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I. INTRODUCTIOR

A. Btstement of Purpose

The separation of a nsw phase from an already existing
phasge is & phenomenon in which seclentists have malntained
interest for many years. Of more particular interest is
the initlation of this sscond phase, a prooess generally
referred to as nueleation. In this work only the nucleation
of erystals of sparingly soluble salts shall be considered
although other nueleation processes may be disocussed in
reviewing the existing theories,

It 48 the purpose of this thesis, not only to dlseouss
the existing theories of nucleation, but to present the
development of a new theory which purperts to overcome the
ineonslstencies and diffieulties of the others. In addition
the theory will be treated with data obtained from experi-
ments with three different sparingly soluble salts. Pinally,
suggestions will be made soneerning futurs work necessary
in order %o obtain a somplete pleture of nusleation and in
partisular of nucleus sise.



B. Review of the Literature

The "plassieal® general thsory of maeleation is that
develeped by ?alnarl and, as shall be seen, it has been
used and extended by many others. The beasic assumption of
this theory is that all phase &#unalﬁiana have a basie
simllarity in charaoter, namely, the appearance of the new
phage in miercseopiec amounts without alteration of the
magroseopie state parameters. This indioates that in all
cases the nucleus formation is governed by looal variation
of these paramsters in emall domains., Theae loeal varia.
tions are called fluctustions.

Let w be the fraction of the time a given pert, with
masgs m, of & system finds itself in a state different from
the equilibrium state of the rest of system. If mAs is
the entropy deereass due to thie fluetuation, then

w2 o8 AB/K .
vhere k is the Boltzman constant. This is a form of the
Boltzman eguation s = k 1n w.

In general, it may be shown that to form 2 new phase
by an isothermal reversible process work must be done on
the system. This work Ay is

Ax = . W&x
3
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based on the minimum work.

Bince J depends on the rate of nucleus formation and
since experimentally it ie diffieult to separate nucleus
formatlion and nucleus growth, the quantity J is diffieult

2 ynvestigated the spon-

to evaluste. Dehlinger and Werts
taneous nucleus formetion in supersaturated sclutions of
alum by determining the times before precipitation started.
They were unable to apply the theory of Volmer to their
data and sugrested an explanation based on negative dif-
fuslon. Neumann and &wwumu reinterpreted the results of
Dehlinger and Werts and showed them to be in good agreement
with the theory.

t<wu maaww,mﬁm has studlied the precipitation of silver
chromate from both agusons solutione and gelatin medis.
Although he assumes & fluctuation mechanism for the vﬁa:
dustion of aaaya»..wa gshows that the rate of nucleatlion
is first order in lon produet of the reasctants.

In sddition to determining the rate of nucleation,
it is desired to find the number of ions or molecules preo.
dleted by the theory under gonsideratlion or sxtensions
of 1t7:8:9, e Kelvin - J. J. Thompson equation relates
the supersaturation pressure of a vapor to the radius of
the spherical drop with whieh it will be 1n sgqulilibrium.

It can be easily shown that for salis in agueous solution



where M is the molecular welght, 4 is the denelty of the
erystals, 1 1s the van't Boff faetor, o’ is the inter.
faelis) tension betwsen the erystal and the solution.
Van Hook® obtained a value of 102 to 109 molecules
per seed cerystal of silver chromate whieh he calls an
order of size far in exeess of that usually ocongelved as
eomposing the elementary gea&. La Mer and ninagarla have
csloulated values » = 50 3 for Agfl and r = 100 R for Ba80y.
This indisates that the number of molecules per muclei 1is
of the order of 10% |
Another method suggested for determining the radius
of erystsl muelel has been developed by Gopalll from the
&arlj suggestions of Jones and ?um%&ngtaalz. The equation
which was developed is

(r, -m =34 . 22

where Ty is the ssturation tempersture, T the temperature
of spontaneous erystalliszation, and ) the molesulsar heat
of solution. The other gusntities have thelr previous
significanee. Typieal ﬁalaulut@aa&m3'unaag this sguation
also give r = 100 2 as an order of magnitude.

