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I. INTRODUCTION

Few electrochemical techniques, with notable
exceptions, are suitable for the anodic detection of
organic compounds. Organic compounds tend to have strong
chemical interactions with electrode surfaces. The total
faradaic charge passed during the anodic reactions of
organic compounds is generally observed to be controlled
by the surface area of the electrode. Hence, the anodic
reactions are described as being surface controlled. The
organic compounds may simply adsorb to the electrode
surface, or the electrode surfacé may catalyze the anodic
reaction of the organic compounds; as in the case of the
oxidation of simple alcohols at a Pt éleétrode (1,2). For
the case of simple alcohols, the initial rate of surface
catalyzed dghydrogenation is large. The oxidation rate
drops sharply with time, as the carbonaceous
dehydrogenated reaction products adsorb strongly to the
electrode surface, eliminating active surface sites.

Thus, the anodic current decays.rapidly to zero.

The rate of anodid.reactions catalyzed by specific,
active electrode states~will quidkly drop if these surface
sites are blocked or converted to inactive surface states.
For example,’the.oXidatioﬁ'of.AS(III) is strongly
electrocatalyzed by PtOH: as PtOH is converted to PtO,

the extent of electrocatalysis drops significantly (3).



Again, the anodic current is initially large, but decays
with time.

Alternate anodic and cathodic polarization of a
noble-metal electrode surface will alternately form and
remove surface oxide. For Pt, in the case of the
oxidation of As(III), the repeated formation of PtO
assdres the presence of the active PtOH intermediate. 1In
this manner, the activity of the electrode is continually
maintained, hence the oxidation of As(III) proceeds at a
large rate., It also has been shown that alternate anodic
and cathodic polarizations of the electrode at potentials
corresponding to the solvent decomposition limits will
remove adsorbed carbonaceous material from the electrode
and effectively clean the surface (4,5).

The ability to maintain surface activity by
repeatedly regenerating PtOH, allows the anodic detection
and quantitation of organic compounds which have reactions
heretofore thought too hopelessly irreversible to be of
use. Previous publications have demonstrated the
application of anodic pulsed amperometric detection (PAD)
for alcohols, polyalcohols and carbohydrates at Pt and Au
electrodes (6-9). This dissertation describes the use of
PAD for the quantitation of organic amines and amino acids
at Pt., The PAD technique aﬁplies a triple-~-step potential

waveform in which the analytical signal is measured within



a few milliseconds after application of the detgction
pulse, The potential is then usually pulsed to a large
positive value, at which the electrode surface is
oxidatively cleaned very rapidly of any remaining adsorbed
analyte or reacﬁion products; the subsequent application
of a large negative potential pulse causes reduction of
the electrode surface oxide and allows adsorption of
analyte prior to the next detection cycle. The frequency
of the waveform can be sufficiently high (ca. 1-2 Hz) to
allow application of PAD to chromatographic and
flow-injection systems.

Oxide-catalyzed reactions must satiéfy two criteria
"for successful application to electrochemical detection:
(1) The detection potential (E) must be iﬁ tﬁe region of
oxide formation; and (2) E must be greater than Eo for
the oxidation of the analyte. The oxide-catalyzed
reactions of amines meet the above stated criteria.
However, the rate of PtO formation is potential dependent;
hence, for large E, PtOH has a short lifetime because of
the rapid conversion to PtO, and therefore the need arises
to restore surface activity.

Factors affeating“the oxide growth characteristics
will affect the currént response of the electrode. Hence,
even electroinactive‘Spe¢ies with étrong chemical

interactions with Pt will alter the Pt oxide growth



characteristics, altering the analytical current.
Strongly adsorbed electroinactive inorganic anions

(e.g. CN7) are used as model compounds for PAD to

study adsorption phenomenon at Pt. The responsiveness
that PAD has for adsorbed compounds allows for the
detection of virtually any nonelectroactive compound that
will adsorb to Pt, in addition to electroactive compounds.
Therefore, PAD is a general detector for adsorbates,
whether electroactive or inactive. No selectivity is
afforded by choice of detection potential; hence, the
detector relies upon chromatographic separations to
provide analytical resolution of mixtures.

The application of ?AD to amino acids and
aminogiycosides has a distinct advantage over standard
spectrophotometric detectors in that post-colhmn addition
of reagent is not necessary if the required electrolyte is
used as the chromatbgfaphic eluent. PAD sensitivity
compares favorably with fluorescence detection of primary
amines, and exceeds in sensitivity fof‘detection of

secondary amines (i.e. proliné and hydroxy-proline).



IT. LITERATURE REVIEW
A. Adsorption at Pt Electrodes

1. Methods of determining surface coverage

a. Electroactive adsorbates Surface coverages

of adsorbed electroactive species on Pt can be determined
from the anodic or cathodic charge passed until oxygen or
hydrogen evolution potentials are reached, respectively,
in the presence and absence of adsorbate., Charging of the
electrode can be accomplished in a galvanostatic modg
(i.e. passing a direct current.until the appropriate
potential is attained), or in a potentiodynamic mode

(i.e. the electrode potential is linearly scanned between
set limits while ménitoring the éurrent). The charging
curve obtained in the absence of an adsorbate, is compared
to the charging curve obtained in the presence of
adsorbate after surface equilibrium has been established.
The difference in charge that re5u1£s from the oxidation
or reduction of the.adsafbaté is used to estimate the
amount of adsorbate presenﬁ at the electrode surface (10).
This technique, as first used by Sﬁlygiﬁ and Manzhelei
(11), requires thatjbhe"électTOdb"be washed with
adsorbate4free eléctrolyté‘after being equilibrated in the
adsorbate solution. Ih'addition to this technique

requiring a well characterized electrochemical process,



the washing step mandates that the adsorbate must have a
negligible desorption rate. Some of the first adsorption
studies of methanol were done by Pavela (12) using this
technique.

Rapid potential sweep techniques (13,14) were
developed to eliminate the need to replace the adsorbate
solution with adsorbate-free electrolyte prior to surface
charging. It has been shown that potential sweep rates
greater than 200 V/s will virtually eliminate the
contribution of diffusion of an adsorbate to the total
charge (15). An assumption inherent in this technique is
that the production of an oxide layer does not change in
the presence of the adsorbed substance, Adsorbed methanol
has been shown to alter the formation of PtO (16). To
compensate for this effect, a current reversal method was
developed by Brummer (17); Brummer and Ford (18). With
this technigque, a cathodic¢ pulse is applied immediately
following the rapid anodic potential sweep. In this
manner, the amount of PtO formed on the anodic sweep is
determined by the charge passed for Pt0 reduction after
application of the cathodic pulse. Thus, the effect of
the adsorbate on Pt0 formation-is compénsated.

b. Nonelectroactive adsorbates The

determination of noneélectroactive-adsorbate surface

coverage by electrochemical means, must rely on an



indirect measurement. Adsorptional displacement (10) is
one such indirect technique. The adsorptional
displacement technique measures the surface equilibrium
coverage 6f a nonelectroactive adsorbate through the
observed decrease in the amount of adsorbed hydrogeh from
that normally adsorbed on the surface of the electrode in
the absence of adsorbate. The reduction of adsorbed
gt during a cathodic potential step is assumed to form
a complete monolayer of adsorbed H at the surface of Pt
electrodes. The amount of charge required.to form the
monolayer (QH) is determined by a rapid cathodic
galvanostatic or potentiodynamic sweep in an
adsorbate-free electrolyte. Thevadédrbate is introduced
to the solution, and the surface coverage is allowed to
reach equilibrium at a fixed potential out of the region
that adsorbed H' is reduced. The cathodic sweep is
applied and the charge passed (QH,ad) is a measure of
the remaining free surface sites being covered by H. The
adsorbate surface covérage (@) is a ratio of
Qg - Q,aq to Q- |
;QH - Qﬂ;ad

 Qﬁt .

In order for this method to succeed, the adsorbate

8 =

must not undergo reduction, nor désorb or adsorb further

during the cathodic pulse., Adsorptior of acetic acid



(19), methanol (20), alkenes (21), and nitriles (22) have
been studied using the cathodic pulse technique. Gilman
(23) expanded upon the cathodic pulse method by including
a series of potential steps prior to the cathodic pulse to
produce a reproducible state of the electrode surface on
which the adsorbate was allowed to adsorb.,.

¢c. Radioactive tracers Radioactive tracers

play an important role in determination of surface
coverages. Techniques based on measurment of
radioactivity of a thin foil electrode have been suggested
by Joliot (24), and implemented extensively (25-31). The
thin foil method involves lowering a counter, covered by
the thip foil electrode, into an electrolyte solution
containing a labeled adsorbate. The background count is
estimated by recording the count .as ‘a function of distance
that the glectrode is away from the solution. The count
is then extrapolated toc zerc distance. The amount of
adsorbate is calculated from the difference of the count
of the electnode'immeISed in the adsorbate solution and
the background count., . This method is obviously limited to
compounds containing radioactive atoms (e.g. C14 or

835). The accuracy of this method'is.bést at low
adsorbate concentrations, Fdr adsorbate concentrations

larger than 10-3 M, the count due to the adsorbed



species becomes small with respect to the background
count,

Gileadi et al. (32) points out the relative
usefulness of both electrochemical and radiochemical
techniques. Much information can be gained about an
adsorbing species if a combination of the two types of

techniques is used.

2. Effects of adsorption on PtOH/PtO formation

A complete review of the literature covering the
oxidation of Pt was compiled by Cabelka (33). 'Specific
literature will be reviewed here as it pertains to the
affect of adsorbed substances upon the anodic formation of
PtOH/PtO. .

Angerstein-Kozlowska et él. (34) have shown that
three discernible stages of Pt surface oxidation exist up
to the formation of a monolayer of PtOH (E = 1,1 V

vs. NHE).

4Pt + Hy0 ' -> Pt,OH + HY + e” (peak at 0.89 V)
Pt, O + Hy0 -> 2Pt 0H + H' + 7 (peak at 0.94 V)
Pt,OH + H,0 -> 2PtOH + H' + e (peak at 1.05 V)

The I-E peaks for the threé processes are not well
resolved from voltammetric ddta. Only the first stage has
been experimentally shown to be quasi-reversible., The

following stages display more irreversibility which has



10

been thought to be consistant with place exchange
mechanisms involving Pt atoms and the adsorbed OH species
(35,36). The various states given for the products in
these reactions should be interpreted as representing
surface interaction stoichiometry of adsorbed °OH
rather than discrete oxidation states of the Pt atoms.
Competing adsorption will affect Pt oxide growth
characteristics by affecting the initial quasi-reversible
OH adsorption sites. Angerstein-Kozlowska et al. (37)
have characterized the.competitive adsorption effects as
either "blocking effects" or "displacement effects.,"
Blocking effects cause a reéduction of the charge passed
during the oxidation of'tﬁe Pt surface because OH
adsorption sites are occupied by competing adsorbates.
Systems displaying displacement effects have the initial
PtOH formation region delayed or shifted to potentials
moere positive, at which the deposited PtOH is again

stable.

