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SUMMARY 

Selectivity, sensitivity, and wide dynamic range are all displayed by the dual 
efectrochemicz~ detector for use with liquid chromatography. Exhibiting a linear 
range of about IO’, it is* at the same time, capable of sensing sub-picomole quantities 
of tertain species. _Siforeover, o&y those compounds which display eiectrozctivity 

(oxidation or reduction) at the chosen potential(s) are detected. 
Two distinctive modes of operation are avai!able with rhe dual detector. For 

compounds which overfap chromatographically, but have dEering electrochemical 

formal potentials, the system offers an instrumental separation. For rorrtine in- 
vestigations, the system provides signi&zx~t time reductions without causing propor- 
tionate incresses in cost. 

The iack of detector sensitivity in high-performance liquid chromatography 
hzs been a major Iimitation in the appEication of the inhererrt capabilities of this 
tectiique’. ~z~itiia~ attempts to utilize electrochemical detection’+ pointed the way 
to the recently described thin-iayer czrbon paste detectoF. This approach has provided 
excellent sensitivity by offering detection limits of sub-picograms for some compounds6, 
while maintaining 2 rather large dynamic operating range. Incorporating much of 
the basic design philosophy OC the original system, we have been able to provide capa- 
bilities For both duaf series analysis znd dua1 paraifel analysis. The former appli- 
cation, comparab!e to dual wave!ength monitoring in UV detection, allows the unique 
instrumental separation of physicaily overtapping components. The fattlr, parallel 
analysis, on the other hand, aids in shortening the time required for routine investi- 
gztions. Both methods are, however, attainabfe with the same instrumental and elec- 
tronic equipment- 

Dopamine hydrochloride (93 %) and norepinephrine hydrochloride (99 %) 
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wecz purchased from Akkich @%iwzuke, Wise., U.S.A.). O-Hydroxydopamine 
hydrobromide was ob’&ned from &is &3&ago, III., U.S.A.). 3,4Dlhydroxy- 
bexqlamine was a gift from Dr. Don NerIa~d and the 12~5 Dr. Ed Smissmao, De- 
parcrr,ent of Medicine1 Chemistry, Universijq of Karrsas. 

The liquid chrom2to_g2ph is constructed enGre!y from separa&3 components_ 
A simpIi&zd drawin,e of ibe basi c set-up, for the dual series znaIysis, is shown in 
Fig. f . To prevent oxidation of susceptible components, the solvent, 0. L M KCEO,, is 
heated and degassed with oxygen-scrubbed titro~een. The pumping system utilized 
is a MiItoa Roy reciprocating mitipump (max. Row-rate, 160 mI)h, max. pressure, 
5@JO p.s.i.). The damping coil and other tubing connections are constructed of 0.03 I 
1~. I.D. PTFE tubing. The injection pert(s) and stmdzrd connectors are obtained 
from the Geminert DIvisiorr of Lzboratcq D&z CootroE (Riviera Bezch, Fix, 
W3.A.;. Tke gfass co!umns, 2Eso zvaiEzble from tlze same supplier, are 50 cm x 2 mn: 
I.D., and pack& w&h z pe&xIar strong cationxxchange resin, Zipax SC);, from 
DuPont (Wilmington, Del., U.S.A.). 

Being by no mean-s specific to this particular instrumentaE arrangement, the 
detector is attached to the cofnmn via a standard Cheminert iitting. As shown in 
Fig. 2 for the &ah series appiicztion, the detector is simply txo bIocks of Lucite. 
appropriately machined. The details of construction are readily obtained by malo_e 
to the previous singte detector’. The elect:ode wells are packed with carbon paste 
21-x rubbed to a smooth surfrtce on computer cards ‘_ E~tzrnai electricat connections 
to the weiis are provided by Pt wires. 

In;ection Recorder 
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Fig. 2. Ekctrochemicd detector for dual series analyses. Ii-e slit is a O.COS-in.-FIFE sheet with the 
shown rectangtkzr opening cut out to cmnect the Set strea_m to rhe outlet stream. ‘LV, and Wz are 
rvurking electrodes alie and two, respestively: each is packed with carbon paste {see text). (A) Side 
view, dissembled. @s> Front view, assembted. 