It should be pointsd out that the radii determined for
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eipitate. ‘The aata was obtained in three waye. Firss,
for the higher coneentrations of reagents a flow method
based on Roughton's pr&na&yltgj was used. The place and
thus the time of the vceurrsnce of the first visible pre-
eipitate could be observed. Intermediate times wers ob~
served in the flow apparatus by stopping the flow and noting
the %time of the appearanse of the rirst visible precipitate.
Note that the outlet tube in the flow apparatus had a bore
of about 2 mm. Finally, longer times wers determined by
nixxng the reagesnte in a besker. These times were taken
to mean the times of appearance of a oertain constant
fragtion of the presipitate.

These suthors exprsssed thelir yesults in the form of
the equation

| 3 @39”1 2k

whers ¢ is the time of preeipitation, G, the original
molar consentration taken as the i th root of the ionie
produect, if one moleoule dissopiates inte )} lons, and p
and k are constants. For barium sulfate, p was found %o
ha‘? or B; for silver chromate, p » 5, and from data of
J%haangk on oaleium fluoride, p = 8 or 9.

Christisnsen and Neilaen®® yefer to La ﬂcrgj in Statxag
that the rate of growth of nucleil in s supersaturated
solution is proportional to the instantanscus conecentration



of reagtants to a low power. Sinee they have ehown that
the veloeities of preeipitation are proportionsl to the
coneentrations in powers from 6 to 9., they coneluds,
therefore, that the rate determining step in preeipitation
pust be the process of mueleation., HMoreover, the powers
to which the instantaneous concentrations appsar in the
rate squation must denote the mumber of lons in the nucleus.

Sines the results are ﬁoﬁ sufficlently scourate in
some¢ cases so that thare are two possible values, the deci-
glon 18 made on the assumption that the nuclel are elsotro-
neutral. 7This gives s nueleus for barium sulfate of &
barium lons and 4 sulfate ions, for silver ohromate of &
silver and 2 chromate ions, and for ealeium fluoride of
3 celeiun ions and 6 fluoride lons.

The equation

t o>t =k

has also been developed theoretisally by these authors.
This ie done by considering the probabllity of forming
fion *clusters” up to the nucleus size by a series of egqui.
1ibrius steps dietinguishing nuelel from clusters by
assuming that the probability of gsining an lon by the
nuclel is mueh greater than that of losing an ion. Resotions
betwaen two elusters to form a eluster of & higher order

21

are neglegted.
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Pinslly, Christisneen®? and Nielsen heve taken thess
sarlier resulte and the data to Tovborg an&an?“ and have
attempted to extend the theory to inelude the growih proc-
ess. Bhowing that even though the aasumption that the
nucleation is ocomplete before growth starts is a good
spproximation, 4t is concluded that both prooesses musst
be eonsidered.

The shape of an axpariménzal curve for the precipi.
tation of caloium fluoride suggested that the growth process
is autocatalytio. Henoe, it is assumed that the rete of
growth is dependent on the surface ares of the erystals.
Note the same assumption in the work of Duke, et al. 18

Considering these assumptions, these authors have
developed two interdependent dirferential equations. The
equation

& = x, (1-xm)°
is the new equation for nucleation of ealoium flueride
where X = /€y , the ratio of the instantaneous conoen-
tration to the initisl consentration, N is the number of
moleculss per erystal, end k. is preportiomsl to G,5. The
growth equation is

,%%V 2 xn (1x8)°

where ky is proportional te ﬁq3. Notise that a third order
rate eguation is assumed. This infere that the growth



3

precess is Tirst order in calelium lons and second order in
fluoride ions.

When a theoretieal ourve, caleulated from these equa.
tione, was made to elosely epproximste the growth part of
the sxperimental curve, the deviation over the upper por.
tions of the curves was quite marked. Likewise, when the
nueleation curve, the initial portion, wae fitted; there
v@a no gorrelation a2t all with the lower portion. This
indiecates insoneistencles in the theory.

