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lime Tbs point :btaineo by extrapolation toO0 yol eviation:;i vintV
of iWerncvtion of the line idt-h the ordinate, iodicatýu the rvdox

dinlonae-(.7)at $1 1.02 am4 6.72.

It It raesrkabls bow closely the values foundr by LM a iaii rrt'.
metbod W"r wisth the re&ox pot.wtials deterained in the usual =nner
(Tabl 1).

;9spbganwce lorra~l potential liorsml potenti&l
(caictnal- (daterte nsdi-

elettrode) atci)

1.02 ^nthrachinon-4iaa ifona te-( 27) -0-073 -ojt -0.0f77
SzfaninY -0.101 -o 0

116.72 ,ntm-achiaon-disuafcnate-42.7) -0.403 -,.0

Upon csntina ion of di tferuzt kwnoi, reversible red4ox systcs with
the irreversible test sustance, pot-mtial etaxnges are observied, 6ireVtr,

a' idct Indicate the szxni redox i57tra~s Oetwtz which towe Irrevrsrible
ozidation-rnhc~tioo reaction is to be incnrporat~ed. 3.3. OCwat (5)

rfw4jcton potential (41?')" for potential derived by this uothod-
eqndnng It for practical %dsnswth that of a rebxmts that 1L-
ood~dated or rettoced only to M20% 3C thin 30 nirmt-s.

-~Doparting frrn this potenti~al wancept, L.T. Fiesaer (6) later de f ined
z ~another related conicept. that of It ritical1 potential.' Aatec of reactica

aare coepared in the dete*rzzrticn of AG? or ARP. Since the- cnstants,
for enaple, of the rte" of detiV-mratin of di fter-ent corpxuts3 my tnve
differumt values, and w~n-wrjiareble potentials -toi.1d thus De eaesured,
flewse searches for reference redax systens which produce only Izall-1
reactions in a short tUm. Hie nmsunsr- potential1 changes3 camsed by
diftorent s"+t=s tdthim, 5 dinute. By appropriate extrapc3Lnion he then
obtains the ralue-A desigxated Ocritical oxiddation potcntifls' (7).

The anrositte es to of the redcktion. rsfent~ial of ttailu
cmspcc'mds was detersdsttd by reans of different stain, indicators for
n-urposes of orientation (2). h clue Is obardthereby "s to the
indicator substance which is feasible as a caomarative systen in potent~ial
zmekslr-ant.

It the zmuee4of rtdoz- rcttntial iso comuct-e4 Awithe Ol d of
the electroaetri c wthod;, the rwocena Is the toflcwin4: Systes width
forms of reversible indic-ators. To the izLxtare is adstsd an ancunt of

2



tetratzoikas ealit .t-he a--eptar ~bist~ance) equinaletcular Wo the red~actd
partjci of Vhf indceatoer. how, If the sdjustedc pa.t,,tial of thbo inicator

ts ore r--sw.iyv t~han the rti ctien potentWa of the acceptor, the forwar
=a te -eica'id. 7h& s is ý,ecogni a4 ty a di stinct v-ariation~,

zesa.re'u wit platlx= elec trodes &ai nst. a caloma1 elfctrvoce acvrdiingto t-te pri-ciple of the comnseational rvt.ý The nagtude of the

me~a sure rOeu ua wa~ depenis on ta neued stingq ditfenn"e bet&-*o

thnstabb4 r-67-x sy-st~ea perform saimiiax2y. Their adjusting eqiii-
liibriun is cons tantly -i sturbed by seooertaz-y reactions. The values
-*&su~re~a and taen expresse in pereont of tons used oxidizLing agent, vv"e
iszerted in az eiairica1 forwipla trf ?ieser. In thiis =nmer be obt-Arsed

so-c411Ced values of peromtAual a~id-atlon ioftch., entered &&&iizw the
matchin~m Ir~licato r W-entl&3 val-s, were loca-ted on~ a line. ýý r
if this for=.AA is used In coajLrctionI with th%, measure resul~ts of
tetrazoliun salts, no Gatisfacter presentation can be acnievved. Hier'e
tt*e MU~7 Of ;'Otentiaa ebnges occurri"t in the frs~t 5 znirvtes, in
logarithtdc =its, against the cosorreaii~n~g indica%-or potential values
(in nornal units) laad3s to Pointzs uhiii my be conne&tee by a lin (r-ig.3).