B. Methods for Determination of Amino Acids

l., Wet chemical analysis

Analytical methods that are specific for particular
amino acids exist, such~asrthe‘Sakaguchi reaction for the
determination of arginine (38), enzymatic decarboxylations

(39), and microbiological assays (40,41). However, as in
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the case of the analysis of protein hydrolysates,
simultaneous determinations of many amino acids are
desirable., Therefore, virtually all amino acid
determinations rely on chromatographic separations. As
this is the case, the phrase "classical determination" has
come to describe the spectrophotometric detection of amino

acids following chrohatographic separation.

2. (Chromatographic separations of amino acids with

spectrophotometric detection

The original amino acid analyzer was developed by
Spackman, Stein, and Moore (42). The analysis scheme
consisted of a cation exchange separation with
colorimetric detection using post-column addition of
ninhydrin, ’

Of course, much improvement has been made in the area
of chromatography since the first amino acid separation.
Modern liquid chromatography of amino acids can be divided
into two distinct categories: underivatized and

pre-derivatized.

a. Underivatizedgmethpds The chromatography
of underivatized amin6~aci&§3génerally‘rely on cation
exchange chromatognaphy wi;h post~column addition of
reagents to provide for spectrophotometric detection,

Because of the varying acidity of the amino acids, the



12

cation exchange separations require either an increase in
eluent pH or ionic strength through the use of a step
gradient or linear gradient, The most acidic of the acids
elute first, the most basic elute last (43).

Since amino acids lack chromophores, chromatographic
separations of underivatized amino acids must rely upon
post-column derivatization to provide sensitive
spectrophotometric detection, Post-column addition of
ninhydrin reagent causes the formation of "Ruhemann's
purple™ (II) (44,45). The ninhydrin reagent contains
ninhydrin (I), methyl cellosolve, and a reducing agent
(usually stannous chloride) in a pH 5 buffer (acetate or

citrate).
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Early workers concluded that the observed need for a
reducing agent to maintain good reproducibility was caused
by the oxidative effects of dissolved oxygen (46). Later
work suggests that the reducing agent reduces ninhydrin

(I) to hydrindantin (I'),

and the hydrindantin plays an important role in the color
forming mechanism (47). Upon standing, the stannous

chloride containing ninhydrin reagent forms insoluble tin

salts, complicating accurate reagent delivery.

Titaneous
chloride was found to be as effective as Sn012 without
ferming insoluble salts (48,49).

The ninhydrin reaction is a general reaction for all
primary amines giving a near quantitative yield of blue
reaction product (Amax = 570 nm). Proline and
hydroxyproline (secondary amines) give products that
absorb at 440 nm; the sensitivity for the secondary amino

acids is less than that for the primary amino acids, and

the reaction times are longer (50).
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Fluorometric detection is accomplished by post-column
addition of either o-phthalaldehyde (OPA) (51) or
fluorescamine (52). The OPA method utilizes a pH 10

borate buffer containing OPA (III) and 2-mercaptoethanol

(53).

+ RNy + RSsH

pH 10

N-R 2H,0
P + 2

The OPA reagent reacts with all primary amino acids to
give an intense blue fluorescence. The OPA method is
reported to be 50X more sensitive than the ninhydrin
method (54). Proline and hydroxyproline do not react with
the OPA reagent. However, Roth (55) reported that the
addition of sodium hypochlorite oxidizes proline to a
primary amine, and allows the formation of the

corresponding fluorescent compound. The major
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complication in this method is that primary amino acids
are destroyed by excess hypochlorite. This has resulted
in detection schemes utilizing complicated hypochlorite
reagent stream switching mechanisms (56,57). Ishida et
al., (58) claimed that through careful control of the
hypochlorite concentration, switching need not be
employed. They maintain that the detectability of amino
acids remains stable, and is only slightly depressed if
the hypochlorite concentration is kept low. Two separate
chrométographic runs may also be done (59). Another
oxidant, chloramine-T, is claimed to be useful with OPA to
detect proline (60).

Fluorescamine (4-phenylspiro-[furan-2(3H),
1'-phthalan]-3,3"-dione) (IV) reacts rapidly with primary
amines at alkaline pH to form fluorophores (excitation 390

nm, emission 475 nm) (61-63).

R-N
. O
+ RNH, = @ OH
COOH
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The reaction half-times for most amino acids are 200-500
ms (64). Secondary amines do not react with

fluorescamine. However, Weigele et al. (65) showed that

proline can be oxidatively decarboxylated by
N-chlorosuccinimide to yield 4-amino-n-butylaldehyde,
which reacts with fluorescamine in the manner of a primary
amine. As in the case of hypochloride addition to OPA,
complicated switching must be used to implement this
scheme (66). Hydroxyproline can be determined with a
slight adjustment of this method (67). Sharp baseline
shifts occur during oxidant addition.

b, Pre-derivatized methods The more polar

amino acids are poorly retained by reverse-phase columns.
However, pre-derivatized amino acids are weli retained by
reverse-phase columns, and efficient separations are
possible. The most commonly used derivatizing agents are
phenylthiohydantoin (PTH), dansyl chloride (Dansyl, Dns),
and OPA.

PTH derivatives are a product of the Edman
degradation procedure (68,69) for sequencing proteins.
The reverse-phase chromatography (RP-HPLC) of these
derivatives is an importantwsimplification of the
simultaneous determination of amino écids in protein
hydrolysates, and has been applied frequently (70-74).

PTH forms derivatives with all amino acids, allowing
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colorimetric determinations with detection limits of 5-50
pmole.

5-dimethylaminophthalenesufonyl (Dansyl, Dns) (75)
reacts with free amines to yield compounds having intense
yellow fluorescence (76,77). Tapuhi et al. (78) were the
first to report the application of RP-HPLC to Dnmns
derivatives, Detection limits of 0.05-1 pmole have been
reported (79,80).

OPA derivatives, previously described, have also been
separated by RP-HPLC (81,82).

When pre-column derivatizations are used, certain
problems arise that do not arise when post-column
derivatizations are used: ‘l) incomplete and/or secondary
reactions; 2) samplé contamination; and 3) derivative
instability (83).

Ion-pairing has been used to accomplish RP-HPLC of
amino acids. This method is not, strickly speaking, a
pre-derivatization technique; and relies upon post-column

addition to provide spectrophotometric detection (84,85).

3. Chromatographic separations of amino acids with

electrochemical detection

a. ‘Detection of derivatized amino acids

The general experience among electroanalytical chemists

that the quantitative determination of aliphatic amines
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and amino acids in aqueous solutions cannot readily be
achieved by conventional voltammetry and amperometry is
illustrated here by selected quotations. Adams (86)
stated: "...aliphatic amines are difficult to anodically
oxidize in any quantitative fashion." Malfoy and Reynaud
(87) claimed: "Among the 20 amino acids present in the
proteins only tryptophan and tyrosine are selectively
oxidized at a gold, platinum or carbon electrode.
Histidine is oxidizable only at a carbon electrode."
Joseph and Davies (88) reported: "Most amino acids are
not electroactive...." They proceeded to describe the a
priori derivatization of amino. acids with- OPA to enable
their electrochemical détection follbving:RP-HPLC (89).
The OPA derivative contains an electroactive isoindole
grouping (82) that is electrochemically active at glassy
carbon. Since OPA-derivatives suffer stabi;ity problems,
Allison et al. (90) investigated using OPA derivatives
formed with structurally different thiol compounds
(91,92). The fluorescénée of these more stable
derivatives is markedly lower, but the electrochemical
detection is not affectgq_ Détedﬁion limits of 30-150

fmol were reported.

b. Direct detection of underivatize& amino
acids The direct detection of underivatized

amino acids at a constant electrode potential was reported



19

recently by Hui and Huber (93); Krafil and Huber (94) at
an oxide~covered Ni electrode in alkaline solutions. The
detection reaction had been diagnosed by Fleischman et
al. (95) to occur with direct chemical involvement of the
oxide. The amino acids reduce NiO(OH)2 to Ni(OH)2

with subsequent anodic oxidation of Ni(OH)2 back to
NiO(OH)z. Disadvantages of using the Ni electrode

result from 1) a long start-up time, during which the
thickness of the oxide layer is stabilized and the
background current décays'to a steady vélue; and 2) the
finite sAlubility of the oxides in the alkaline
electrolyte solutions.

Amino acids can be potentiometrically detected using
either Cu—éelective,mémbrane.electnodes, or solid copper
electrodes. Potentiometric techniques detect the presence
of amino acids through the decrease in free cutt
cencentration caused by the complexation of the cutt
by the amino acids (the Cu’" is either present in the
eluent or added to the column effluent‘prior to the
detector cell. The use of a Cu-selective membrane
electrode (96) is complicated becadsé ﬁhe response time of
the electrode is slow; hence, seQére'peak tailing occurs,

and detection limits are poor. Alexander gt al. (97);

Alexander and Maitra (98) reported direct potentiometric

response for amino acids at Cu, without adddition of any
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cutt reagent. The detector response was decidedly
nonlinear and the direction of curvature varied for
differing amino acids. Detection limits were not given,
but the data presented suggest them to be 50-100 ppm. The
electrode response is quickly poisoned by
sulfur-containing amino acids, presumably due to
irreversible adsorption of these amino acids to the Cu

electrode.

+

Kok et al. (99,100) repo;ted an amperometric response
for amino acids at Cu in alkaline solutions. No electrode
poisoning was observed for sulfur-containing amino acids,
and reproducibility was‘gpoda The gradual dissolution of
the electrode-dﬁe-tb the finite sdlubility of‘Cu++
causes a constant surface renewal, preventing -electrode
poisoning., Detection limits of 0.05-0.3 ppm were
reported.

In an article reviewing wall jet electrochemical
detectors, Fleet and Little (101) show the
electrochemical detection of arginine in a methanol-borate
eluent at carbon. He indicates that other amino acids
give similar results. ﬁo other results were presented and
no subsequent pdblicatibns Weﬁeffdﬁhd. Fleet was granted
a patent (102) for an electrochemical detector system
based on a wall-jet?detéctor, in combination with a two

step potential waveform: generator. The first potential
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functions as a detectipn potential and the second
potential functions as a cleaning potential. Fleet claims
that virtually aﬁy organic compound can be detected by
this system, yet only hydroxy-aromatic and phenolic
detection were demonstrated. Oncebagain no subsequent
publications were found in regards to this detector

system.

C. Aminoglycoside Determinations

1, Nonchromatographic techniques .

