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—

Harcourl and Ksson's Idea in Clifiinral Mcilidnicii.

By W. Lash Miu-er.

(Ki'iul Mny 27, litOS.)

I think that' I will maku tlie best of the liniitc'il time at itiy di.^pocal

b_v defining at once tlie fundamental problem of chemical kinetics, U>v it

i.' with the rates of chemical change that I propose to deal. 'I'liis pro-

blem is, then, to find how the rate of a chemical reaction deiiend.s on the

circumstances iinder which that reaction t^ikes place; and in the simple

case with which alon(> we shall be concerned, the simple case tliat the re-

action takes place in a honio.ireneou.s solution, the only circuni.^taiices that

affect the rate are:—the temperature, and tlie concentrations of the

chemicals in the solution.

The kindness of those in charge of this laboratory pu1.« me in the

position to illustrate what T say by a <on( ret^' case. TTere are samples

of the ver}- chemicals used by Harcourt ami ,'Cssan in their exp(>riments

forty years ajro;' a solution of oxalic acid, waier, sulpliuric acid, mid a

solution of potassium permanganate. When those are iui\('<l Logrihcr,

ihe whole solution looks pink from the presence of the permanganate;

on standing awhile, however, the colour will gradually fade, owing to

the - luction, or destruction, of the rcil permanganate; and what is

meant by the " rate " of the reaction is the number oi grammes of per-

manganate th J are reduced, or destroyed, or fade per second.

That this rate depends on the temperature, may easily be seen if I

pour a little of the mixture into a test-tube and heat it over the flame.

As the solution gets warmer, the co'our fades more rapidly, until now it

is all gone, while the part left at th'; temperature of the room is still

deep rod.

The rate depends also on the concentrations of the chemicals dis-

eolved in the solution ; so that

Rate depends on a. b, c. d

and the fundamental problem of chemical kinetics is to determine quanti-

tatively the relation between the rate, the concentrations and the tem-

perature.

Now for the fundamental difficulty. This lies in the fact that as

the reaction proceeds, the temperature changes, owing t« the liberation

cr absorption of heat by tJie reaction ; and th'- various concentrations on

> JoiiT. rhem. So*., if> 400 (1S«0).

^Mji^:
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which also flip rate depends, also chanpo. thqse of the reacting substantics

growing smaller, and those of the prtKlnct* of tlie reaction growing
greater.

'I'huR, as all thwe eircunLstanecs, on wliich tlie rate depends, keep
changing during the reaction, ttie rate itself must keep changing
throughout the ver}' experiment we are making to study it. This is the
fundamental dilliculty of e.xiKM-iments in chemical kinetics.

Now as to the way in which this difficulty is ovprcomo; and first a.-*

to the temperr.ture. That is kept constant durinr, the experiment very
feimply by placing tlie beaker in a large tub of wat)er kept at constant
temperature,—a thermostat, a<* it is called. After determining the rate
at one temperature, tlie solutions and the thermostat are warmed up to
some other tenijierature, and the e.\p-r:nient is repoatixl, all the coneen-
tratioas and everything but the tt-mperature being tlie sanie, thus tlie

iuf.iiinee of *\e temperature is ascertained. In cases where it is not
possible to hold the temperature constant during an experiment—as in
the study of explosions, for instance—it is much more difhcult to int.r-

F'vt the result.s of the experiments, and the studv of tliose reactiom; is

much lefvs advanced tlian that of those where a thermostat can be em-
jiliiyed.

So much for the tecnperature ; it is kept consl-,int during the experi-
ment, and the rate^ ii, cxiwimcnts at different tempeniturcs are com-
pared. Xow for the concentrations. Can they too l>e kept constant dur-
ing the reaction? No one has yet invented a concentrationstat, so far
as T am a«are: but as Ilarcourt and Ksson pointed out, the coi'ieeniia-
tions- will not change miirh during the exiieriment, if the quantiti,- nf
chemicals put into the beaker are large eompaiv,! to the quantities of ih.-

same chemicals formed or destroyed during Uie reaction. Xow, that is
what I did in this iK'aker; there is very nearl> as much oxalic Ici.l a.i.l

sulphuric acid here yet as there wiis before the pennanganatc was adderl,
iK^oiiuse the amounts of those two substanc-(^s put in in the fin. place'
were mucii greatxT than would react witJi the [.ernianganate used The
concentrations of oxalic acid, and sulphuric acid, therefore have re-
mained practically constant during the experini..nt, and the tempcrafuiv
would have, if the 1 eaker had been stood in a tub.