0~% exl#3traoltion to 0 niilivolts potent£ia ch~ange is wt fea-si21e.
For this rt~an a potential ckace of 1 mzllivo1V withint the first 5
=Itwtes is -wzAera11y fixed as the standard va-lue. Mvhe definition of
this value at 1 W1 corresponds best to the neaeured tolerance attairAble
"uit-h the apparatus. The import~ance of the iaeaswed values4 is dus to the
~cir.2st~aic~e tbst they per~.it the w~ct oanparison of the red=x poteantal
of different substances which change ixrreersibly upon redctico.

table 2 ireflects a tatulation of rerbetion pot~ential values
established for the raz-ious t~trazollum salts. %t pH 6.72 the potentikals
or 2.3. -tripbenyl-,2.3 dih 1-.r-,2

21-(p-xy~ny)-and 2-pheyl-3ý(p-Qwý-he :7yl) -5-a Iy-
teul-asaiuza dchlride bave alziost toottly the sam nagnitude. 2-pheny1-3ý-

tttrawliUua chloride, on the other band, are fNr rare diffinalt to rewae.
Their reduction pot-entials are mre negative by abrmt 1W~ dT. These
co~oud3 pro oaoly are in solutian in the farng of azpbot-eric- inn (MI),
It =y be asu~d themor~e~, that the negative charge of tbe carhexl3
&-rutp, wY-th is proximl to Uwe positive charge of the teasoal ==leus,

R.V.

- - ~--- - ~ - ~ - -.)O N



t4MLS 21 D~tWM~ of tb reitio poetil o, dirfrent

s~O~ uU8tance Idl ciator Ad~u~ste Qln PH aeduc"on petentia7I

v~roate 310'.4' 0.23
319.5 0.5
320.6 0.57
32-88 0gC. 93 -332 -4J.093

C 44 349.0 4.0 6.72

millmtt 336.8 1.4

359.9 8.5
378.14 30.0

Anthmtýoo 333.7 0.77 5.89 -337 -0.088
divafbn to- 360.0 4.5

(2.7)

325. 0.? 6.72
U- e11faZti 334.2 1.B -3v0 -.

c 4 I~ip-*ri - 32-2.9 0.33 .7
mall:W4-0 33-,.9 0.?

chC Cl 346.9 2.0 -3388

InkiV-tad- 322.7 0.-- 5 7J2
-a mt 336.0 0.6

CA3 - 340.1 2.0 -337 -. 8

Indie*.4ri- 3Z3.2 0.7 6.72

\NlW (alfnat 335.8 1.9

X34,8.0 5.1 -_us8 -ý0.079

*xracnarin- 432.8 0.15 6.72j
w~feamtle-(2) " 5.1 0.3

I , 459.7 0.7
Sa franin 51-2.0 9.3 --"7 -. 1

C7 hf- C4 u~rmani 50~7.2 6.9 -478 -0,229

N -. l
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, i.o CA-Ao teribetzV Oerali zza CiLID.-Ie, t~s redtaI-onOt ia

6.72. 71.-4 the reductioz' Petetial ir, the t-4'stled xrea Is n~ot dprer~nt.
on he aciulgty of the solvent, in comr-mst to the reclox ppt~tial of

The ne-v subst-unces were sitbjecte to an orient.atire test 4trh to=~i
steds, --dth the co p;eratian of i~r. F. ?)evnss. No st.airixg actlo'n = the
riable &M43 Vf the gerrirna1 layer couid t be er-n-.z In trxe easa of

thy-jxe~i- -(o~-carbo.V-benyl) -tetz 11 tm. c:-.o rid#. the
crrespo-i ng p-c-arboVK c C p.irit -rodi ced a ta---orary pink ;,olaat io.

Iteitrser of th-ese Mbst-ances is --aiivable as an inilcator of tioiogicalI .at-erial, since the forc-ataws pr-coeud by - .) -. 4 it- watzz z:,Ibla and
atsm be ifu-ttwr reduicea w colorlesa czo~znds br uthe Xrmidin geralml

tiCs~s (the samze is true for &>.di= ditMonit..e~ o at jz 7). Thae
situ~ation is rnre ravorable in the ca"e of - ep12-..y--o-

earwzyp~sny ) 4.tasoi~chloride; tbe resulti ng ftormzn iz pcoriy
solutile In water. -this tetrawolan sell-,, suspendsed in PI-z-3phats ktaffer,
ýro4~iced oaratiovo of the gervinaal layer, but these ver'e Coideiraol
veajker th~n those i'woked by tripterql t-e -azoli chloride and, surpri-
Sing1.y, liI t~ed to thbe vee~tati on Ppints. 71he ScutelIlun Mas not St~ained
in aJlmist every case.