Aminoglycosidé antibiqtics are commonly'preﬁcribed to
combat graanégafima Haéii@ary-ih&é@tiohgw Serious
side-effects 6f\&hq§e-&bmgsg@&yﬁdedmn,&uming.@rEatments
involving e xtensive d~osagé.§:; ' “Two- such side é»ffe;c ts:
Nephrotoxicity=--revetsible Fénal.dysfudﬁtion;vand
Ototoxicity-iirnewarsibie'inmgrwgar'¢QMage:rmave been
correlated with high ééxﬁmmméwélswdf w@riowsb
aminoglycosid@-gp@ibi@tiﬁs\fl@@&&dgo, 'Thé'ability'to

determine serum concentration allows the monitoring of

rapy; and determines

if overdosage is oé&curi téntly, the three most

ﬁés'ﬁoﬁééﬁg eg&m@nogiycoside

xadioenzymatic, and

radioihmunovaSSastCLIQ)g ‘Liquid chromatographic
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‘"determinations are becoming more common, but only at

larger research facilities.

a. Microbiological assay Agar diffusion

methods (111) are the moest common microbiological assay
procedures. Antibiotic standards and unknown samples are
placed in wells cut into agar plates that contain test
organisms known to be sensitive to the antibiotic being
tested. The diameter of the growth inhibition zones for
the standards are measured and plotted versus log
concentration. Unknown coﬂcentrations are determined from
the standard plot. Incubation takes 3-6 hours, and the
detection 1limit is about 0.5-1.0 ppm (112). Interferencé
from other antimicrobial agent(s) is the most serious
disadvantage. Separation by electrophoresis prior to
microbiological assay has been used (113) tgleliminate
some interferences.

b. Radioenzymatic assay Enzymes that attach

modifying groups to certain aminoglycosides (114) can be
used to indorporate radioactive tags (Cla, H3)

into the aminoglycosides. Numerous such methods have been
reported for the nadioadtive.mQESurement of aminoglycoside
concentnationsw(IlS-ILI);‘ Ehbh;assay requires 2-3 hours,

the detection limits are similar to microbiological
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assays, but microbiological assays are less expensive
(118).

¢, Radioimmuno assay Radioimmuno assays are

sensitive techniques for determining aminoglycoside
antibiotic concentrations (119-124); The theory of
radioimmuno assays will not be‘discussed here, as an
excellent review is presented by Chalt and Ebersole (125).
The assays can be done in 2-3 hours, and the detection
limits (1.0-10 ppb) are far better than required by
routine clinical purposes. This érocedure‘is more
expensive than either microbiological or radioenzymatic

assays (110).

2. Chromamographic‘techniqyes

Aminoglycoside antibiotics lack chromophores, thus
eliminating standard spectrophotometric methods unless
derivatization is used. As described for the detection of
amino acids, OPA can be adapted for both pre-column
(126-128) and post-column (129-131) derivatization of
aminoglycosides. Detection limits of 0,1-1.0 ppm have
been reported. Post—co&ﬁmnudérivatizatiOn by
fluorescamine is aISO'féasible with similar detection

limits (132).
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1-fluoro-2,4-dinitrobenzene (FDNB) (133) reacts with
both primary and secondary amines in a pH 9.3 buffer at
80° C in 30 minutes (134). Obviously, the reaction
times eliminate post column addition. Chromatography
following derivatization with UV detection has detection
limits of 0.5-1 ppm (135-137). Pre-injection clean-up of

the derivatization mixture is necessary.
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ITI. EXPERIMENTAL

A. Electrodes and Rotators

Current-potential curves (I-E) were obtained by
cyclic, linear-scan vqltammetry at a Pt rotated disk
electrode (RDE, 0.460 cm2; Pine Instrument Co., Grove
City, PA) using a model PIR rotator (Pine Instrument Co.).
Several flow-through detector designs were utilized. The
initial detector ‘was of a Pt wire-tip design (Figure
III-1) described by Hughes (138). A second Pt
flow-through detector, with much reduced dead volume
(Dionex Corb., Sunnyvale, CA), consisted of a Pt disk
working electrode (0.008 cmz), a carbon counter
eleptrodé, and a silver-silver chloride reference
electrode in a sandwich—typé arrangement (Figure III-2),.
The third flow-through detector, a Pt wire-tip detector of
simple design (Figuré IIT-3), is identical in design to

that described by Austin (139).
B. Potentiostats

A model RDE3 potentiostat (Pine Instrument Co.) was
used for cyclic voltammé@;y- Poténtial—step waveforms
were potentiostated by either a model UEM (Dionex Corp.)
microprocessbr—conbrobbed~po£eﬁtibstat ‘or a microcomputer

controlled potentiostat.



Figure III-1, Pt wire-tip flow-through cell
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Figure II1I-2, Dionex flow=through cell
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Figure III-3., Simple Pt wire-tip flow-through cell
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1. Interface/Potentiostat

Data acquisition and potential control are
accomplished through the use of the Interface/Potentiostat
(I/P). The computer‘hardware consisted of an HP-87
computer (Hewlett-Packard, Corvallis, OR) with an HP
82980A Memory module, 87-15003 I/0O ROM, HP82940A GPIO
interface, HP82902M flexible disc drive, and an Epson
'MX-80F/T dot matrix printer (Epson America, Inc.,
Torrance, CA). The I/P was constructed by this author.

Figure III-4 shows a block diagram of the I/P. Data
are transferred from the I/P to the HP-87 through the GPIO
interface. The GPIO is a general purpose parallel
interface that allows the seleéection of'eithér 8-bit or
16-bit ports. For use with the I/P, the GPIO was
configured to four, 16-bit ports (two input, two output).
The interface section of the I/P consists of two 12-bit |
digital~to~-analog converters (AD DAC80, Analog Devices,
Norwood, MA), one 12-bit analog-to-digital converter (AD
ADC80, Analog Devices), and appropriate support circuitry.
The potentiostat section COnsists=of.a control amplifier
which has as its input either a tﬁiangular waveform
generator for use in cyclic voltammetry or a computer
controlled digital-co*ahélbg‘coﬁQErfer for use in pulsed

amperometry.,



Figure III-4. Block diagram of the interface/potentiostat
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In the cyclic voitammetry mode the output of the
current-to-voltage converter of the potentiostat was
directly and coﬁtinuously monitored. In the pulsed mode,
sampling circuitry was added at the output of the
current-to-voltage converter, and the signal was
necessarily monitored by the computer controlled
analog-to-digital converter.

a. GPIO The use of 16-bit ports eliminated
the need for two input/output (I/0) operations normally
neéded fof accessing 12-bits with an 8-bit port (an 8-bit
byte and a 4-bit nibble). This allowed for faster I/0
operating times as all 12 bits were'accessed on one pass.
The output operations are conducted by bng 16-bit port
with two control lines (CTLO, CTLY). Through simple
multiplexing with the appropriate data buffering, the two
separate control lines provide for two separate channels.
The same is true for the input operations. Two control
lines (CTLA, CTLB) provide two separate input channels.
However, for this work only one input channel was
supported.

Since the convertefsuane in.a state of constant
readiness, "strobe hanﬂéﬁakeé"-ﬁere utilized to provide
simple, fast control of data conversions. The input
strobe handshake was operated in the BUSY=to-READY mode.

Figure III-5 shows the essential actions of the data and



Figure III-5. GPIO handshake timing diagram
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control lines. For outputting, the new data are placed on
the data lines at Tl and the conversion start is signalled
by the CTL stobe at T2. The conversion is accomplished in
less than 5 pus. T3 is the point at which the new daté are
latched. For inputting, the conversion is started by the
CTL strobe at T4, the data are inputted some short time
after TS5,

Direct control of the control .lines is possible, and
two control lines (RESA, RESB) were made available for
external use (i.e. recorder pen control).

b. Digital-to-analog conversion Two analog

output channels are made possible~5y Tatching the digital
input to one AD DAC80 with bistable latches (74LS75),
while the data lines are changed to present new data to
the remaining AD DAC80. CTLO latched or unlatched the
data for channel O while CTL1 latched or unlatched channel
1 (Figure III-6). The AD DAC80s. were operated in the

bipolar mode (* 2.5 V),

C. Analogsto-digital‘éonmersidn The analog
signal being sampled cén,be?émplifiéd and/or offset to
maximize thb;accuracywo£ thé analog conversion (Figure
I1I-7). The signal isugémgiéd by 5 Qoitage follower (Al)
with adjustable gain and passed through a summing
amplifier (A2) at‘which_éither pOSitive or negative offset

is applied. A sample-and-hold circuit (ADS582,



Figure III-6. Digital-to-analog converter
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Figure III-7. Analog-to-digital converter
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Analog Devices) holds the analog signal on the status
command from the AD ADC80 for the duration of the analog
conversion. The digital data is inputted to the HP-87
through the GPIO. The AD ADC80 was operated in the
bipolar mode (* 10 V). |

d. Control amplifier and current-to-voltage

converter Potentiostatic control of the electrode

was maintained in the customary "three electrode" manner,
The circuitry used is shown in Figure III-8. The working
electrode is maintained at virtuél grouﬁd by the
current-to-voltage converter (A4), the counter electrode
is driven relative to the reference electrode by the
control amplifier (AS5).

e. :Triangular waveform generator Cyclic, linear-

scan voltammetry was done by switching the input of the
control amplifier to the output ofvthe triangular waveform
generator, The design of the waveform generator is that
used by Pratt (140) and is represented here in Figure

f. Pulsed sigpal,sampling ¢ircuit The
potentiostat, when operateduin the computer controlled
pulsed mode, presented a special current sampling problem.
In order to p;ovide accurate current measurements, the
sampling period and sampling delay, i.e. the time after

application of the detection poteﬁtial and prior



Figure III-8. Potentiostatic control diagram
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Figure III-9. Triangular waveform generator
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to the sampling period; must be accurately reproduced. In
addition, a minimum saﬁpling delay time of 35 ms is
desirable. Due to programming constraints, the minimum
sampling delay possible with full computer control is
about 130 ms, therefore the sampling delay and sampling
period timing control was done by monostables on board the
pulse¢ signal sampling circuit.

The circuit is shown is Figure III-10. The CTLO
strobe that signals the initiation of a potential pulse is
used to trigger the sampling delay monostable (Ml). This
monostable (through the external adjustment of capacitance
and resistance values) sets the sampling delay period by
turning on the digital switch (DG 301C€J, Siliconix,. Santa
Clara, CA) énd gnouﬁding the integrator (A6) capacitor for
the duration of the sampling delay. At the end of the
sampling delay the integrator is allowed to charge, and
the sampling period monostable (M2) is triggered, M2
controls the sample-and-hold circuit (AD582). Once
triggered, the output of M2 goes HI causing the sample and
hold circuit to sample the inﬁegramor output for 16 2/3
ms, at which point the output of‘MZ returns LO, and the
signal is held. In tﬁis méhner, the integration is
allowed to‘proceed:for 16“2/3-ms,~minimizing 60 Hz noise
contribﬁtidns to the signal. The output of the integrator

is amplified (A7) prior-to the sample-and-hold



Figure III-10. Pulsed signal sampling circuit
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operation. The analog-to-digital conversion takes place
any time prior to the appliéation of the next potential

pulse. Figure III-11 displays an example of the timing

sequence.