This is the way ITarcourt end Esson worked, and I mav express tiiose
conditions on tlie ho.ird > by writinjr large lell.>rs for B. C. etc-., the con-
centrations of the reagents of which rt>latively large quantities were used
and a little "n for llie pennnii^Miiale. R. f, etc.. stav constant. h.raiKe
they a- ' rge. and perhaps it will not confusr if I write a lar<^e T

Soe talile, p. 248.

^
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for tlic tempera! re, to iiuiicato, not that it \V!i« very Ik i. li\U t'r.a! that

factor ' . was ' pt constant (by the use of a tliermostat).

The a>n' ^ration of the piTman;;anato, of coiusi'. ehanircl diirini;

the experiment, we saw it fade away ; the '-ite too c]ian<.'cd ; but na tho

change in tlie rate was caused only by i ,uige in tiie conc4'ntration of

one of tho rcajrcnts, it was a rc-lalively easy matter for TI;ireoiirt and
E&son to discover the relation between the rate and the ronc<>nt ration of

that one substance-: the effect of the eoiuentrations of the otiiers was

determined like that of the t<>m]x^rature, bv crmparin<: dilleretit e\iKTi-

monts in wliich these concentrations were different, while nmaining
constant throu<:hout each.

This method of work-in<r is the " idc "' of which T spoke. It may,

perhaps, seem a very obvio. . idea, and hi worth while making a fuss

about; and. indeed, Hanwurt and Esson ni to have considered it so.

But it is true, although to those ,vhc .-.n^ not familiar with thi< branch,

it may seem difficult to believe, hni even now—fortv y(>ars after the

publication of Ilar-^' rt's .vpci •' it,«- -tliis method is not in general

1266, and that for thi • ix ycare i; <va,« never used at all and practically

all experiment-: on tlie rates of themitiiJ reactions were carried out in

solutions in which the concentrations of all the chemicals vari 'd greatly

during the experiments.

In reply to the question " ITow is it possible to find tiie connection

between rate and concentrations from exp riments so badlv planned as

these," the answer is " By the method of guess and try." Make some

plausible assumption, express it matheinatically. and compare the ex-

periments with the methematical deductions from the assumption, or

gucee. If they agree, well and good. If they don't, guess a^zain. The
trouble is, that in case of a bad guese tlic experiments themselves don't

give much help in making a beLter.

This method, then, I shall call " the Method of Gr-.-^s and Trv,"

in contradistinotion to Harcourt and Esson's method of " Systematic

Exploration."

Of course, there are connecting links. Two of tne concentrations,

for instance, may be small, and the others lar^,: ; the effect of the former

being arrived at by guess and try, and tlmt of tlie latter by systematic

exploration. Hood i used such a half-and-half method in 1878.

With regard to the me^-hod of guess and try ; it is hard to teach

people how to guess,—that is
'' "hemical instinct ;" but van't Hoff,

in his celebrated " fitudes "^ or " Studies on Cliemical Dynamics,"

Phil. Mag. (o)y 371 (1878).

" Etudes de dynamiiii.e chimique. 1SS4, p. 87.
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distinsjuishod two ways of trying, or testing tin assiimptionfl

by experiment. I shall not enlarge on these further than to say that the

bettor way, tlio sharper test, involved comparini; expt^riments in which

the initial concentrations of the chemicals were varied, while the other

rclietl altogether on the results of a scries of analyses of the same solu-

tion at different intervals of time. The first of these methods was used

by van't Hoff in his book, the other, exclusively, by his successors, for

twelve years.

To resume, then, there are shown in this table four ways of -^ter-

mining the i-elation !)etween the rate of a chemical reaction and ihr con-

centrations. >>ystemat.ic exploration, ITarcourt and Esson, 18GG ; a

hybrid method. 18?8; and the method of guess and try, with two ways

of trying, of which the belter was used by van't Hoff in 1884, and the

other was in general use between 1881 and 180.5.

Method. Definition.

1. Sy.xtcmalic Exploration

—

Uarcourt & Esson's.. . a, B, C, D, . . .T

2. Hybrid a, b. C, U, . .T

Guess and 'i'ry a, b, c, d, . T

3. (a) varying initial (Mine's.. .

4. (b) varying time only.. ... .:.