The outlet from the detector flows into a smalI suction Eask, the side arm being 
used as an everflow. This flask contains both the reference (saturated calomel elec- 
trode, SCE) and auxiliary (Pt wire) electrodes. The eIectronics used to co&o1 the 
potentials of the electrodes and monitor the currents are described below. The out- 
puts, directly proportional to the currents fiowin g in each of the carbon paste elec- 
trodes, are directed to an Omniscribe (Houston Instruments, Austin, Texas, U.S.A.) 
two-pen recorder. 

The circuit for poten&~ control arrd current monitoring of ezch of the two 
working (carbon psste)electrodes, Wt 2nd W2, Is shown in Fig. 3. The potential con- 
crd!in_e ~rtion, ~.a?3 A, and the Current mctitoring section, part B, -for W, are anal- 
ogous to those previous& reported g. The Dotentiaf of the first working electrode, 
WI, with respect to the reference electrode% simply 

E, = - E, 



The corresponding potential of the second working electrode is given by: 

The witchesS, both labelled S,, in conjunction with the diode bridges, DB, i.n sections 
_A and C help esr;rb~ish a stable, selectable, positive or negative potential at E, and 
E,,, respectively. The arrangement shown In Fig. 3 obviousEy necessitates the setting 
of the El potential prior to &at of Et. However, the very smzU number of times this 
is actually done in prartice precludes the need for any further sophistication. 

The fmal outprrts, Qut, and OUL,, are voltage representations of the cunenls, 
i, and i2, Eowing in WI and W,. respectively: 

For cocvetien-e b , L;he values of 2, (5 Mohms), R, (2 K&m), and R, (50, 20, or $0 
Kohmsf were chcserr to g&e output Em~ctions of 8, 20: and 4.0 LA/V. Since the re- 
cwder has selectabie ranges from O.Ot-IO V, the efkctive outputs extend from 80 p-4. 
to 4.33 RA WE sG3k 
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pliiier, OA4, is realty a voftage follower tith an output of Ej,_ Usin_~ both ‘Se output 
from the inverting operational ampBier, OA5, (---ES -!- ig?,,J and Eb itself as inputs 
to OA6 removes this potential offset problem. 

Extension of this system to muMpie (three or more), simultaneous analyses 
is straightforward. With the series arrangemen& one would incorporate ano’&er set 
ofeiectronics~eqtivalent to part C (Fig. 3) for each additional WC-king ekcrrode. This 
same scheme coirld also be employed irr mrrItipIe paraUei ana&ses. However, with the 
parallel 21idyses, one normalfy desires Eb = 0 for all the added working electrodes 
(vi& iirfra). Thus, it would be more reasonabIe, in this fatter case, to remove the po- 
tential cot&of (S,, R,, Rb, R,* DB> of each additiortaf part C and simpIy ground E,. 
Likewise, QA.5 and the R, connected directly to Eb could be compIetely ekninated, 
since there would be none of the previously mentioned ofTset problems with OA4. 

More detaifcd construction i&k-nation for the circrzit is auaiIab!e from the 
author upon request. 

RESULT%WD DISCUSSEONS 

The dual eIectrache_mical detector is especiafly amenable to the separation of 

overlapping components of a chromatogram. A slmifar employment of potential 

t2H* f2e- 
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dectkity was recently demonsua~ed by the single detector studies of Bucht~ and Papa 
on l,S-naphthoquinone and betil 9. Complete sepzr&ion sod analysis of poorly 
reioEved components by this characrerkic is ( moreover, conceptuaILy quite compa- 
rable to the emptoyment of either sinukneous Lii an& Euorescence <see, e.g., ref. 
ICI) OF simple dual UV wavekn& detection. 

Our own recent intere&s have been concentrated upor, the rzktionship of 
&Dydroxydopamine (6OHDA, see Fi g. GA) and ~@clroIamines in the namn;aIian 
central nervous systemll.“. The original idea of a duaf detector was. envisioned to 
provide ail anaIysis for both the. normat, sndagenaus brain components, norepine- 
phrine (NE) and dopamine (D-4) (I%,_ = GA), and, additiontiy, any spurious 6-OHDA 
withorre lenghening the ehion time preser@ reqnirzd. 3,4_Di~ydroxyberf~iamine 
(DHBX) is Included zs an internal standard for such szmpfes. The oxidation me-ha- 
nisms*l*lS for these molecules sre shown in Figs. 4B and 42. Dr?e to &e structural 
digerences depicted, 6-OHDA is some 200 mV easier to oxidize than any of the other 
components; this potential difference is criticaI to the “separation”. 