As hes been seen from the diseusslon to thle point,
the size of the nueleus considered necessary toc begin
separstion of a sparingly soluble salt from its supsrssaiu-
ated solution has dsereased from several hundred molecules
to & few ions. It is interesting to note that La Mer,
who has reported a nucleus size for barium sulfate whieh
approximates 100 ma&ﬁawlaﬂ,la hes reinterpreted his data
in light of the theory of Christiansen and xielaoa.zz
Using both sets of data, La Ner ooneludes that there are
seven fone in the nueleus instesd of eight; however, the
important point is that La Mer, who onee discoussed mole-
ocules in terms of hundreds of molegcules, now belisves only
a fow lons are involved in the formation of nuolei.
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As has been shown in the preceding seectlon, recent
work has led to the conclusion that a comparatively smell
number of ions is invelved in the muclei of barium sul-
rate, 18120022 4140 chromate,2® and caloium fluoride?®
orystals. The guestion arises concerning the forces holding
& smell nuoclsus together-.particularly ons composed of
reletively large ions in agueous taxutiﬂngaé’g? it seens
1ikely that the same sort of forees which cause the erystal
to bs insoluble are involved in nuscleus farmataan. Thue,
the nucleus #hauzﬂ be ¢onsidered to be & complex of ions
or molecules held together in solution by short-range foroes
in sddition to any coulombie forces present. It is note-
worthy that electrolytie solution theory would prediet, on
the basis of coulomble fordea alone, that tetraphenyl-
arsonium perchlorate erystals would be highly soluble.

8ince & large number of crystals are formed when
sparingly soluble salts are preeipitated from solution,
one should bes able to apply ordinery statistics to the
nugleation proecess; thus ordinary rate laws are sesunsd to
hold. The rate equation for nusleation is

H=x a8 | (1)
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where N is the number of partiecles or potential particles;
A and B, the concentratione of the ions of whieh the erystsl
wlll be composed; ¢, the time; n and m, the number of lons
of the kind indicated comprising the nuecleus. Note that N
ie not the number of nuelei.

The equation for nueleus growth is

& =x, 840 TR

where P la the amount of preeipitate formed, 8 is the
surface srea or the number of sites available to lons on
the growing eryetalleid; %, the time and k,, the rate
constant. Combining the two equations ylelds

) an-n‘ga-a'
 ~ .,2 L,
8 may be expressed in terms of N and P as follows: the
volume of the precipitate, %g'; whers ¥ is molesular welght
and 2 , the density, divided by %%, the volume of a pare
ticle, gives the number of particles, N. The surface per
particle 1is ¥§2/3
size, and the fotsl surface is then

s providing the particles are all the same

. (&)

Substituting in eguation (3) above, we obtain

Nant m.nt  2/1
g, R AT (5




1h

- Integration ylelds fBen' g ,
W/ 2 M ho B P2/ (6)

ia the region where an insignificent amount of precipl-

saﬁian has ooceurred; that is, befors a significant change

in the original concentrations of A and B has ovourred.

It 1s assumed that the number of partiecles is rixed in this

region; that is, the formation of nuclel eannot compete

wi%h'ﬂueluna growth sven while ths orystals are very small.
The equation deseribing the point where mucleation

ceases to compete effectively with nucleus growth s
aN k, Ag-n'pa-n' 02/3
s = ——
ap K, p2/ 351/ 32/3

(7)

C 18 the wvelus approached by %graftsr which ﬁua&aaa fore
mation becomes inalgnifieant.  5$§£& ¢ contalins both the
surfage or number of sites available and alsc the coneen-
tration of the ions, ¢ should be gonstant for & given sub-
stance and & given mechanisn of nueleatlon and growth.
aalwi#g (7) for p/3 ana substituting in equation (6), we
eb*?*ﬁ zx 21/3“k‘/°2/3

‘ . aln-niglmem?®)
kg W2/36173 o Po 8)

N

Equation (B) oan be rewritten in the much simpler form

N =k aR-n'igin-nt) (9)
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where | /e
g e 22270 5 p%3
ko mlf 3

It is quite evident thet this theory can be tested
sasily Af it is written in the logarithmie form, &0 that

log W = log K + (n-n') log A, ¢ (m-m') log B, . (10)
If the mamber of orystsle, K, ie determined in several
difrerent prsoipitations of a glven compound while the
initial oation concentration A, has varying values and the
anion concentration B, is the same An ssch case, then plot
of log N versus log A, should give a slope of (n-n'),
Similarly the plot of log N versus log B,, under conditions
of constant A,, should give & slops of (m-m'). In both
cases the temperature must not be allowed to vary sinoe
K 1s a function of temperaturs.