Current measurements done with the computer
controlled pulsing potentiostat are noisier than similar
measurement done with the Dionex UEM. Therefore, the I/P
was used for the application of pulse waveforms comprised
of more than three potential steps. The S/N ratio of the

I/P was acceptable for these applications.
C. Flow-Injection Apparatus

Flow injéction detection was performed with a CMA-1
chromatographic module and a PMA-1 pumping module (Dionex
Corp.) without the chromatographic column in the system,
The PMA-1 module features a constant-flow/constant-
pressure feedback system. This microprocessor controlled
feedback system provides virtually pulse-free flow. A
neutral guard column was placed:insline prior to the
injection valve to prowide‘éufficient~backpre33ure
(ca. 100 p.s.i.) to allow the pressure feedback system to
function properly. The entire'syétgmféxposes the eluent
to only chemically inegt'nohﬁgtéllic mé;erials. The

injection sample loop volume was 50 nl.



Figure III-11. ©Pulsed signal sampling circuit
timing diagram -
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D. Liquid Chromatography

An AS6 anion exchange column (P/N 035391, Dionex
Corp.) was used to separate both carbohydrates and amino
acids., Temperature control was achieved by a circulated
water jacket (Chem;stry Shop). Aminoglycosides were
separated on a MPIC-NS1 neutral polystyrene column (P/N
035321, Dionex Corp.). All chromatography employed the
flow-injection apparatus with the column in-line,

Coupled-column chromatography was used for the
separation and determinagion of aminoglycosides., A
HPIC-CG1l cation exchange column (P/N 030831, Dionex Corp.)
was used as the concentraﬁbr column., The CMA-1 module was
configured to allow eluent changes and column switching

(Figure VIII-4),.
E. Chemicals

All chemicals were reagent grade, Water was
distilled, demineralizedg and passéd through an acti&ated
carbon column prior to use. All eluents were passed
through a 0.45 pm filter prior té‘use. NaOH eluents used
in the separations of‘cénbdhyﬂratpﬁgand amino acids were
prepared from a saturated stock solution (18M) using

freshly boiled water to minimize carbonate contamination.
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IV. ELECTROCHEMICAL SURVEY OF
SELECTED COMPOUNDS

A. Introduction

As mentioned earlier, triple-step amperometry has
been demonstrated to be a sensitive detection scheme for
carbohydrates and simple alcohols (6-9)., The prelimiﬁary
goal of the research described in this dissertation was to
exgand the scope of triple step amperometric detection.
Tﬁis chapter describes the initial investigations done to
realize this goal.

A cyclic, linear-scan voltammetry experiment at a Pt
rotated disk electrode will‘quickly_determine whether or
not a compound is electroactive in a given electrolyte.
Once electroactivity is ascertained, the ability to detect
the compound through the use of constant (DC) amperometry
is checked. If the compound is electroactive, yet DC
amperometry fails (e.g. because the analytical current
decays due to loss of surfac¢e activity) the compound
becomes a prime candidate for pulse amperometric detection
(PAD).

The following sectioms-qutain,thé‘results of
preliminary investigatioﬂs into the_eléctroactivity of
various groups.of organic compoundé and their

detectability by PAD.
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B. Carboxylic Acids

Hydroxycarboxylic acids were chosen for examination
to investigate the influence of the carboxylic acid group
upon the easily detected alcohol moiety. No discernible
difference was noted for the hydroxycarboxylic acid

ng.:similar aliphatic alcohols, as all the
hydroxycarboxylic acids tested were electroactive.

Carboxylic acids display varied anodic activity at
Pt. Formic acid is easily oxidized at any pH, while
acetic acid appears to be nonelectroactive at all pH's.,
Anodic activity is seen for propionic acid at pH's < 7.
Oxalic, ma;onic; and succinic acids; a;l dicarbox&lic
acids, have virtually no amodic activity at any pH. Table
IV-1 contains the results of the investigatiﬁn of

carboxylic acid electroactivity.
C. Amines

During the application of triple-pulse amperometry to
the chromatographic analysis of urine, as described by
Hughes (138), a langeuﬁéak was-idéntified as resulting
from urea. No further work was done by Hughes to explore
the electrochemical reaétivi;y”oﬁ the amine functionality.
Hence, urea was seen'a§ a starting point for research in

this direction. Primary, secondary, and tertiary
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acids at Pt

Electroactivity of selected carboxylic

Compound Structure Result
carbox- formic CHOOH oxidized at
ylic acid any pH
acids

acetic CH3COOH not oxidized

acid at any pH

propionic  CH,CH,COOH oxidized at

acid . < pH 7
hydroxy hydroxy~ HOCHZCOOH oxidized at
carbox~ acetic any pH
ylic acid
acids ;

tartaric (COH)Z(COOH)Z oxidized at

acid ' any pH

citric HOCCOOH oxidized at

acid (052C00H)2 any pH
dicar- oxalic (COOH‘)2 not oxidized
boxylic acid at any pH
acids - )

malonic CHZ(COOH)Z not oxidized

acid at any pH

succinic (CH,),(COOH), not oxidized
acid e e «

at any pH
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aliphatic amines were found by cyclic voltammetry to be
irreversibly electroactive at Pt in basic electrolytes.
The electroactivity lessened as the degree of alkyl
substitution on the nitrogen increased. Table IV-2

summarizes the results.

Table IV-2. Electroactivity of selected aliphatic
amines at Pt

Compound Structure Results
urea CO(NH2)2 oxidized at
pH > 11

methyl CH4NH, oxidized at
- 372 G .

amine pH 13 .

diethyl (CH,CH,),NH oxidized at
- 3¥"272 o

amine pH 13

tetra- (GH3)£‘N+ not oxidized

ethyl . at any pH

amine

Combining the kn0wledggfthét hofh amines and some
carboxylic acids were detectabIEfméde the detection of
amino acids plausible. ‘Indéedwrall.amino acids were found
by cyclic voltammetry to be irreVersibly.electroactive at

Pt in electrolytes of pH > 7. 'Proteins, heterocyclic
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bases, and aminoglycosides were also found to be
irreversibly electroactive at Pt in basic electrolytes.
Table IV-3 lists the results of initial experimentation
with various amine compounds.

With the exception of quaternary amines, PAD was
successfully applied to the detection of all the amines
examined, whereas DC amperometry failed due to rapid loss
of sensitivy with time. PAD of amino acids, and

aminoglycosides is described in Chapters VII and VIII,

respectively.



60

Table IV-3. Electroactivity of selected amines
at Pt
Compound Structure Results
NH,
Hetero-~ adenine N " oxidized at
cyclic SN pH 13
bases <; l /J '
N/
H
cytosine NH, oxidized at
pH 13
SN
N*O
H
guanine oxidized at
o pH 13
(T 0
N~ 'NH,
uracil o oxidized at
l NH
N/ko
H
Amino NH, oxidixed at
acids Rhéntogi pH > 7
Amino- see page 125 oxidized at
glycosides . pH > 9
Proteins -globulin complex- oxidized at
pH 13
albumin complex oxidized at

pH 13
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V. THE EFFECT OF pH CN
PULSED AMPEROMETRIC DETECTION
AT PLATINUM ELECTRODES

For cases where a substantial background signal is
present due to the formation of surface Pt oxide, the
necessity of exactly matching the pH of the samples and
the carrier stream to eliminate blank peaks has been
noted. The exact match of pH is only critical for
application of PAD to Flow-Injection Analysis (FiA) and
not for liquid chromatography (LC) because for LC the
solvent peak is separated from the analyte peak,

The decay of anodic current with time (i-t)
corresponding éo oxide formation following.a positive
change in apﬁlied potential is adequately.described for Pt
electrodes by (1l41)

i = cp/t
where ¢ is a constant and 9§ is the applied overpotential
for oxide formation. In the absense of surface active
species, 7 at a constant applied potential (E) is a
function of the hydroggn ion activity (aH) as
describea by
é =E - E  + 0.0591pay

where Eo is a constant and p = ~logyy. Hence for
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the evaluation of i at a fixed t, a plot of i vs. pay
is predicted to have a slope of 0.0591lc/t.

Typical PAD peaks are shown in Fig. V-1 for eight
successive injection of aqueous samples of NaOH into a
carrier reference stream of 0.251 M NaOH. Injection of
eight samples of the reference solution into the reference
stream produced no peaks (central portion of Fig. V-1). A

plot of anodic peak height (Ai) vs. pC is shown in

base
Fig. V-2. The value of Ai = 0 corresponding to the
injection of the reference solution, pCb = pCb ref

is indicated by the arrow., The observed linearity (slope

= 133, Sy ™ 1.0 @ 90%Z confidence, r2 = 0.9978)

did not extend to values of pClbase much beyond

one-half decade,; probably because of activity effects.
The technique is equally applicable for pure concentrated
solutions of strong acids, and data are shown for

0,80, in Fig. V-2 using 1.0 M as the concentration

of the carrier reference stream. The linearity of the

plot for H,50, (slope = 72.9, sy, = 4.7 @ 90%

Xy
confidence, r2 = 0.9909) is not nearly so great as for

NaOH, probably because pC.

acid = Pay due to the

second ionizable proton of H550y. ‘The detection
limit for both cases is approximately pH = 0.005 (S/N =

2).



Figure V-1.

Detection peaks for injection of alkaline
solutions in 0.251 M NaOH

Conditions: Vs = 50 pl 1
Ve = 1.0 ml min~ »
Waveform: El = 550 mV (225 ms)
E2 = -1300 oV (200 ms)
PCy.nut (A) = 0.900
NaOH"  (3) = 0.700
(C) = 0.600
(D) = 0.500
(E) = 0.300

Carrier Stream: pCNaOH = 0,600
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Figure V-2. Calibration curves for alkaline (A) and acidic
.(B) samples

Conditions: Ve = 50 nl -1
Vf = 1,0 ml min

Waveform: (A) as in Figure V-1
1400 mV (225 ms)

-250 mV (200 ms)
-150 mV (200 ms)

B won
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A useful application of this phenomenon is for
frequent assay, by flow-injection technique, of production
streams of acids and bases, especially for highly
concentrated strong acids and bases for which the
Ht-selective glass electrode is lacking in -
sensitivity, The application for quality control is most
likely for the purpose of noting the occurrence of a small
difference in concentration between the reference and
injected solutions rather than for the quantitative
determination of that difference over an extended radge of
concentration. Alternately, the sample solution can be
pumped as the carrier stream with occasional injections of
standard reference solutions. In this'manner, extended
fange calibration curves would not be required and Ai

vs. pC is linear.
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VI. PULSED AMPEROMETRIC DETECTION
OF ELECTROINACTIVE ADSORBATES
AT PLATINUM ELECTRODES

A. Introduction

The oxidation of many species (i.e. amines occur at
potential values positive of the value at which Pt oxide
formation begins. Thus when PAD is applied to the
detection of these species, the total current measured in
the detection pulse results frbm the forﬁation of surface
oxide as well as the faradaic reaction of the adsorbed
species, The large background is .observed to be
sufficiently stable to permit DC offsep at the recorder
input and sensitive detérminatiodé of very small
analytical signals is still possiﬁle. The investigations
of the application of PAD to such species as these led to
the observation of "negative" peaks (i.e. the ancdic peak
current is less than the background current) if the
current is sampled after a very short delay (e.g. << 100
ms) following the detection potential pulse, whereas
"positive™ peaks are obtained fof long delay times. This
chapter will detail the present understanding of the i-t
response of Pt, and show the applicgb@lity of PAD for the
quantitative determination of Cl— afd CN- in a

flow-injection system. -Explanation is given for the
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non-linear response observed for electroactive species

which has been attributed to control of the signal by the

prevailing adsorption isotherm (6).

