurement was performed at 300 K with an tact distance to 1 um, the required voltage is subtle
applied electric field of 30V cm™. The solid line represents the 200 wV! As far as this author knows such switch-
exponential fit of the data. ing sensitivities are extremely difficult to achieve

with the aforementioned known concepts.

Conclusion
A novel optoelectronic bistable device is demonstrated by the superposition of two light beams in an electrically
biased CdS crystal. One of the irradiations is used as optical cw bias below the gap bleaching the alternating photo-
current signal excited at the gap with a chopped light source. The bleaching is measured by employing a lock-in
technique. The device is capable of switching at extremely low voltage and electric field variations and is of appre-
ciable interest for highly sensitive optically interfaced electronic conversions supplied by low voltage sources, as e.g.
piezoelectric crystals.
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