A seoond way to teet the above theory is by detere
nining the variation in the number of orystals obtalned
when the presipiitation is carried out at several temperse
tures. The poncentrations mmet be the same in eaech oasse,

Ir it is assumed thet the exponente of A, and B, do
not change with temperature, then the rate constants k,
and k, are the only quantiti=s which are tempsrature

dependent. ZEquation {8) can be rewrittsn as a funotion
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process whim is competitive with the growth of the nuclel.
Two methods of testing the theory experimentally sre out.
lined. In the following seetlion, sxperiments which have
been designed snd carried out to test the theory are de.
soribed.
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In addition to the two above mentioned salts, 1t
seomed desirous to test the theory with an unsymmetrical
salt, 1.e., a dlvalent cation and mono-valent anion or
vice versa. An attempt wae mads to find a divalent anion
whieh would form & suitable pregipitate with the tetra.
phenylarsonium cation. Of all of those tried only per-
sulfate, dlehromate, thiosulfate, molybdate gave a
preelipitate at relatively low econcentrations and none of
these proved satiefastory for continued study.

The nickel glyoxime derivatives were then considered
&8 possibilities. Dimethylglyoxime, heptoxime and nioxime
wes chosen for investigation. The prinpgipal reason for
the choles beling that nickel nloxime is considerably less
soluble than the other twe thus giving & wider concen-
tration range, at lower concentrations, with whieh to work.
Nickel nloxime, which is better characterized by the name
ayeldhaxaa&anﬁ&ax&atﬁg, 18 & ghelats compound and has a
struoture simllar to that for niskel dimethyglyoxime.

B, Experimental Method

The stoek solutions of tetraphenylarsonium chloride,
and nloxime were prepared by welght. Thoae of perchlorie
acid and nickel ehloride were prepared from previously
standardized solutions, while the stoek sclution of potas-
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sium permanganate was prepared in the usual way, i.e.,
bolling dlssolved permanganate, riltering, and finally
standardising with ethylenediamine ferrous sulfate. All
gtook solutlions were approximately .0lH and all other
solutions were prepared from these by diluslon.

Essh preeipitatien, or run as 1t shall be called, was
carried out as described bslow. A volume of 50 ml. of esch
reagent of the dessired concentration was poured into a
150 ml. besker and placed in o water bath set at a chosen
constant temperature. After thermal equilibrium was es.
tablished, the solutions were mixed by pouring the first
into the second which was being stirred vigorously with a
meéchaniesl stirrer. After approximately five seconds,
atirring wee then stopped, the astirrer removed, and the
besker sovered allowing precipitation to continue without
disturbanes.

As was expested, reaction times were shorter for runs
made at higher aaaaaa%raﬁ&ann and lower temperatures. The
time for esch run was determined by experimant or by inter-
polation from other runs. Although each run was terminated
as soon after completion as possible, experiments have
shown that the erystales involyed are of such slgze that no
effects due to aging could be detected after a period of
three days.
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At least two runs were made at each set of conditions.
The order of mixing, pouring the first reagent into the
sscond or the second into the first, was varied in order
to avold the effects of localigation. If looallisation
effects wors evident, more runs were made in order to

ain&m&zt the erropr.
C. Estimetion of the Humber of Crystals

Every run for each of the three precipitants wae
treated in the above way; howaver, the method for deterw
mining the number of erystals per liter of solution was
dirferent in the case of nickel nloxime, That method will
be deseribed separately.