The preent Lnvs~gatio sbowedthat O recduct-ion ctnil
(devatin 1nV/ =i. I f tetrzolt a~lt~s 12) be dezterrrined istith

,7r~~sin. Ttraoli cozmmd ofdistinctjly difAf~er-itAt-o rdcto
pattntiaI s may be produced b,7 apprvpriate suipsti tution. rh basisa is

theeb, esabLrbe "r wo~rk In biological im"Uesti~ions wx~er ae.-ohic
cojitians in Whe rwiga of -0.08D to -0.230 voltoa (92 alectrxide) s4th

indicators of c-alibrmted potetalsa1, the tleuoo tor=s5 --, xtdmhar
stabile in atx~ospbearic w~im in con-trast tW le-iol3actoflayin, indigo

j vWhit~e and 06nera.
j Descriptiw- of the tests.

I T-Aeaprarat~s clescritevd by Xi. &la'lenfels and 4~. Ybehle (12) in the
ca"e of r'eox patental ze&uemwtst is u-sed for tha das-aimti.on of
neduct4,"n ooIte:,Uiain. 1 *at eqippe4 mit an additimal ccei

S, 2, 3, 4 (Fig. 0~ (13). The ale-ctrcxoeetric titraticon is carried out In

4n~ electrode yessal 5 -.qf*-r-A tdth a number of grvund ýac"- for tise

I calomalelvetrode. Ome of the rround faces is ocioied by a dropping
I f==el1,i cao-.,e of holding tio difft-rent ssabstance-s. The tw~ qe-ti"~
jare closod off by atopc*acks 2 and L. 7boe ttzin tutes attached tberwto ar

I fr '~-e pssge of a gas str'saa. The nitrogu ;as, r~~t, thbro;gh a X
I ~~reecei yr a.-a inc-and-escent copper fi ling, nt~ers tarugp %-be ti tral-ion
Iveiisdl 5 (St*7-4*o- 3 is clased), th the%. s lighty cpen stopcotk 2

intxo th lower pm-t of the drvppizsg flannasl I and per 2a-sz the fluid
ec.eta.Lned tbearein. Stopwcc 4 is closed and bar-s the- flui;! in the uppser
po~rtion. TheA rdtrogwe str*&= my ale* reduce the fluid logated tn the

ýpertp via a tabe Iwtdch is Inser-ed In the side of the rotssl and() '~4sich roache w ell m'1ow the surface. 7*Te g;s streazi oorit~nes throu,:
tne gas entiy conrmectioa 6 and a conmecting b"4s via Us, bw-ett* 7 into



the bubble counter and pressure receiver 8 or through the burette and
an Erlenmayer flask 9 into tha open. The titration vessel 5 is enclosedby a water sleeve and in hold at 200C by an ultrathermostat.

Process of measurement: 5 X 10- moles indicator substance in 30 €cc•

buffer solution (PH 6.72 and 5.89s Phosphate burrer, pH 1.021 n/10 HUl)
a re placed in the titration vessel 5 and reduced within a few minutes by

hydrogen after addition of one drop of 1% colloidal Pd solution. After
a check of pH by means of a Pt-Mohr electrode the stream of hydrogen is
replaced bya stream of nitrogen, meticulously freed of oxygen. After
the hydrogen has been displaced from the apparatus (10 minutes), the
lower portion of the dropping funnel is filled with 10 cc buffer solution
(stopcock 2 closed; stopcock 3 open). Stopcock 3 is then closed and stop-
cock 2 slightly opened. Stopcock 4 is now clgsed and the upper portion
of the dropping funnel is filled with 5 X 10-0 moles tetrazolium salt
dissolved in 10 cc buffer solution. 15 cc of the solution of indicator
substance required for the adjustment of the desired notential is placed
in vessel 9. The system is prepared for measurement by passage for 1-2
hours.

The indicator solution contained in the flask 9 is compressed into
the burette 7. A previously computed potential is adjusted by dropwise
addition of reduced indicator from the titration vessel 5, containing the
identical quantity in alltests. Measurements are carried out by means of) 3 platinum electrodes against a calomel electrode according to the
customary compensation method. Reidings were precise within 0.2 mY,
since a measuring wire 50 cm in length corresponded to 100 mV and a
sensitive mirror galvanometer was used as a zero instrument.