5. The logical extreme . . a. I), r, d, t

I'sed by

H and E, 18ti(i

Hood, 1S78

van't HolT, 1S!S4

General, 1885-1895

Not employed

I should like to put all this in a diagram; that will make it look

more like physical chemistry. The only tmuble is what co-ordinates to

use. The dates will do for the abscissa", that's obvious, and I will put

FTarcourt and Esson high up, because the method they employed was the

OTIC licsl adapted for the ptiipo^-cs of di=<'overy, atid TTood a little further

do\m, and then >an"t ITotf, with the method nf varieij itiiiial eoiirrntra-

tions. and thou all ilic cheini-t- from l.-^s.") to IS'.i."). S.i ihar the aliseissie

Hre chronological, and ilw ordinalcj* psychological.

I would not like to give the inipression that van"t Hoff, for in.sbiiice,

uspil a method that A-as unsuitable for the purpose he had in hand. Ho
had a detinitx^ object, and hi> method enabled him to attain it. In noo>r8

ease, too, there wa.s a s[-M>eial rea.son—nf>t a ver\- good one, i)crha[>s

—

that kept him front using method number one; and he twi got all he

wai.t«'d with numiier two. Rut the fact is plain, that as time went on.
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weaker and weaker tools were comiug into use, until the very recollection

of the method of Ilarcourt seems to have died out.

If there were time, I sliould like Ik) j:o into the reasons for this

gradual adoption of the methods of guess and try, but there isn't. It is

comiected, however, with Guldberg and Waages applieaiion of the kinetic

theory to this subject, whicli made men feel that they wen- likely to be

good guiBsers. TJiey thought they had n sure tip.

Tills siiort line on the board' represents ten yeais ut iutive work, the

Zeitschrift fiir physikalischc Chemie was founded here, ami Arrhenius'

theory of electrolytic dissociation was first applied to a kinetic problem

here. Dozens of reac'tious were st\idicd from the kinelie point oi view.

// &£

N
\
\V /

WS]'WAL D

J/Oi^
\ /
\

/
N0\ '£.S_
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/see /6 70 IB ao 18 90 19 00
K

all by method number four; and with the result that might be predieied,

II the case experimented witli happened to be a simple one, the law was

guessed ; if not, it wasn't. .And so, in addition to the rrnetions for which

the relations between rate and coneonhatiims were ascertained, there

were crradually beinsr discovpred a nnmlwr of roiieti'ins for which these

leliitiiin- (nub! ii'il be fni-nnilalid.

The llrst sii'p iipviird w;i< i.iken in IS'.i."). bv Hr. imw I'rofessor .\.

A. \ove>.-' He rcMntrndiieed vaii't ITnlTV irietlim!. metbud three; quoted

van't TIolT'< iirLrinneiils to show thnt it i- sujx'nor I.) nninber four: and

provifl Itv superiority by roenlculating Mngnaninr^i miiHiir nn'ol-; ( Mmr-

' Ri'fiTrinK to iliHsrani.

•ZpK. ph.v.i ni#m.. lA nn (iRon».
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naniiii's work comee here, 1891), and finding quantitative relationB
where tlie latter had seen none. Noyes used this method number three
in liis own work, aJid discovered the firet reactions of the third oitler
studied .since the i'inie ef TTood.

'J'he next incident is tlie appearance of the second edition of Ostwald's
Lelirhiicii, or raUier of the second edition of vol. 2, part 2, Heft 2, with
llio cliapler on kinetics. In thi^ after leviewiug the nietiiods of wo'rking
in common use. viz.: nieth(.ds three and four of our classification,
Ostwald 8ugg(>sts wofkinj,' with all the chemicals but one in e.xct^. and
deterniining tlie eiTeei of tluii one on the rate- If.ircourt's method, so
far. Ilareourfs name is not, nientiom'd at all in this connection, bow-
ever, and reading a little furih,T shows that if is not Ilareourfs method
Hher all: hec^uise when it e-mics to determining th<' eireet of the con-
centration of n ,.n the rate, instead of preparing the exp<>riments with a
different ex«^s of B, it is proposed to make b small in turn, and so with
alJ, one after the other. The method use.l in Harcourt's paiKT seems to
have been quite forgotten.

When planning work for the laboratory for the winter of 1902 I
read this new nu.fhod of Ostwald's with the greatest interest, and fully
apppoc-iated the advantages set out so clearly by the author.