In the runs of tetraphenylarsonium permanganate and
tetraphenylarsonius perghlorate the orystals wers removed
from solution by ecentrifugation. After rinsing with dis.
tilled water, the orystals were placed on mioroscope slides
to be obssrved qualitatively with the ald of the mlerocscope
and to be photographed., All photomlerographs were taken
at 250 magnifications on 4% x 5" Kodak contrast prooess
ortho film. After the negatives were developed, the length
and width of all erystals on ¢ach wers measured. MNessure-
ments were made with s olear plestic millimeter seoale, and
with the aid of & viewsr which sconsisted of & box with a
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frosted plate glasa top and containing a fluorescent light.
The number of orystals, from 16 to 15&, which were messured
from any one run depended on the size of the orystals and
the placement on the negative,

The average volume per erystal for a given run was
sstimated by multiplying the aversge length by the sguare
of ﬁba average width. It was felt this was the best esti.
mation possible and that the approximation is reassonably
agourate in view of the size and shapes of the crystals.

An equally good approximation would be the average of the

length times width squared for ssch orystal on & negative.
Thie wae, in fao%, done in a few eases. The results were

in quite close agreement; henee, the simpler approximation
waes used throughout,

As has been pointed out earlier, before an estimation
of the number of orystals per liter for any given run could
be made, the density of the orystals must be known. These
densities were determined sxperimentally by dispersing the
erystals in solutions of tolulene in earbon tetrachloride
until the solution was found which kept the erystals sus
pended for a period greater than two days. 'The Adfnsity
of that eolution, as determined by a Westfall balance, .
was taken as the deneity of the compound.

The mumber of erystals per liter of resction mixture
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Three slides were prepared from each run, and after
the rirst few runs only one of these was gounted. The
errors in preparing the slides proved to be about 10 per
eent of the number of erystals on the side. Bince the
deviation in the number of ¢rystale per liter for twe runs
of the same coneentrations was greater, that error, 10 per
eent, was neglected, For some runs for which the number of
erystals on the alides wae less than 300, two to ten hun-
dreths of a milliliter was placed on the slides to be
counted in order to inerease the ascursacy. The number of
erystals per liter of solutlon was determined, after
counting, by the appropriate gonverslion fsotor, usually
103, ‘

- P. Dependence of the Number
of Cryatals on Ooncentration

[}

In order to rigorously test the theory, it was nec-
sgsary to carry out two series of runs for each prseipitant
studled. In the c¢ase of tetraphenylarsonium permanganste
the coneentration of the vreagent which was belng held cone-
stant wes 5 x 1@*5 molar initislly. The initlial concen~

wlt polar %o

tration of the other rsagent varied from 10
5x 16*3 molar. Similerly with tetraphenylarsonium pere

chlorate one raagent was held constant ab 10-4 molar
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5x 1@““ molar while as before the tetraphenylarsonium
chloride was 10~% at the start of precipitation. The
conpentration range was limited because of the decrease
in size of the erystals and inereased 4iffioulty in
measuring. |

E. Dependance of the Number
of Crystals on Temperature

An Anvestigation into the affect of temperature on
the number of arxxﬁ@&s prodused at a given initial consen.
tration was negessary to learn something of the heats of
activation of the proeesses. In this connestion two series
of runs were made with eaoh precipitent. Im every case the
concentrations were held constant with one or the other of
the reagents in exsess as follows: the consentrations for
tetraphenylarsonium permanganate were 5 x 1@”5 molar and
5 x 10~* nolar initially; the higher concentration being
first potassium permanganate and then, in the second series,
tetraphenylarsonium chloride. With tetraphenylarsonium
perehlorate the concentrations used were 10~* molar and
103 molar. One serles with nickel nioxime was run with
10~% molar nioxime and b x 10-3 molar niocksl chleride;
the other used 2 x i@“5;ma1aw nioxinme and 5 x 1ﬂ*$ molay

niekel chloride.
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The temperatures in each ocase covered a range from
0% ¢ to 40® ¢. ALl temperatures wers controlled with a
constent temperature water bath which was accurate to
2 .05° 0, exoepting 0° € and spproximately 13° C. Crushed
1¢e in & four liter Dewar flask was used to maintein 0° ¢,
and running tap water in a Dewar flask gave s temperature
of sbout 13° ¢ whieh was comstant to ¥ 0.1° .