As shown in Fig. 5 end Table I, S-OHDA is not resolved from the other three 
components of concert, and is, in fact, a!most compIeteQ isographic with NE. 
Separation and quan’iitation of all components can, however, be easily elected by rrsing 
the arrangement shown in Figs. I aad 2. The first, Eower potent&f electrode (E, = 
-X.15 U) only “sees” GOKDA, iv&k the second (E2 = t0.8 V) responds to all 

k B 
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TABLE f 

CH4RA~RISTKS OF DUAL SERIES ELECTROCHEMICAL DEIECTOR’ 
-- 

Dpiector I Detector 2 

PotenthI &’ vs. SCE) +-0.450 -f-0.800 
Retention time, rR (min) 

NE 3.56 & a.03 
DEZBA 6.41 f a.a3 
DA 9.72 i a.05 
6-OKDA 3.63 2 0.u.c 

Response (peak hei@tt, pA/pmole)” 
NE 106 e 3 
DHBA @&I 
DA 29.4 5 a.4 
dOEIDA 86 5 2 96 2 I 

Linear mige (pmcle) 
NE a.35 t0 34,aaa 
DHBA 0.6’7 to 92,ooO 
DA a.93 to rrff*aaa 
6-OKD_A 0.67 to 26.ooo 0.46 to 3a,W 

Demon iimi~ @male) 
NE a.03 
DHBA a.06 
DA 0.0s 
6-OH DA a.07 0.07 

c At! injezxions by syringe. Uncertainties expressed = standard devis;tion for, at Ieast, ten seeps- 
rate measurements. IYlow-rite, a.273 & C.COS mUmin. 

** Av2raged over the entire line2i rage_ 

species. In short, separation of 6-OHDA from the other three compounds has been 
achieved by instrumenral nther than chromatogaphic means. Both detectors in this 
setup exhibit p&c heights for the appropriate compounds which are directly propor- 
tionaf to the injected quantity (see Table l). 

Appropriate co&&ons, in such separations, can be made for the contribution 
of 6-OHDA to the NE peak. But, this is orrly necessary if the B-OHDA concentration 
is comparable to or greater than that of NE. Sinctz such 2 result is not to be expected 
in the usual brain samples mentioned 2bove14, we have eliminated 2 discussion of these 
corrections. 

Kowever, 6-OKDA is so easily oxidized in 0.1 M HCIOS that solutions of 
< 10-’ M are readify converted tu the quinone form (6-OHDAQ, Fig. 4C) upon 
being shaken in the presence of air. En fact, the samples of 6-OHDA mentioned previ- 
ously were orzIy mzintzined in the reduced stare by constant corrlometric (carbon cloth 
workiag efectrode) reduction at t0.O V v.s_ SCE. Qwntitative transformation of 2 

sample containing any concentration of B-OHDA to the oxidized form can also be 
effected by the same corrfometric technique, using a potential of +0.45 V. This po- 
tential, notably, does not oxidize NE, DHBA, or DA. But, 6-OHDAQ Is much more 
stable &an 6-OHDA, so, these solrrtions are much easier to handle. Thrrs. determka- 
tiorr of c&ech;oIamine-6-OHDA mixtures was attempted after prior conversion of the 
B-O&IDA to 6UHDAQ. 