First the buffor solution in the lower funnel space is led into the
titration vessel by opening stopcocks 2 and 3; the potential deviation is
noted. Generally a very small potential is obtained (less then 1 mV),
depending on the indicator used. It is always measured, however, as a
control. After 1 minute the potential value becomes constant; measure-
ment is continued from the 5th to the 10th minute. Now the contents of
the upper funnel space are added. The constantly flowing gas facilitates
a thorough mixture of the tetrazolium salt solution with the indicator
solution. If the indicator has a more negative potential than the tetra-
zolium salt, the start of a potential deviation may be observed already
after J minute. Its progression is measured after 1, 3, 5 and 15 minutes.
The daLd depicted in Fig. 5 were obtained for triphenyl tetrazolium
chloride.

Fig. 3 shows the 5 minute values. They differ from the measured
data by the subtraction of a small blank value. This may be established
in the case of potential values that produce a straight potential/time
curve; in our present aggregate of curves, by extending the rectilinear
curves toward time 0. The blank value is obtained at the intersection
of the line with the ordinate. The corrected values, entered logarith-
mically in relation to the indicator potential, yield a straight line;
its intersection with the line representing 1 mW indicates the desired
reduction potential.

6



Indicators: The redox potential of the utilized indicators was
measured and the progression of the titration curve fixed for pH 6.72,
1.02 and 5.89 (Table 3). It served as reference to the percentual share
of oxidated and reduced forms for each indicator potential.

TABI 3.

Indicator E E Jl J2
pH 1.02 (n/10-Hcl) calomel elec. norm. H2 elec.

Volt Volt mV mv

jinthrachinon-sulfoflate-(2)(14) -0.118 P0.131 14.1 14.7
Safranin (15) -0.101 /0.1148.0 13.7
;,nthrachinon-di sulfonate-(2.7) -0.073 P0.176 14.6 14.5

(14).

pH 6.72 (m/10 phosphate buffer)

Safranin -0.51C -0.269 13.5 13.0
,tnthrachinon-sulfonate-(2) -0.445 -0.196 15.0 14.0
Anthrachinon-disulfomnte-(2.7) -0.403 -0.154 16.5 16.3
Indigo disulfonate (15) -0.335 -0.086 14.7 14.8
Indigo trisulfonate (15) -0.303 -0.054 21.0 18.5

pH 5.89 (m/10 phosphate biffer)

Anthrachinon-sulfonate-(2) -0.397 (cOmp.) -0.148 --

The data obtained from these curves must agree with those yielded by
tests. This guarantees that none of the reduced indicator disappears
during the passage of nitrogen due to oxygen traces, and that the added
indicator solution is also completely free of oxygen.

The reduction potential is distinctly, if not oonsiderably, dependent
upon the concentrational ratio of acceptor to indicator. The example
shown in Table 4 (acceptor: triphei-yl tetrazolium chloride; indicator: I
indigo trisulfonate) shows this.

TABLE 4.

Ratio Adjusted indicator potential mV of change
acceptor-indicator(*) (calomel eleo .) 0-5 min.

21l -330.6 mV 0.7
1i1 -329.8 mV 0.9
i, -330.0 my 1.3

(*) ,unount of indicators 5 X 10-6 mole.

7



The determination of the redox potential of compounds with re-
versible reactions: The Same course my be taken here as in connection
with irreversible systems. However, the union of indicator and acceptor
is not marked by a reduction reactions but by a constant potential Value,
i.e. the adjustment of a now equilibrium. Values obtained by this method
are contained in Fig. 1 and 2. The rectilinear course is assured only if
the indicator potenti'al and the redox potential to be found are not more
than 50 mY apart.

C-methyl-N-phenyl-N'-(p-carboW-phenyl)-formaan: Was obtained
quantitatively according to R. Bamberger and 0. Billeter (4,10) in the
manner described from the phenyl-hydrasine of acetaldehyde and the
diazonium compound of p-amino-bensoic acid. From alcohol brick-red,
shiny needes. Melting point 1850 C (Berl).

C15HJ0 2N4 (282.1).

Computed: C 63.6S H 5.00 N 19.86.
Found: C 63.76, 63.94, H 5.23, 5.32, N 20.02, 19.96. (Hicro-Dumas).

5-methyl-2-phenyl-3-(p-carboV-phenyl)-tetrasolium chloride: 5 g
C-methyl-N-phenyl-N -(p-carboxy-phenyl)-formasan were dehydrated with 10 g
lead tetraacetate in CHCI 3 . After mixing with methyl-alcoholic hydro-
chloric acid, the desired tetrasolium salt was obtained in good yield.
Crystals from methanol-acetic acid. Melting point 2680C (Berl, decomposi-
tion).