-

B. Competitive Adsorption

It was noted by cyclic voltammetry that adsorbed
glycine in alkaline solutions suppressed the anodic
current for oxide formation on a Pt electrode in the
poten;ial region just prior to that in which adsorbed
glycine is oxidized. It is concluded that the adsorbed
glycine inhibits the formation of oxide at the surface
sites‘occupied by glycine molecules, and only at more
energetic potential values can the glycine be oxidatively
desorbed with concomitant oxide formation at the liberated
Pt sites.

Since detection of glycine based on suppression of
oxide formation produces rather minimal signals, CN~
was chosen as a model compound for the suppression studies
due to its known ability to form stable coordination
compounds with noble metal ions (142). The voltammetric
response for KCN at Pt-in 0:25 M NaOH is illustrated in
Figure VI-1, As expected, the extent of oxide suppression
is large, even for as little as 15 pM CN™. These
results are consistent with the cdnclusions of

Angerstein-Kozlowska et -al. (37), for acid solutions,



Figure VI-1. Current-potential curves for CN~ at a Pt RDE
in 0.25 M NaOH

Conditions: @ = 6.0 V min'l, W = 400 rev min—!
Concentrations(M): a - 0.0, b - i 5 0x 10’5, 4
c - 1.0 x 1077, d - 4.0 x 10”
8.0 x

e - 10'4,
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that it is the two reversible stages of PtOH formation
which are suppressed by the adsorbate. If oxide
suppression is to be observed in basic solution, the
suppressing species must compete with the highly
concentrated OH™ for surface sites. Thus CN~ with

its strong Pt complexing strength is able to suppress
oxide formation in alkaline solutions whereas Cl~ with
its relatively weak complexing strength is only able to

suppress the oxide growth in acidic solutions.

C. Current Responses in the Presence of

an Adsorbing Species

It becomes apparent when examining Figure VI-1 that
if PAD is applied to the CN~ system, or any system
that has the same tendencies for oxide suppression, there
are two unique types of response depending on the
detection potential (i.e. the first step of the
triple-step waveform: E ). For -0.3 < E; < 0.15
V, currents are larger in the absence of the adsorbate.
Whereas for El > 0.2 V, currents are larger in the
presence of the adsorbate. ‘Gyanidévdisplays an almost
ideal suppression behavior for this work in that the
charge suppressed is équal fﬁsgb.toxthe,additional charge
passed once the delayedquide.formétion is underway. It

is concluded, therefore, that CN~ is not electroactive
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under these conditions, and does not contribute a faradaic
component to the signal obtained in the "positve"
detection. An electroactive adsorbate will, of course,
contribute a faradaic component to the total current
observed in the region of Pt0 formation.

In order to exploit fully the usefulness of PAD, the
i-t response of the Pt electrode for a given potential
step should be known., . Figure VII-2 illustrates the i-t
responses for various systems in both acidic and basic
solutions. The i-t responses are dependent upon. the
applied potential-waveform, i.e. magnitude of the step
from the preceding potential to the detection potential
(E5 to Ey in the triple-step waveform). The i-t
curves' for CN™ illustrate the basis for the two types
of detection that are available in PAD depending upon the
choice of El and delay time. Both "positive" and
"negative" peak currents can be observed, relative to the
baseline, for CN~ injected into a flowing stream of
electrolyte, as demonstrated in Figure VI-3. The current
varies < 2% for 10 mV changes in potential at regions
centered around both "positive" and "negative" detection
potentials. The approximé;e baseline current resulting
from the surface oxide f;ot.m‘a,t;.io'nf in the absence of

adsorbate is indicated for the two techniques.



Figure VI-2,

Conditions:

Current-time curves for Cl— and CN~ at Pt

Al)

A2)

B1)

B2)

E, = 720 mV, E,

1600 mV, Eg = -250mV

ty = 250 ms, tg = 250 ms

a - 0.0 M CL” in 0.5 M H,80,

b - 5.0 x 107% M C17 in 0.5 M H,S0,

E, = 1300 mV, E, = 1600 nV, E; = - 250 v
- t2 =150 ms, t3 = 250 ms

b - 5.0 x 10”

P T
M Cl in 0.5 M H2804

E, = 100 mv, EZ'= 700 mV, E5 = -900 mV

425 ms -

t2 = 250 ms, ty

a -.0,.0MCN in 0.25 M NaOH

b - 5.0 x 10

4

M CN™ in 0.25 M NaOH

E) = 625 mV, E; = 700 mV, E5 = -900 mV

t2 = 50 ms, tg = 425 ms

b - 5.0 x 10

4 M CN~ in 0.25 M NaOH
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Figure VI-3:,

Pulsed amperometric detection of CN~ in 0.25 M NaOH

Conditions: A) Direct ("positive"™) detection
El = 625 mV, E2 700 mV, E3 = -900 mV
td = 400 ms, t2 = 50 ms, t3 = 425 ms
B) Indirect ("negative") detection
E, = 100 mV, E, = 700 mV, E5 = -900 mV
td,

= 400 ms, t2 = 250 ms, t3 = 425 ms

3 b - 7.5 x 107
4

c - 1.0 x 1074, d - 7.5 x 10~
e - 2.5 x 1072

4
5

Concentrations (M): a - 1.0 x 10~
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The application of PAD to the detection of Cl™ in
acidic media also is feasible, concluded on the basis of
the voltammetric response (Fig. VI-4). Botﬁ "positive"
and "negative" peak- responses are possible, apd both modes
of detection were determined to be reproducible (rsd. <37)
and sensitive (lod. = 1x10-7M, S/N = 2, in 50-nl
samples, i.g;.0.0Z ng). Figure VI-5 displays an example
of "negative" peaks for Cl~ detection. The "positive"
detection of C1™ for 1.0 V ( E1 < 1.2 V is similar
to the "positive" deteétion of CN~. However, for
El > 1.2 V, Cl” is oxidized to Cl, and the peaks
include a faradaic component, whereas the "positive"
peaks for CN~ at El > 1.2 V do.not. The potential
for "negative" detection of Cl~ is significantly less
than the value required for the oxidation of Cl™ to
Cl, on Pt. Hence, a faradaic current from the
oxidation of C1~ is precluded and the principle of the
"negative" detection of Cl~ is identical to that of
CN~™.

In the absence of an adsorbing analyte, the only
contributions to the observed current resulting from an
anodic potential step. .are the~dharging of the double layer
and formation of PtO, C&agging'¢urrent'is small, by
comparison, ahd will bebignored here. The current

response for oxide formation at a Pt surface free



Figure VI-=4., Current-voltage curves for Cl~ at a Pt RDE in
) 0.5 M H,S0
o 274

Conditions: ¢ = 6.0 V min~!, W = 400 rev min~!

Concentrations (AM): é = 0,0, b -1,0, ¢ - 2,0, d - 5.0
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Figure VI-5, The indirect ("negafive") detection of Cl1~ in
0.5 M H,s0,

Gbnditians: E1
ta

725 mV, E, = 1600 mV, E5 = -200 mV
50 ms, t, = 250 ms, t, = 250 ms

1 » L2 33
= 50 pnl, Ve = 1.0 ml min

S
Concentration: 5.0 x 10°* M C1™ in 0.5 M H,S0,
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of adsorbate is described by Eq. (1)
iox = c(E-Eo)/t (1)

where ¢ is a constant, E—Eo is the applied over-
potential for oxide formation, and t is the time after
application of the potential step. Surface-oxide
formation involves the conversion of adsorbed H20
molecules at the Pt surface and Eq. (1) corresponds to
the special case where-8 =1at t =0, In

H20
the presence of én.adsorbate, eHZO =1 - ead
and Eq. (1) is rewritten as

1,9 = c(E-E )/t x (1-8,4) (2)

The formulation of Eq. (2) assumes; essentially, that the
net result of an adsorbate is to decrease the effective
surface area at which oxide formation occurs but does not
alter the kinetics of the reaction (i.e. dc/&GH

= 0).

20

In the absence of adsorbates,; plots of i,k
vs. 1/t were linear, in accordance with Eq. (1). The
iox’l/t plots oBtained in 6he.pnesence of an adsorbate
are predicted to be linear"onlj iﬁ.the~surface coverage by
the adsorbate is constant (i,g, ¢Qéd/it = 0).
Examination of the iaE'ﬁurVéu&ﬁfFigure1 VI-1 readily shows
that adsorbed CN~ is desorbed simultaneously with
oxide groqth during thé'positive sﬁan in the potential

region E > 0.3 V., Hence, iox'l/t plots, obtained by
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the pulse technique in the preéence of CN™, are not
expected to be linear. This was observed both for CN~

and Cl1l°,
D. Determination of Surface Coverage

The magnitude of the "negative" detection peak, as

defined by Eq. (3),

tox,sup,p = *ox ~ Yox,sup (3)

results from oxide suppression and is proposed to be a
measure of surface covefage by the adsorbate according to
Eq. (4) where ead corresponds to the peak value.
iox,sup,p = CCE-Eg)/t = c(E-E,)(1-8,4)/t
iox,sup,p = C(E-Eo)(gad)/t (&)

The relative peak surface coverage is defined as the ratio

of iox,sup,p to i, for a fixed t, Eq, (5).
loxssup,p T SUEE) Gad/ (5)
‘ - Yad
1ox c(E=E )/t

under the assumption that the prbpoftidnality constant (c)
is independent of ead; The maximum suppression

possible for oxide formation for a given adsorbate
corresponds to the~maximﬁm'surface@coverage attainable for
that adsorbate, Qad;max’ In‘effect, a limiting
suppression current (ioxﬁsﬁp;Max)'wili be obsgrved for

a surface saturated with adsorbate (8_, = 1.0); this

has been verified experimentally.



85

The decrease in ead for C1~ was found to be
approximately linear with time (Fig. VI-6) which is
interpreted to represent zero-order kinetics with respect
to Qad, over the range of t represented in the figure,

_as given by Eq. (6) where ead is the value of

(o}

ead for t = 0.

9ad = ead,o - kt (6)
The slope of the plot of ead vs. t (i.e. -k) was
determined also to increase with increasing positive
values of El' This dependenée on E1 ié expected
since desorption is influenced by eox which is, in

turn, a potential-~dependent. quantity.
E. Adsorption Isotherm

The Langmuir isotherm is considered to.be the classic
adsorption isotherm. Derived from firgt principles by
Langmuir in 1918 (143), it assumes that there are no
interactions between one adsorbed molecule and another,
and that the surface is uﬂffonm; Thg‘rate of‘adsorption
is assumed proportional to the fraction of unoccupied
surface sites (1-8) and“the'ﬁﬁ;k-pbhcentration of the
adsorbate. The rateuofidé30fpb16n is'assumed proportional

to the fraction of occupied surface sites (), Thus



Eigu?¢ VI—6. Plot of Qad ¥ys. ty for C1” in
0.5 M HQSOL

700 mV, remainder as in Fig. VI-5

Conditions: A) 1
800 mV, remainder as in Fig. VI-5

w
et
o
=
nou

b -
10 M C1™ in 0.5 M H,50,

E]

Concentration: 5.0
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at equilibrium, the rates of adsorption and desorption are

equated,

ki(1-6)C = k_;(8)

thus

Temkin derived an isotherm based on the assumption of
a non-uniform surface (144). Temkin assumed a surface on
which a great many small areas have slightly varying
standard free energies, at each of which the Langmuir -
isotherm is obeyed. .The approximate form of the Temkin
isotherm is

8 = 1/f In(K C)

in which f = r/RT. The Temkin parameter, r, is assumed to
be constant and independent of 8.