F. Dependence of Number of (rystals
on lonie Strength

it molar

With the conpentretlons in each case 1 x 10
tetraphenylarsonium and %fza“a'ualar paru&laraﬁa; the
effect of varying lonle strength was determined. From an
spproximately 2 molar stoek scolution of sodium echlorids,
reaction mixtures were prepared so that the resetlon would
be earried out in splutions of from 0 to 1.2 molar sodium
chloride. Both reagent solutions had the same sodium
ehloride soneentration before mixing.

G. Dependence of Number of
Crystals on Stirring

8ince esch run was begun by pouring the solutions
together and stirring vigorously with a mechanieal stirrer
for & brief period, 1t was deaired to determine wvhether
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the amount and type of siirring used influenced the rssulte
obtained. Two typea of experiments were designed, one %to
Anvestigate the effesct of the time of stirring, and the
other ta‘&otarnim& the effeet of the rate of stirring.

The experiments are qualitative only.

In the first experiments, the runs wers stirred vig-
orously and at the same roate from one to twenty minutes,
the stirring stopped, and the reaction allowed to proceed
in & covered besker. In every run the coneentrations were
16“3 molar perchlorate and 10~% molar tetraphenylarsonium
ohloride. |

~In the other experiments on the effects of stirring,
each run was stirred continuously until preeipitation wae
complete. The rate of etirring was regulated by means of
& yvariae, so that each run was made with suncessively
faster rates of stirring. fThe consentrations of the reagents

in thess runs were the same as stated above.
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Table 1

Variation of the nmumber of tetraphenylarsonium
- permanganate erystals with conoentration
of potassium persanganate

a x 19“ 1&&/1 vimad) | Nx 1&”5 ~log © ~1¢s N

1.0 58.8 ?.aa h,00 6.89
1.0 59.6 7.73 L.00 6.89
2,0 26.3 17.5 3.70 7.2k
2.5 32~6 l#«? 3.60 7.15

k.o za.e za.e 3.0 7.36
5,0 I 103 3.30 8.01
5.0 2.88 160 3.30 8.20
5.0 6.27 73.5 3.30 7.87
10.0 2,54 181 3.00 8.26
20.0 1.53 301 2.70 8.48
25.0 x 27 363 z.éa B.%6
30. 0 a.a& 669 2.52 8.83
50,9 0.079 5380 2.30 9.77
50.0 0.951 904 2.30 8.96
50,0 0.24 1920 2.30 9.28

5 x 10~5 molar (OgH ), AsCl

fits ~the data. As previously stated, the slope of the
line gives the value for the exponent of A, in equation (8).
The slope is 1.17 indlcating that one more permangsnate
ion is involved in nuolsation than &ﬁ the growth of tetra-
phenylarsonium eryetals. |

Data showing the variation of the nmumber of crystals
with varylng concentrations of tetraphenylarsonium ions are
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' MnOZ VARIED, (CgHs)gAs'=5x10"°>MOLAR

10.00{—

9.00

8.00

LOG N

7.00

6‘001_1 l |

-4.00 -3.00 -2.00
LOG (Mn03)
Figure 1. Variatlion of number of tetraphenylarsonium

permanganate crystals with concentratlion
of potassium permangansate
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Tound in Table 2. In thie case € is the eoncentration of
tetraphenylarsonium chloride at the beginning of preeipi-
tation. The other quantities are defined as befors. Only
the average values for all the runs whioch were oarrled out
under a given set of conditions are tabulsated. In every
run the inltial concentration of potassium permanganats
was 5 x 10~ molar. The data found in Table 2 ars plotted

Table 2

Variation of the number of tetraphenylarsonium
permanganate erystals with consentration
of tetraphenylarsonium ohloride

¢ x 10% “ndm% '\axw% dmﬁ" log N

1 Eg @.h@é &.@0 8. 70
3 3.52 5099
3 8. 5& L% .? 2.60 7.83
3.04 152 2.30 8.18

:xaak‘z 5% 10~3 nolsy

in Figurs 2. The slope of the straight line shown la
1.60. 8inee (m-m') must bs an integer, this indicates
that (m-m') is probably two.