Analysis of a soWion cont2ining NE, DHBA. D-A, and 6GHDAQ is shown 
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Fig. 6. Dd sries chro_ma~o,--ms of NE, DHB A, D-4, G-OKDAQ tixrure. Injection is Zilopl of 
2 sok;ion coniakia~ I.@? x IO-= M NE, i-58 x IO-’ M DHEA, 4.43 x IWc M DA, urd 9.43 x 
IO-’ MO-OHDAQ. (-4) First electrode resspo me (El = -93.0 V); (B) Sexnd ekxrode respome (E2 = 
+?.8 V). 

in Fig. 6:The potential of the first e!ectrcde is now set to reduce 6-OHDAQ <El = 
+0-O V): the second is again set to oxidize any NE, DHBA, i)A, or 6-OHDA (Ez = 
+-O-S V?, the Zatier species being produced at the first electrode. Since the e&iency 
of tkese electrodes is only CCI. I%, any 6-OIiDA appearing at the second efectrode 
would orJy be CLZ‘. I % of the i~jeccted 6-OHDAQ. Additionafiy, the 6-OHDAQ (2, = 
5.02 f 0.04 m!n under the szme conditions as those in Tzbfe I) eiutes dire&y ‘oe- 
tween NE and DHBA. Significant interference by such 6-OKDA in either the NE 
or the DffBA peak would, thus, require ve_ry farge relative Injected amounts of B- 
QHDAQ. Nonetheless, such interference, as for the direct 6-ORDA analysis, could 
3e oxrected if mcessary. 

As before, iinetityy, Sigh sensitivity, and a wide dynamic range are exhibited 
for each of the components. NE, QHBA, and DA display results similar to those in 
Table I. 6-OMDAQ is tinear in the range of 0.40 pmoIes to 45 nmoles (XL~I irrjec- 
tions)). The lower limit of detxtabifity for 6-OHDAQ is 0.04 prnoks, where the signal 
is zqproxinat2ly twice the noise. Thus, for the reasons .@ven, 6-OKDA in these Imix- 
tures may 3e best analyzed by conversio~l to 6-OHDAQ prior to irrjection. 

For those more general series appfications where the arrangement outlined 
seems inconvenient, e.g., where the product of the fist electrode reaction Is much 
more concentrated tEan t~esimrrltsneoirslyelutingcornponentdetecteO~~.te second 
elec-xode, another qproach is avaiiEa3Ee. in these cases, the column output is split 
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Fig. 7. Dual pa,_;flel chromatograms of NE, D-A, and D-4 mixtures. Each cfKOinzEOgZ%I! obrained 

from210-.~~i~~~onofa.soirrdoncontaining2.~6 x ICI-6 MXE,4.45 x 10-S MDHBA, 1.04 x !O-5 
M DA, uld 1 x 1W3 Ab Na2S0,. (A) First column response (E: = +Q.g U); (B) Second column 
response (EL = +0.8 \‘I’)_ Note: Fe’- -peak frequently seen at lo\<er remltivities. 

futo two separate streams leading to two separate, sing!e detectors. Hence, the first 
&&rode’s product is not seen at aff by the second efectrode. 

Probably the most fort&-i& application of this drrzI detectc-r system is to 
routine analyses. It is obviously useful to shorten the time for such arnlyses since 
they frequentfy involve long elution times, many samples, or both_ Yet, the cost of 
simply multipIying the instrumenmtion may be somewhat prohibitive. A typic& case 
in which we have found this approach very useful is irr the previously established de- 
termination of brain catechofaminess. &i&y, this technique employs the ratio of the 
catechoIamine (either NE or DA) peak to that of the intemaf standard (DHBA) to 
establish the tissue concentrations of these comporlnds. 

By spGttin,o the Inlet stream of the eIutin, = solvent after the damping coi: (see 
Fig. I), the fiow of the dua1 par&el apparatus is directed to two separate injection 
po_&. ?These ports are, in turn, connected to two separate columns each with its own, 
single, electrochemical detector. The outlets from these detectors then flow into the 
same suction Bask containing the arrxlliary and reference electrodes. EL, the potential 
of the detector OTT the first cofumr;, is set at -9.8 V KS. SCE (I?= = -0.8 Vf_ I?,, the 
potential of the second column’s detector, is also set at G-0.8 V (E, = 0.0 VI_ 



The resrrfts of typic& simultazneous injections into the dual pamEel colu_mns are 
gi\*en in Fig.. 7 and TabFe If. Although it is c&r from the chromatograms that the 
reszits are nob reproducible from colrrmn 1 to column 2, each column is, nonetheless, 
independently self-consistent. Calibration curves --peak height (plr) v.s. amount in- 
jected @moles,+ are linear for each individuaf componenr on the separate cotumns. 
A typic& dynamic range of 2 I@ is exhibited, covering from about 0.6 pmoles to 
60 nmoles of substance injected. Quantities zs 10~~ as 0.03 pmoles can be detected, 
but quantitztion has 110~ b een attempted at this level. Grefu! ekctricaf shiefding and 
flow control o_f the system could certziniy !ezd to both a wider dynamic range znd a 
more sensitive Emk of detection us However, it was our purpose not to include girl- _ _ 

nexssary refinements, since thes e would not commonly be used in routine appli- 
cations. 