Frumkin suggested a general isotherm which allowed
long-range interactions between adsorbed species (145).

The resulting isotherm is

e .
-~~~ exp(BO) = KC
1-8
Plots of iox,sup,p“and 644 ¥s. C have a

distinct Langmurian appearance.. Figure VI-7 displays a
plot of log [Gad/(L-eadj] g§§;1og [€c17], which

is linear with a slopezdf 1.0 as eXpéqueq for control by
the Langmuir isotherm., Only sligﬁt deviation-from

linearity occurs at large concentrations, which occurs



Figure VI-7. ?lot of log [6,,/(1 - 8,4)] vs. log [ci]

Conditions: as in Fig. VI-5
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due to lateral interactions of the adsorbate for ead =
1.

The initial rate of adsorption for a species with
fast adsorption kinetics at a uniformly accessibly
electrode (e.g. single crystal) is expected to be limited
by mass transport. Likewise, ead (Eq. 5) measured for
short adsorption times (i.e. the duration of Ejg:
t3), is expected to be proportional to the bulk
concentration (Cb) and ts. This proportionality
was not observed for the Cl~ system;, the increase of
t3 beyond 50 ms had no effect to increase the surface
coverage. The integrated transport-limited flux to the
electrode surface, calulated on the basis of measurements
for an electroactive analyte (I7), reduires ty >>
1 s to achieve the peak value of ead observed for
Cl™ with ty = 50 ms. However, the amount of
‘analyte present in the diffusion laver at ty = 0 must
be considered. The integrated diffusion-limited flux to
the surface during depletion of the diffusion layer

(assuming a planer electrode) i$ calculated as follows:

£, (dC
N&ﬁ;dif 0f-3-q522=0dt
= .oft3 ,——D CZ dt
(mt)*
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= D!ié: t;i

‘ﬂ'!'5 3

220107 anzls);i 10" "mol/am® £
3.14)% 3

. 10-10

moles/cm2 (for t3 = 100 ms)
Since a monolayer of Cl™ is about 5 x 1077
moles/cmz, it is concluded that the majority of the
Cl~ adsorbed at the reduced Pt surface originates from
.the diffusion layér. It is also concluded that a portion
of the Cl™ adsorbed at the reduced Pt surface remains
at the oxide-covered surface even'for EZ in the region
of O2 evolution for short ty. This had not been
anticipated., Evidence for the adsorption of Cl™ on
PtO in anodic regions exists from radiochemical studies
(146,147). 1If the oxidative cleaning process at E2 is
not 1007 effective, the adsorbed Cl1~ will carry over
into the next detection cycle. Also, Cl2 produced by
the oxidative cleaning théﬁ does not diffuse from the
electrode surface is reduced to Cl~ during the
cathodic potential step (E3) and is available for
adsorption. In FIA experiments, peak tailing is still
present after many equivalent sample volumes of carrier
stream have passed throﬁgh‘the-deﬁéctor. Such tailing

(Fig. VI-4) is not a result of the sample diffusion



Figure VI-8. Calibration curves for the direct ("positive") detection of
Cl in 0.5 M H2804

Conditions: E
t

1300 mV, E2 = 1600 mV, E3 = =250 mV
50 ms, ty) = 150 ms, tg = 250 ms

1
d
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profile and is attributed to the carry-over of Cl-—,
Positive absolute errors occur if repetitive sample
injections are closely spaced in time. It is concluded
that it is by the depletion of the diffusion layer and
through carry-over that Langmuir adsorption control of the
current response for detection of Cl™ is observed for
small t, for both the "negative" and "positive"
detection techniques,

For the case in which Cl~ is detected at
potentials at which oxide formation and Cl~ oxidation
occur simultaneously, piots of iox,p vs. C, are not
linear. However, plots of‘log[Gad/(l—Oad)]
vs. log C are linear and it is conclgded again that
‘detection cbntrol is by Léngmuir-type adsorption. As
expected, a plot of l/ip vs. 1/C is linear (Fig.
VI-8). This is significant in light of the fact that
calibration plots for the PAD detection of carbohydrates,
amino acids, and sulfur compoﬁnds are nonlinear, whereas
plots of 1/i vs. 1/C are linear‘(148). It is conluded
that the current response of these compounds is governed

in the same manner as the responses for Cl .
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VII., THE DIRECT ELECTROCHEMICAL DETECTION OF
AMINO ACIDS AT A PLATINUM ELECTRODE 1IN

AN ALKALINE EFFLUENT
A. Cyclic Voltammetry

The voltammetric responses of amino acids at Pt
electrodes in 0.25 M NaOH are illustrated adequately by
the I-E curves for glycine obtained for a cyclic, linear-
scan of potential as shown in Figure VII-1 for the Pt RDE.
The residual response of the electrode (curve a) obtained
in the absence of the amino acid is characterized by an
anodic wave during the positive scan for E > -0.3 V which
corresponds to the formation of the oxide layer (PtOH and
Pt0). Rapid evolution of 02 (g) occurs -for E > 0.6 V.

The oxide layer is cathodically reduced on the negative
potential scan to produce the peak at -0.3 V. The
cathodic and anodic peaks in the region -0.6 to -0.9 V
correspond to the electrochemical production and
dissolution, respectively, of adsorbed atomic hydrogen.
Rapid evolution of H2 occurs. for E < -0.9 V.

Additions of the amino acid result in a decrease in the
quantity of adsorbed atomi¢ hydrogen which can be produced
during the negative potential scan. This is explained if
the amino acid is adsorbed at the electrode surface

thereby depleting the number of available Pt sites.



Figure VII-1. Current-potential curves for glycine by cyclic, linear-scan
- "voltammetry at a Pt RDE
Conditons: 0.25 M NaOH, 0= 7.2V min~ 1,
W = 400 rev min~

Concentrations (mM): a - 0.00, b - 0.050, ¢ - 0.15,
d - 0.35, e - 0,70, f - 1.20
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Oxidation of the adsorbed amino acid produces an anodic
wave on the positive potential scén in the region E = 0.3
to 0.6 V, with the current increasing as é nonlinear
function of the bulk concentration of the amino acid
(Cb). There is virtually no evidence for oxidation of
the amino acid on the subsequent negative potential scan
in the region E = 0.6 to 0.3 V.

The anodic wave for the amino acid obtained on the
positive potential scan was determined to vary in height
as a linear function of the rate of potential scan and to
be virtually independent of the rotational velocity of the
RDE. Such behavior is consistent with the conclusion that
the oxidation is a_surface-dontfolled reaction.
Furthermore, the oxide film produced on the positive
potential scan to 0.65 V prevénts further detection of the
amino acid on the negative potential scan.

Optimum detection of the amino acids occurs in
electrolytes of pH > 13, However, detection is quite

feasible in electrolytes df-pH:> 7.
B. Triple-step Wéveform

Various triple-step potential waveforms were
developed on the basis of the I-E curves in Figure VII-1.

Two such waveforms are. described in Table VII-1.
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Table VII-1. Description of two triple-step potential
waveforms for detection of amino acids at
Pt electrodes in 0.25 M NaOH

Wave- Step Potential Period Function
form (V) (ms)
A, 1 E1 = 0.50 t, = 250 anodic detection
ty = 200 delay before sampling
2 E, = -.89 ty = 425 reduction/adsorption

3 E3 = 0.78 tg = 050 anodic activation

B. 1 E1 = 0.55 ty 200 anodic detection
tq 150 delay before sampling

2 E2 = 0.75 150 oxidétive cleaning

tg = 425 reduction/adsorption

The potential required to oxidize tHe amino aci&s is
significantly more ﬁositive than required for alcohols and
carbohydrates in the same alkaline medium. Hence, the
coverage of the electrode surface by oxide at the
respective detection potentials is substantially greater
for amino acids than for-carbohydfates, and the
corresponding residual current is slow to decay to a
negligible value. The residual current is large for short
delay periods (td) prior'to~thefanalytical signal
sampling. It was initially:expected‘that long delay
periods would be reqﬁired‘ﬁoiailowAthe residual current to

decay to a negligible value so that sensitive current
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measurement is feasible. This expected need for a long
delay period can be obviated by the use of a large value
for E3 with the step back to the detection potential

El (i.e.-waveform A). For E3 > El’ the oxide

coverage produced during the short period ty is

greater than the equilibrium coverage for potential

El' Hence, the step from E3 to El results in

the immediate relaxation of oxide growth. Electrochemical
reduction of PtOH and PtO does not occur at E1 and,
therefore, the residual current is negligible after
several milliseconds. The potential step from E; to

E2 does result in the rapid reduction of the oxide

layer followed by the adsorption of unreacted amino acids
from the bulk solution. Clearly, the surface-contrdlled
oxidation of amino acids commences immediately upon the
potential step form E2 to Ez. The analytical

success obtained for these waveforms results because the
period for decay of the faradaic current for the amino
acids is slow relative to the,;ombinéd‘time periods t3
+td.

The initial assumption that the residual current must
decay to a negligible value proved incorrect. It was
found that the large background from the residual current
is sufficiently sﬁable to permit sensitive determinations

of very small analytical signals. Thus, it was possible
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to use waveforms similar to waveform B, with a DC offset
at the recorder.

The difficulty associated with application of
surface-controlled reactions for amperometric detection at
a constant applied potential is illustrated for glycine in
Figure VII-2. Prior to recording the current-time (i-t)
data, the poténtial of the Pt RDE was cycled repeatedly in
the manner used for obtaining Figure VII-1. The final
scan was terminated at the negative limit, the potential
wvas stepped to 0.5 V and the i-t curve recorded. The
anodic signal in the presence of the amino acid (curve b)
decreased rapidly. The residual response in the absence
of the amino acid (curve.a) is shown for comparison. The
i-t curve for glycine is also shown in Figure VII-2 which
was obtained using the triple-step waveform A (curve c);
no pretreatment of the electrode was needed in conjunction
with curve c¢. No decrease of the signal was observed over
a 10 minute period. It should be noted that curve c
actually contains a significant background current which
was offset relative to curves a and b by a DC offset
applied at the recorder.