2.

Teble 3, the data of whioh ars plotted in Figure 3,
shows the variation of the number of orystals with tempera.
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LOG N
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7.00

6.00

5.00

33

(CeHs)aAs VARIED; MnOj; = 5x10"°MOLAR

| | I

-4.00 -3.00 -2.00
LOG C

Figure 2. Varlation of number of tetraphenylarsonium

permanganate crystals with concentration
of tetraphenylarsonium chloride



34

ture. Ascording to equation (13), a plot of log N vs.
log 1/K, should be a straight line vith a slope of
-2/3 Afg +» Prom this slepe, AR&M‘!’_' the difference
in the aetivation energies of the processes of nuoleation
and growth of erystals. For esash run repressnied by data
in Table 7 the resption mixture was initially § x 10~

Table

Varistion of the mumber of tetraphenylarsonium
- permanganate crystals with temperaturs

vimd)  mx10°7 Vg x107 1ogH

i 36 3o

I, 5h ,.
10.17 b.53

5 x 10~* molar Kun0y; 5 x 10~5 molar (Cgiy), As0l

&
&3
{2
WIS
s 0 o 4’,@" .n“‘
LEgEas
&
g 2
€ > ]
Yl

molar potassiwm permanganate and § x 105 moler tetra.
phenylarsonium shloride.

The slope of the line given in Table 3 is 3.03 x 107
from which a valus of ~21 k val/mole is cbtained for

A aﬁiﬂ"
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r—_
e -4 - -5 +
5x107" M MNO4 : 5x107" M (CgHs)g As
| L 1 |
300 3.20 3.40 3.60 380
ke x 103
Figure 3. Variation of number of tetraphenylarsonium

permanganate crystals with temperature
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B. Tetrephenylarsonium Perchlorate

The results obtained experiments with tetraphenyl-
arsonium perchlorate are much more complete than those
coneerning tetraphenylarsonium permanganate for reasons
already diseusasd. These results are given in Figures 4

through 11 and Tables b4 through 9.

l. Yariation of econcentration

Figure L consists of photomicrographs (250X) preoipi-
tated at 5 x 10““ molar tptr&pbanyl&rsenium ehloride and
four different concentrations of perchlorie acid as shown.
These are a part of the crystals which were measured to
obtain the data tabulsted in Table 4 and plottad as the
upper curve in Figure 5,

The lower lins in Figure § shows the variation of the
number of erystals with concentration of tetraphenylarsonium
chloride. The date for thie line are given in Table 5.

The two parallel lines were drawn so that (n-n') = 2 =
(m-m!). The dats fit these theoretical lines quite nicely.
Each of the runs of Tables 4 and 5 was made at a

conetant temperature of 25° ¢.

As was stated in the section on sxperimental procedure,
it was desired to know whether the coneentration effect

was the same at two differsnt temperatures, i.e., 25° ¢
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Table b
Variation of mumber of tetraphenylarsonium

yerchlorate grystals with coneentration
of perchloric aeld

—— - SRp———

6 x _m# : v(mf’) N x x 19"‘3 -log @ log N
3 9w 5.32 Y ma
3 8.7 55.8 3.26 8. 78
1.8 218 3.00 7&3
as o 1&*6 322 2. 56 7.5
50 1.95 1950. 2.26 8.29

1 x 10°% moler (G4, AsCl

Table 5

Varistion of number of tetraphenylarsonium
perchlorate erystals with consentration
of tetraphenylaresonium chloride

¢x10f  v(md)  Nx w~5 _ -logc  log ‘a
10 3% u.g 3.00 &I’as
5 33. 3.&@ ?‘»‘ ]