C1 5H11302 N4C1 (316.6).

Computed: C 56.86 H 4.13 N 17.70
Founds C 56.96, 56.72, H 4.39, 4.28, N 17.79, 17.87. (Micro-Dmas).

C-methyl-N-phenyl-N'-(o-carboxy-phenyl)-formasan: The formasan was
obtained in the same manner as the p-carboxy compound from dissociated
o-aminobensoio acid and acetaldehyde phenyl hydrasLne. Crystallisation
from copious alcohol. Dark red needles. Malting point 2000 C (Berl).

C1 5Ho02N4 (282.1).

Computed: C 63.80 H 5.00 N 19.86
Found: C 63.87, 63.76, H 5.35, 5.30, N 19.90 (Micro-Dumas).

5-methyl-2-phenyl-3-(o-carboqv-phenyl)-tetrasolium chloride: The
dehydration of the appropriate formsan vith lead tetraacetate led to
tetrazolium salt in a smooth reaction. After treatment with hydrochloric
acid and repeated precipitation it crystallised from alcohol-aoetone after
addition of ether. Melting point 2429C (Berl, decomposition).

C1 5H.3 02N4 C1 (316.6)

) Computed: C 56.86 H 4.13 N 17.70
Found: C 56.83, 56.82, H 4.96, 4.31, N 17.72, 17.56 (Nio-ODuma)

Equivalent weight 3U1.
8



C-methyl-N-phenyl-N'-(p-o.x-phanyl)-forzan 2 From the diasonium

salt of p-amino-phenol and acetaldehyde phenyl hydrazine. Crystals r
alcohol. Melting point 148-1490 C (Berl).

C1414 N 4 (254.-14).

Computed: 0 66.11 H 3.55 N 22.05
Found: C 66.13, 66.39, H 5.62, 5.89, N 22.37 (Micro-DWums).

5-methyl-2-phenyl-3-(p-o-c-phenyl)-tetraso2ium chloride: From
C-methyl-N-phenyl-N'-(p-oxy-phenyl)-formaran by dehydration with excessive
lead tetraacetate in acetic acid. Needles from methanol ether. Melting
point 2610 C (Berl).

CZH 13 ON4 C1 (288.6)

Computed: C 58.21, H 4.55, N 19.42, Cl 12.29.
Found: C 57.79, H 4.80, N 19.30, Cl 12.27.

C-n-heptyl-N-phenyl-N'-(o-carboxy-phenyl)-formsan: From 22 g of
oxtylaldehyde phenyl hydrazine and 13.8 g of the diasonium compound of
o-amino-benzoic acid. Yield 20 g of crude formasan. Brick-red needles
from alcohol. Melting point 1620C (Berl).

0 C21H2602N4 (366.2).

Computed: C 68.81, h 7.15, N 15.30.
Found: C 68.99, H 7.04, N 14.91.

5-n-heptyl-2-phenyl-3-(o-carboxy-phenyl)-tetrazolium chloride: 5 g
of the analytically pure formasan described above were dehydrated with
lead tetraacetate in CHC1 3 . 3 g of crude tetrazolium salt were obtained
after removal of the lead with methyl-alcoholic hydrochloric acid.
Purification by twofold precipitation from alcohol with ether. Crystals
from alcohol. Melting point 228-2300 C (Berl, decomposition).

C2 1 H2 5 02 N4 CZ (400.68).

Computed: C 62.89 H 6.29 N 13.98.
Found: C 62.64, 62.61, H 6.56, 6.53, s 13.96.

NOTES.

(1) Comptes-rendue de l'Association Internationale d'Essais de
Semences 1, 1 (1940); Bar. dtsch. bot. Gee. 57, 191 (1937). 60, 299 434
(1942). - (2) A. Kuhn and D. Jerchel, Bea. 74, 949 (19415. - (35 see
R. Wurmser in Handbuch der Enzymologie by Nord-Weldenhagen Leipzig 1940•
p. 298. - (4) A. Kuhn and D. Jerchel, Ber. 74, 941 (19415. - (5) Chem.
Ateviews 3, 1 (1926). - (6) Journ. .qm. Chem. Soc. 52, 5204 (1930). -
(7) HIe develops his method for the "critical oiddation potential" of
unstable redox systems. - (8) Perhaps, following a thought of R. fthn,
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