There exists no one universél set of optimum
potential and time parémeters for the triple-step
waveform. The wavefdrm parameters can be optimized for a

given experimental condition (e.g. known electrolyte



Figure VII-2. Current-time curves for glycine at a Pt RDE

Conditions: 0.25 M NaOH, W = 400 rev min~l,

Curves: a - 0.00 mM glycine, E = 0.50 V; b - 0,50 mM
glycine, E = 0.50 V; ¢ - 0.50 mM glycine,
waveform A
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composition, detector configuration and electrode area),
but upon changing a condition (e.g. changing detector cell'
design) the parameters will need further minor
optimization. General effects of changing specific
waveform parameters have been empirically determined and
lead to the the following guidelines for the optimization
of a potential waveform.
1. The potential sequence of waveform B
(Table VII-1l) is recommended, as this sequence
was found to be universally applicable;
2. E3 must be sufficiently negative to cause
rapid reduction of the oxide formed during Ly
Increasing tsy allows longer adsorption times,
therefore larger responses. A plateau is
usually reached at t3 > 400 ms.
3. E2 must be sufficiently positive to cause
oxidative cleaning, yet not cause excessive
O2 evolution leading to bubbles at the
electrode surface. Bubbling is generally
observed to ocﬁur for ty > 250 ms.
4, E1 and td,have%a reciprocal relationship.
Plots of ib vs. ty.display maxima that
shift to shorter*td.for more positive E;

values.
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The response PAD has for one amino acid relative to
another will usually not chgnge as the parameters change,
only absolute sensitivity will change. Therefore, when
PAD is applied to chromatography, muitiple chromatograms
of the sample, recorded using slightly different waveforms
will all have the same relative shape; only the current

sensitivity will change.

C. Flow-Injection Analysis

The waveforms are applied at a frequency of ca. 1 Hz
which is sufficient for the "continuous" monitoring of a
flowing stream. Waveforms were applied for the detection
of various amino acids in the flow-through detector under
conditions of flow-injection detection with repeated
injections of 50 ul samples of the amino acids. The
concentration of NaQOH in the samples and the carrier
stream was 0.25 M, Representative results are shown in
Figure VII-3 for glycine. Over short time periods (3 hrs)
precision is satisfactory for all amino acids by the
flow-injection techniqﬁe with-a relative standard
deviation < 3Z. Figure VII—4 shows PAD's response for
glycine reéorded dvet a seven hdur period. The
illustrated response is for a detector that had been
unused'for one month prior to the experiment. The

recording of the detector response was started



Figure VII-3, Peaks obtained for glycine over a short time span by
. flow-injection with PAD

Conditions: 0.25 M NaOH, 1.0 ml min~ !
0.50 mM glycine, 50 pl injections
waveform B



15 min




Figure VII-4. Peaks obtained for glycine over a long time span by
: flow-injection with PAD
Conditions: 0.25 M NaOH, 1.0 ml min~!
0.50 mM glycine, 50 ul injections
waveform B
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immediately after the initial power-up. The rsd. of the
peak heights is 57 overall. The rsd. decreases to < 37

after several hours of operation. Subsequent use of this
detector showed that the baseline drift lessened as the
detector use continued.

For the purpose of comparing the relative sensitivity
for various amino acids, the responses for 20 amino acids

normalized with respect to glycine are contained in Table

VII-2.

Table VII-2. Relative sensitivities of 20 amino acids
normalized to glycine

Electrolyte: 0.25M NaOH at 0.5 ml min'1

Amino acids: 50 ml, 5.0 x 107 M

Amino Acid Rel. Sens. Amino Acid Rel. Sens.
alanine 0.85 leucine 0.50
B-alanine 1.1 lycine 1.4
arginine 2.0 methionine 1.6
asparagine 1.3 phenylalanine 1.8
cysteine 1.3 proline 0.32
cystine 1.0 serine 1.1
glutamic acid 0.44 threonine 1.1
glycine 1.00 tryptophan 1.9
histadine 1.8 tyrosine 1.5
hydoxyproline 0.58 valine 0.40
isoleucine 0.47




112

D. Calibration

Calibrated plots for glycine (ipeak vS. Cb),
prepared from data obtained by the flow-injection
technique, approached linearity at low concentrations
(Cb < 0.6 mM) but deviated significantly at higher
concentrations (Fig. VII-5). This behavior is the same as
that observed for the detection of alcohols and
carbohydrates (6-8) by the triple-step technique, and is
‘concluded to be.the consequence of a reaction mechanism in
which only adsorbed species are detected (see Chapter VI).
Hence, the anodic signal is proportional to the surface
coverage (0) of the adsorbed analyte. Based on the
Langmuir isotherm, which is expected to be valid for 0 <<
1 (small C,)» plots of 1/ipeak vs. 1/Cb are
predicted to be linear., This prediction is verified by
the data in Figure VII-6 for glycine.

An attempt was made to ascertain "n":; the number of
electrons participating in the electrochemical oxidation
of glycine. Depending upon the assumption of a saturated
surface coverage, n was fpuhd to range between 1 and 10.
Adsorptional digplacemeht-experiments (see Chapter II)
indicate that the saturated surface coverage (Gm ) is

ax

approximately 0.1, Based upon this emax"n is

approximately 10, If it is dssumed that there exists



Figure VII-5, Calibration curves (ipeak 33..Cb) for glycine
by flow-injection with PAD

Conditions: 0.25 M NaOH, 1.0 ml min~!
50 pl injections, waveform B
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Figure VII-6. Calibration curve (l/ipeak vs. 1/Cb) for

glycine by flow~-injection with PAD

Conditions: 0.25 M NaOH, 1.0 ml min~!
50 pl injections, waveform B
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a one to one Pt:glycine ratio (emax = 1), then n = 1.
Both of these assumptions have weaknesses, A emax of

1 is unlikely due to the size of glycine. A emax of

0.1 is also unlikely, as it would be expected that the
saturated surface coverage would be higher than 0.1. The

adsorptional displacement measurement of ema may be

X
unreliable. The cathodic peaks for H* are observed to
shift negative rather than only decrease in magnitude.
This indicates that the reduction of adsorbed H' is

being made more unfavorable by the presence of glycine.
Rather than actually reducing the surface coverage of the
adsorbed HY, glycine may coordinate the H* in

close proximity to the surface. This coordinated H+‘
would still be reduced, and would cau;e emax':d appear

low. Thérefore, emax is probably greater than the
indicated value of 0.1. The determination of n will only

be possible with the ability to accurately determine
max*

E. Liquid Chromatography

The applicability of PAD for amino acids in the
flow-through detector is furthef demonstrated in Figures
VII-7 and VII-8 for the chromatographic separation of a

synthetic mixture of selected amino acids. It should be



Figure VII-7. Chromatogram of selected amino ac¢ids using PAD

Conditions: Column: Dionex AS6, 40°C _ 1
Eluent: 0.25 M NaOH, 0.6 ml min~
Sample: 50 pl, 1.0 mM for each amino acid
Waveform: A '
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Figure VII-8.

Chromatogram of amino acids

Conditions:

Column: Dionex AS6, 40°C

Eluent: 0.15 M NaOH, 0.7 mil min~!

Sample: 50 nl

Waveform: B

Peaks: a - 20 ppm arg, b - 25 ppm 1lys
¢ - 20 ppm asn, d - 50 ppm thr
e - 100 ppm pro, f - 70 ppm hpr
g - 60 ppm phe
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noted that proline and hydroxyproline, both secondary
amines, give good responses using PAD.

Table VII-3 lists capacity factor (k') values of 14
amino acids for four eluent compositions. Baseline
resolution can be achieved for a mixture of approximately
eight amino acids (arg, lys, ala, pro, gly, hpr, ser, phe)
in 35 minutes using 0.05 M NaOH as the eluent. It should
be emphasized with regard to Table VII-3 and Figures VII-7
that the feasibility of direct electrochemical detection
of amino acids is being‘stressed and not the quality of
the separation. Improved exchangers are presently beingA

developed by the Dionex Corporation.
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Table VII-3, Values of k' for 14 amino acids

Column: Dionex AS6

AA 0.25M NaOH 0.1M NaOH 0.05M NaOH 0.01M NaOH
' 0.001M Borate

ala 0.38 0.89 1.48 1.73
arg 0.09 0.16 0.15 0.07
asn 0.34 0.87 1.60 1.57
gly 0.45 1.09 2.03 1.78
hpr 0.32 1.30 2.30 2.33
ile 0.38 0.89 1.50 1.10
leu 0.38 0.89 1.48 1.10
lys 0.17 0.39 0.65 0.67
met 0.59 1.07 1.86 1.44
phe 1.51 3.3 6.11 5.36
pro 0.47 1.08 1.83 1.99
ser 0.55 1.39 2,66 2.13
thr 0.38 0.89 1.33 0.97

val 0.37 " 0.88 1.20 0.90
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VIII. LIQUID CHROMATOGRAPHIC SEPARATION
OF AMINOGLYCOSIDES WITH PULSED
AMPEROMETRIC DETECTION

A. Introduction

Nebramycin factors are a group of closely related
aminoglycosides which are produced by fermentation of

Streptomyces tenebrarius (149). The structures of the

nebramycin factors used in this work are illustrated in
Figure VIII-1, The nebramycin factors 6 and 2, also known
as tobramycin and apramycin, respectively, are important
antibiotics. Their production by fermentation usually
results in a complex mixture of the various nebramycin
factors plus a’'variety of products commonly associated
with growth of the producing microorganism. The ability
to monitor the nebramycin factors in the fermentation
broth as well as their determinations in biological fluids
is desirable. Single-column and coupled-column
chromatography combined with PAD are demonstrated here for
the separation of these compounds, as well as the
determination of tobramycih and apramycin in blood serum,
Novel chromatographic conditions employ the alkaline
electrolyte (0,25 M NaOH) necessary for the sensitive
detection as the chromatdgraphié effluent. This allows

for direct monitoring of the chromatographic effluent by



Figure VIII-1. Structure of nebramycin factors



126

CH,0H

OH

HaN NHCH,

HO
HO g 0 OH

NH,
HaN 5 Nh,

factor 2 (apramycin)

CH,0R,

L0

HO™ '\
CH,NH,  HN- |
20 Ho J

HO R~ " HO -7~

v NH,
H5N O‘M
NH,

factor 4, R, =OH, Ry= CONH,

factor 5 (kanamycin B),R; =OH, R,=H
factor 5',R,=H, R,=CONH,
focforrs'(tobrdrnyc,in)}R,-’:H., R,=H

N OH
A ~ NH9
0

NH3 '

factor 8 (nebromine)




127

PAD, eliminating the need for cumbersome post-column
addition of reagents. The coupled-column technique allows
for on-line sample preconcentration and pretreatment, if
necessary. In this manner, the blood serum was analyzed
with deproteination and filtration as the only

pre-injection step.
B, Cyclic Voltammetry

Current-potential (I-E) curves for tobramycin at the
Pt RDE in 0.25 M NaOH are shown in Figure VIII-2. These
curves adequately represent the voltammetric response of
all the nebramycin factors tested and it is concluded that
all the aminoglycosides react by a commmon mechanism. The
presence of thé aminoglycoside results in an increased
anodic signal during the positive scan in the region 6f
PtO0 production (E > 0.0 V), This signal exhibits no
dependence on the electrode r#tation speed, but varies
linearly with potential scan rate. This behavior is
characteristc of surface-controlled processes and it is
concluded that the anodic reaction is the surface-
catalyzed oxidation of aminéglycoSide which has been
adsorbed in the potential region where surface oxide does
not exist (E < -0.2 V). .Diréct‘evidence for the presence
of adsorbed aminoglycoside is the suppression of the peaks

for adsorbed hydrogen.