On thinking over the case in which I was speciallv interested, how-
ever (th(« rea. ti(,n between chloric and hydriodie acid- in presence of free
iodine) 1 found liiat the etfecf of t!u iodine ronceninn -n enuj.l not be
nseert^iined by this new method ; t.) ;iscertf.in it. it wou^ l>e necessary to
make up a solution, in which the concentration of the odide was m\uh
lower than that of the othere, im-luding tluit of the iodine. Now, it is
impossible to prepare a solution containing much iodine and little iodide,
Uie iodine won't dissolve. .And on further thought, I saw that my object
eotild be attained by comparing the nitis in two solutions, in botli of
Avhich the iodide was in e.xce-'s, but ditferent excesses. The meiliod of
Harcourt again, at last.

I didn't know it was Ifanwirt's at- llist; in fart, it was onU- in the
winter, when the work wa^ well advanced, that m < onne,tio„ with some
work thai Mr. ]{(;! ' was doing, I had o.casion to rea.j ilarc,,uii's paper,
and found what I bad begun to regard as my nietliod clearly dcecrihiHl!

This tool once in our hands, it is not surprising tliat we should be
able U) solve problems thjit had prove,! t,>o much for some of the J)e^t

known chemists working i -iiler less favourabie circumstances.
The rates of oxidation of hydriodie acid, for iintance, by the uy-

'Joiir. riiA*. fli.Mii . T. Ill (IIKKJ).
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I

acids of the halogens, had been f^tudied by Bunbard - in the laboratory

of Lothar Meyer, by Oslwald,' by .Atoyerhoifer,* by Dr. Seblundt '^ in

Wisconsin, by Warder," of Washington, i)y Magnanini ' in llaly. and by

I'endlebury and Seward," and Judson hud Walker" in Knjiland. Most

light bad been thrown on the reaction by Prof. Noyes;'" but in the

opinion of the last chemists to work on this subji-ct, M(>ssrs. .lu'lsun and

Walker, expressed in 1898 after a review of the earlier papers: "The
action of hydriodic acid on th<> oxyacids of the haloirens is of too intri-

cate a nature to give any satisfactory numerical results."

Attacked by the metbo«l of systematic exploration, Iiowcvit, this

problem proved easy of solution ; Messrs. Bray," Dushman '- and Clark'^

expressed the relations betwtcn conceni rations and rate in mathematical

form, traced out the influence of tJic iodine liberated during the reaction,

and recalculaled most of tJic expeiinicntal work of their prcdcYivsore.

The remaikahle citalytic action of chroitiie acid on one of tlioso reactions,

discovered by Oslwald. has al-o been studied in detail.'*

In this connection, it beiaine apparent that reactions of the fourth

pi'der are plenliful as blaciklwiries in .\ugust; and in the oxidation of

ferrous sails by chromic acid. Mis.- Uensei!'' found one of the llftli. Tlie

ojiinion held between 18,St and ISftT), that reactions of a higher order

than the second are curios, must, tlicrefore, ln^ given up. It probably

nrosp from the circumstance that the method of invi>stigation employed

was unable to cope with the ooinplicated cases.

Some of these results might conceivably have lK>en attained hv a

judicious use of mr-thod numlH>r thre^>. It is otherwise with the reactions

to which I will now refer.

Schwiekei,"' who studied the fornialioM of iod.ite by ili(> aitioii of

iodine on caustic potash in 1S!i.t. thought that he had disetnered a n>-

•Zeit. phyg.

'Ya-U. ptiys.

•Zoit. ph.v8.

*Am. Ohem.
• Am. Cheui,

' (Jazz. Chim,

" rrec. Hoy.

•Jour ('hem.

"Zpil. pliy.i.

" Jour. I'liy"

"Jour. Pliy*

"Jonr. Vityn

"Jour. I'hyx

"Jour. Phys.

"Zeit. |,hy«.

Chpm., 2, 7!K1 (188S).

Cliom.. 2. 127 (ISSS).

Ciiem., 2. r.H,T (1S8S).

Jonr. n. 7.T4 (ISO.'i).

Jour. i8. 23 (1,S!W1(.

. Ital.. 2/, 47tt (lSl»n.

Soc.. y>. 3!Mt (l.SSn).

, Soc.. IX, 411 (tSn.S).

Ohem., f.r r»!m (1,SiM!l.
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iiction of the tliivd order; Noyes'^ showed by a recalculation based on

is.L'thod three, that under some circumstances, at least, it is of the first.