Probably the most importim cause of the chromato_~phic OiEerences be- 
tween the two columns lies in the frow-rates, as given in Table If. The Bow-rate in- 

CHARA~ERISTKS OF DUAL PARALLEL COLUMNS’ 

Cohm? 1 cozi.mxz 2 

Flow-,2te (ml,kn~n) 
Dad vclume (ml)” 
Retention times, tn (min)“’ 

YE 

cmBx 
DA 

Ed! width at half-height, IV, (min)“‘ 
NE 
DHBA 
D-4 

Pelk hei& rztio~*** 
NE,lDHBA 
!3A:DHBA 

Response (peak heisht, pA.~pmole) 6 
NE 
DHBX 
DA 

DHBA 
DA 

Detection limit (pmote) 
NE 
DHBA 
DR 

0.273 & O.fxl? 0.3QS & O.ClO7 
0.056 O.OE4 

3% f 0.03 2.95 + 0.05 
6.41 & 0.03 5.70 f o.@I 
9.72 5 0.05 8.96 -_i 0.01f 

0.37 & 0.01 0.35 & 0.02 
0.85 & 0.02 0.66 f 0.01 
IA3 I 0.04 1.06 & 0.02 

I.15 10.05 0.86 f 0.03 
1.22 t a.03 I.14 f 0.06 

106 53 134 13 
64 &I IO7 * 2 
2c.s f 0.4 43.8 2 0.6 

0.X to ;qxxl 
0.67 to 92,CKXI 
0.93 to 120,oocp 

Ox!3 
0.06 
0.08 

* Both c&mms hand packed_ AII injz&xxs by syringe. Unc&&&es expresseci as stzndard 
deviation for, at Iezst, ten sepE.rzte measurememx 

** Measured from the iiljecticn port to the top of the cciumxz bed and from the eclumn outlet tc 
the detector. 
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Peak keigkf (rid/ 

LQOpCf Syrizr.ge*** 

* Unc~miaties expressed as stzndrrrd devkion. 
=* ivI loop injbons were 23 ~1 ofa soIution contztig 3-72 x iW6 h&NE and 7.42 x 10e5 M 

DHB.4. The loop ir&tor is ZII au_pTFE device from Lzborztow D2t2 Control. 
*** _Mf syringe &ctions uere 25 pl of the szrne sohtion zs Iisfed irz the .zbove footnote. 

congruities are not surprising, however, since both columns were handqacked and the 
stream spIitter exerted no control on the individual streams. 

The moderately large stzndzrd deviations for peak ratios in Table II (S-5 % 
R.S.D.) prinarily arise from the made of injection. Table 111 shows a brief comparison. 
of the usual syringe injection to those pc-rformed with ic loop injector (Laboratory 
Data Control, Cheminert Division). As can be clearly seen from the results, the loop 
injector is some tx~o to three times more precise than the syringe method. 

The duzl dekctor can, thus, be readify utiiked in ;L parafIel cotigurztion for 
accurate routine analyses. One must simpfy L’zt~ separate calibrations for each co!umn; 
the values for one cc&mn cannot be directly transferred to another. This technique, 
which virtualIy halves the time required for many anaIyses, aiso signikzntly reduces 
the cost COMpared to an entirely new setup. Corrsidericg (I) the price of another 
column with packing, (2) the expense of an additional detector and associated eIec- 
trotics, (3) that a single solvent pump could, theoretically, handle eight or more COT- 
umns simultifrreoasfy, and (4) the difr’erence in cost between 8 single and dual pen re- 
corder, the second column czn be preseatly added for c&y ca. US S 350. This compares 
to about US $ 14-N for the originzl system. 
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