Figure VIII-2, Current-potential curves for tobramycin at
a Pt RDE in 0.25 M NaOH '

Conditions: ¢ = 6.0 V min_l, W = 900 rev pin~t

Concentrations (ppm): a - 0.0, b - 1.0,
C - 5-0, d - 20;0
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C. Triple-step Waveforms

Two triple-step potential waveforms (Table VIII-1)

for pulsed amperometric detection of aminoglycosides were

designed on the basis of the I-E curves in Figure VIII-2.

Table VIII-1.

Description of two triple-step potential

waveforms for detection of aminoglycosides
at Pt electrodes in 0,25 M NaOH

Wave- Step Potential  Period Function
form (V) (ms)
c. E1 = 0.55 t, = 250 anodic detection .
ty = 200 delay before sampling
E2 = 0.70 té = 125 oxidative cleaning
E3 = -,90 tg = 425 reduction/adsofption
D. El = 0.70 t, = 125 detection and cleaning
ty = 75 delay before sampling
E2 = -1.3 ty = 225 rapid reduction
E3 = -.20 ty = 400 adsorption
Waveform C was established’in the customary manner with
the step for oxidative cleaning to a potential greater
than for detection (E2 } El)’ followed by the
negative step for reduction ,'Wi_thfad,sorption. As mentioned

in Chapter VII, there is significant flexibility in the
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design of- potential wavefbrms which are suitable for PAD,
as illustrated by waveform D, In this case, the detection
potential (El) was chosen to be sufficiently large so

that significant oxidative cleaning occurred during the
detection period; hence, a more energetic oxidative
cleaning pulse was not needed subsequent to El' The

value of E2 caused very rapid reduction of the surface
oxide and E3 allowed adsorption of analyte for the

next detection cycle. The main benefit derived from this
waveform structure is the freedom to adjust E3 to a
potential of maximum analyte adsorption. The structure of
waveform C requires that E3 be a large negative value

to provide for rapid oxide reduction. In the case of
aminoglycosides, the maximum adsorétion potential is about
-0.2 V, which does not cause rapid PtO reduction. Hence,
when waveform C is used, the adsorption potential is
significantly different than the observed maximum
adsorption potential., This results in decreased

sensitivity as compared to waveform D.
D. Chromatography

The chromatogram (single-column) for a 50 nl
injection of the indicated nebramycin factors at the 100
ppm level is shown in Figure VIII-3. Resolution is

satisfactory. The limit of detection for a 50 pl



Figure VIII-3. - Chromatogram of a mixture of several nebramycin factors

Conditions: waveform C, single column, 0.6 ml min-1

Sample: 50 pl injection, 100 ppm each compound
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injection was 0.8 ppm for tobramycin (S/N = 2). The
detectability was improved significantly by use of the
dual-coiumn technique to allow for on line
preconcentration of the aminoglycosides from larger
samples., Aminoglycosides are polyvalent in acidic
solutions and, as such, are strongly retained on a high
capacity cation-exchange column in the manner of Schmidt
and Slavin (150) using a pH_5.2 phosphate.buffer; Figure
VIII-4 shows the switching configuration of the CMA-1l in
the dual~column mode. The valving is configured such that
bthe sample could be injected onto the preconcentrator
column by the phosphate buffer (1 mM) adjusted to pH 5.2
and subsequently backflushed to the separator column by
the eluent (0.25 M NaOH). This procedure allows also the
clean-up of samples by an extended wash period in which
weakly adsorbed components of the sample are eluted from
the cation column by the buffer. A 20 minute wash period
was found to be suitable for the deproteinated serum
samples.

The effect of sample size on peak shape for the
dual-column technique is illustrated in Figure VIII-5. As
evidence, relatively large samples can be preconcentrated
without significant peak broadening, in spite of the long

wash period.



Figure VIII-4,., Valving diagram
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Figure VIII-5., Effect of sample size in dual-column
separations

Conditions: waveform D, 6 min wash, 0.6 ml min"1

Samples: A - 1.0 ml (O,B.ppm), B - 5.0 ml (0.8 ppm)



Wi}y

Response

- lnject

)

/

| apramycin
tobromycm

14- |n]eci

—— e

~ apramycin

-

F’

tobramycin

8¢€1



139

The chromatogram for a 1.0 ml sample of blood serum
spiked with 0.6 ppm each of tobramycin and apramycin is
shown in Figure VIII-6 for the dual column technique. The
first peak is concluded to result from amino acids
retained by the cation column but only weakly retained by
the separator éolumn. For antibiotic levels exceeding 1
ppm in 50 pl samples (50 ng), preconcentration was not
needed but was still found desirable for the benefit of
sample washing.

The chromatogram for a sample of fermentation broth
is shown in Figure VIII-7 using the singlé-column
technique. The peak with the 1ongest retention
(nebramycin F5') is well resolved from its hydrolysis
product, tobramycin. This is of particular interesf éince
nebramycin F5' is a main component of tobramycin
fermentation. Additional development of the

chromatography is needed to obtain satisfactory resolution

of all components of this complex sample.
E. Calibration

Calibration curves for tobramycin and apramycin are
shown in Figure VIII-8. Fdrfthe’shbﬁt range of dilute
concentrations.examined, the’plot of'pegk‘purrent (Ip)
ys. concentration (C) is approximately linear for both the

single-column technique'(SC; tobramycin: slope = 0.0465,



Figgre VIII-6. Chromatogram of spiked blood serum

Conditions: waveform D, 20 min wash, 0.6 ml min'l

Samples: 1.0 ml injection, 0.6 ppm each component
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| Figufé,VIII—?. Chromatogram of fermentation broth

Conditions: waveform D, dual-column, 0.6 ml min~ !

Sample: 21:1 dilution, 50 pl injection
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Figure VIII-8. Chromatographic calibration curves

Conditions: waveform D, 0.6 ml mi-n'1

Curves: @- apramycin, B - tobramycin
SC - single column, 50 pl injection
DC - dual column, 1.0 ml injection
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sxy = 0.0158, r2 = 0.9999; apramycin: slope =

0.0623, s, = 0.0039, r? = 0.9999) and the
dual-column technique (DC; tobramycin: slope = 0,6630,

sxy = 0,0358, r2 = 0.9892; apramycin: slope =
2

0.8125, sxy = 0.0388, r”“ = 0.9916). For an )
extended concentration range to higher values, as it has
been shown for other surface-controlled reactions (amino
acids and carbohyrates) that the linearity of calibration
is impro;ed by plotting 1/Ip ys. 1/C. Similar

behavior is expected for aminoglycosides. The explanation
is as in Chapter VI; sensitivity is controlled by
adsorption and the adsorption isotherm is a non-linear
function of the concentration at high concentration, where

there is a significant fraction of the electrode surface

covered by the adsorbed analyte.
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IX. SUMMARY

Pulsed amperometric detection (PAD) is concluded to
be a useful and reliable method of detecting compounds
that have surface-controlled anodic reactions at
noble-metal electrodes. Compounds, whose electroactivity
is so irreversible that their reactions were once thought
useless, have been shown to be easily detected and
quantified. The successful detection of these
electrochemically difficult compounds relies upon the
ability of PAD to continually restore the surface activity
of noble-metal electrodes thfough the use of triple-step
potential waveforms. The analytical signal is measured
during the application of a detection potential (El).

Two subsequent potential steps are applied to élternately
oxidatively clean (E2) and reduce (E3) the

electrode surface. Analyte adsorption is allowed to occur
during the time spent at E,. The adsorbed analyte is

then detected when E1 is once‘again applied. There

exists a large background component in the analytical
signal due to the formation of surface oxide at the
detection potential., However, it‘has been shown that this
background is sufficiently étahle to allow sensitive

determination of very small analytical signals.
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The substantial background current due to the
formation of Pt oxide makes PAD sensitive to conditions
that affect the oxide growth; It has been shown that
slight changes in pH have large effects upon the rate of
oxide growth., It has also been shown that both
electroactive and electroinactive adsorbates strongly
affect Pt oxide growth. It is by this means that PAD is
useful, not only for the sensitive detection of
electroactive species, but the detection of nonelectro-
active species as well.

Calibration plots for compounds detected by PAD have
nonlinear ip-Cb relationships; Through the study
of the effects of nonelectroactive adsorbates (Cl~ and
CN”) on Pt oxide growth, it was determined that
Langmuir-type adsorption isotherms were being obeyed.
Langmuirian behavior accounts for the nonlinearity of
ip-cb calibration curves, It also has been shown
that a Langmuir isotherm predicts a linear
l/ip-l/Cb_relationship. Analytes detected by PAD
have been demonstrated to have linear l/ip-—l/Cb
relationships, further supporting'the conclusion that
analyte adsorption is based on Langmuir isotherms.

' PAD has been shown to be a general detection
technique well suited for detection of analytes in a

chromatographic effluent stream. With the appropriate
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electrolyte used as a chromatographic eluent; sensitive,
direct detection of amino acids and aminoglycosides have
been demonstrated. Novel chromatographic conditions were
implemented to provide good resolution of aminoglycoside
antibiotic factors. A dual columnAtechnique was used to
allow on-line clean up of biological samples. PAD coupled
to this chromatography system has been shown to be able to
make sensitive determinations (0.8 ppm for a 50 nl
injection) of aminoglycosides in human blood serum as well

as antibiotic fermentation broths.



150

X. FUTURE RESEARCH

The lack of specificity in PAD is apparent. Further
work to develope chromatographic conditions suitable for
the direct application of PAD is needed. Since most of
the successful applications of PAD use strongly basic
electrolytes, silica-based reverse-phase columns are
unable to be used due to the rapid decomposition of the
bonded phase. The application of nonsilica-based columns
(e.g., polystyrene~-based) should be explored. These
columns would be able to withstand the pH extreme usually
necessary for PAD.

Another alternative would'be to study the usefulness
of PAD in electrolytes of more mid-range pHs. And, siﬁce
most existing chromatographic separations employ organic
modifiers in the eluent; PAD using electrolytes‘of
moderate pH, containing organic modifiers should be
examined. In this manner, PAD might be made applicable to
currently existing chromatographic procedures.

PAD's ability to respond to compounds that adsorb to
Pt might be enhanced by using an electrolyte containing an
electroactive adsorbate, which could be easily displaced
by analyte adsofbates. The-féSulting large background
current would greatly amplify the effect of adsorption of

nonelectroactive species. 1In this manner, even adsorbates
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that have low maximum surface coverages would be detected.
If careful selection of the detection potential is
exercised, electroactive adsorbates may even show
"negative" peaks in the presence of a large excess of
electroactive species in the electrolyte. This would
allow further adaptation of existing chromatographic
conditions, (e.g., some protein separations employ 107
methanol eluent concentrations) extending PAD's

applicability.
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