Mr. Forster,'* who subjected the reaction to a "systematic exploration,"

showed it had no "order" at all; that the effect of increasinjr ifhe

concentration of the potash was first to increase and then to decrease the

rate. The relations found by Forster had not been guessed by his pre-

decessors, and, consequently, were not revealed by their method of

working.

The last reactions of which I shall spciik, are the reactions gpouped

under the common name " induction." Hero, two reaction^ t;ike place

in the solution at onc-c, and the rates of each are affected by the concen-

trations of four or more clipmifals.''" T!" experimental study of coiiipli-

cnted cast's like these is, to put' it shortly, absolutely impossible by any

method other than that which I luive called " systematic exploration."

Guess and Try is no good; not Ihat one can't guess—some people, I don't

know whether any chemists among them, are nble to guess the result of

a hor.se race, or of a flurrv in stocks—but the " trying " neals the

systematic procedure.

Mnncliot,-" SchildW, and I>utlier^' gues^^ed nt th" nu'chani<m oi' the

induction hv iron of the rciution between chromic aeid iiml hyilrogen

iodide. Miss Benson's experiments" <li(iwed that they gm'ssed wrong;

and a long series of experiments by Mr. HcLury--^ on the induetion of the

same reaetioa by arsenious acid, furnish the first proven c^^se of induc-

tion according to the peroxide formula. No other ca;>cs of induction have

been studied from this point of view; and no others can be, except by

this method.

Working with this tool of Tlarcourt'e, we have been able to sharp'U

it a little, and extend its usefulness.. Without going into deiails, it w.is

obviously only a short step to puss to the " method of constant rates,"-''

in which ,nll tlie eoneentniHons. and riitrs iw woll. are k^pt (onstant ilur-

ing the experiments.

"/,rit, pliNs. ("1 ;*•'. 1'-'!> (IMCV

'Moiir. rhvs. Choni.. :. ''.lo (Hi(i:n.

"Joiir. riiys. Clii'in,. //. '• (i:"i7i

"I.iebiK'R Anrmlcn. .I,;"i. !••"> (1!«I-M.

"/pit. |i)iy« Clicin.. }"'. 77' 1!Ml.'!).

".lour. rhy». riwm. 7. .•{.-.<! (1!Hi:!».

"Jour. I'hyii. Vbem.. II. 54 (]i«)7i.

"Jour. l»by». Vbpm.. r, !fj (liKC).
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Systtiinatic Ex piorat ion :

—
Method of Constant Hat( .<. . .

Harcourt & Esaon's

A, B, C, D r

a, 15, C, U, . T
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ThiR method has proved serviceable in some of the more complicated

caeee, where even Harcourt's method was noue t»o good.

Then, in some special cases, a way has boen found of keeping a con-

centration constant wiUiout using excels of the constituent;'" and most

valuable of all, perhaps, it has been found possible to apply Horcourt's

prinLip'."s to the study of chemical eqiiililiriinn. The equilibrium, in

solutions containing iodine, imlide, acid, arseniU, and ars(^'nati>, is (w
far as 1 know^ tlie most complicated ye' studied; Mr. Koebnck •" c'";.red

the whole matter up in a few weeks by tlie application of a method a:ialog-

ous to N'o. 1 of our table.

I am ' or\- glad to have been afforded this opportunity, more tlum

forty 'vais after Harcourt and Esson's first publication, to offer

this testimony to the value of the indisiH'nsablc " idea " with which the^

have endowed the study of chemical mechanics. No stronger testim'

could be offered of the power of the tool whit,!; tln'v have placed in «

hands, than the fact that young chciaists. mo?t of them just completing

their college course, have attacked and solved problems which had been

left unsolved by some of the most able workers of the present day.

And when I think of a review =' of Hau'ouit and EssonV paper pub-

lished in 18;t.i, in which—after expressing pleasure that these piouLSTS

had again returned to work in the old fields—the review- r regretted that

they- had taken so little notice of the progress 'r.dUe since taeir hist visit,

I feel that these fathers of the science would have been justilud in re-

plying, if they had had an opportunity of rep' ' ig—you can't reply to a

reviewer—that eo far ap the method of working wei t, a great deal of the

orogress since 1866 had been made down hill.

•Jour. Pli.v«. Chetn. «, 4M (1!t04),

"Jour. Phy«. Uhnj., «. IWr, (1002).

"Zelt. ph>>. Cbein., 19. 177 (IIMW).
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