50 2.6 3‘?«3 2.30 7.57

1 x 10% molar HOLO,
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i— Cl07 VARIED; (GgHglaAst 1x10™* MOLAR
#-— (CeHs)a As* VARIED, GlOz= IxI0"% MOLAR
9.00— |
8.00—
7.00
6.00f—
5.00—
| | L | |
-4.00 -3.00 ~2.00
LOG G

Figure 5. Variation of number of tetraphenylarsonlium
perchlorate crystals with concentration of
the reagent present 1in excess
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and 0° ¢, fTable § and Pigure 6 chow respectively the data
and graph of the data for the variation of the number of
erystals with concentration of tetraphenylsrsonium shloride.
The perchlerie aeld concentration was 1 x 10°% molar in
eagh run.

Table 6

Yariation of number of tetraphenylarsonium
pershlorate erystals with mmmtmum
of tetraphenylarsonium chloride at 00 ¢

¢ x 0% v{wﬁ) x0T leg o :ng
2 za.a T e 797
3.8 11.k b1k 3,46 7.62
5 5‘1 5.5k 3.30 7.78
15 §7.5 2.82 9.9

1 x 10¥ molar :m%

While the agreement is not good, a straight line,
with a slope of two, fits the curve Af equal welght ie
given to each point. It should be pointed out that if
the uppermost point in Figure 6 is dlsregarded, the remain-
ing points it s stralght line with slope = 1.

Figure 7 shows pletures of orystals from typical runs
when temperature was the changing parameter as indieated.
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Figure 6. Variation of number of tetraphenylarsonium
perchlorate crystals with concentration
of tetraphenylarsonium chloride at 0° C



L2

Figure 7
Variation of orystal size with temperature

Precipitated with 1x10-MK (OgH,),AsC1 snd
1x10-3K HO10,,.
a. 0°¢ . 20% e. 30%
b. 12% a. 25% r. k%
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The data taken from these and other similar photomioro-
graphs are tsbulated in Table 7 and plotted as the uypper
ourve in Figure 8. 1In the runs represented by thaau dats,
perehlorate ions were present in excess as shown.

In like manney, the temperaiure effeoct on the number
of erystals vhen tetraphenylarsonium lone are in exc¢ess
is shown by the data in Table 8. These data are plotted
as the lower line in Figure 8.

From the slopes of the lines ss drawn in Plgure 8
and with the ald of egustion (13), AHgyee = -22.1
kX oal/mole, when perchlorate lons ars present in execess.
When tetraphenylarsonium ions are present in exeess, the
result 18 AHyype * -36.4 k oal/mole.

3.

Ir the lonie strength of a preciplitating mixture is
ineressed in suecessive runs, the number of orystals per
liter of mixture decresses. This is shown in Table 9
and Figurs 9 where the lonle strength was varied by addi-
tion of sodium ohloride.

The 1ine drawn through the points in Pigure 9 is
merely an indication of the results. Qualitatively the
number of erystals deerssses with inereasing lonie strength.
The reasons for this will be discussed in the following
aegtlion.
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Table 7

Varisation of the number of tetraphenylarsonium
perchlorate erystals with tempersature when
perchlorie aeid is present in execess

temp. (%¢) vimmd) wx106 150 x103  1eg ¥
;g‘g . §§§ Zgg 9 e §§5$ . $3z
16.0 7.09  66.3 358 7.82
366@ 3;5;2 31-@ 30 “1 ) ?13‘9
N
0.0 118 k.00 3.19 6.60

1 x 10~ molar HO104; 1 x 10~* molar (€gHs), AsOL

o

Table 8

Varistion of the number of tetraphenylarsonium
perchlorate eryssals with temperaturs when
tetraphenylersonium chloride is
present in exeess

Tewp. (%)  vimed) Nx105  1x®x100  log ¥

.0 86.2 §h, 6 gﬁ 6. 71
3
3

20.0 o
25.0 13§ 10.8 3, 36 6.03

.0 1317 3.5 A9 5.52
1 x 10°% moler K010, 1 x 20-3 molar (OgHg)y AsCL
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$- 1xI0® MGI0Z, IxI0™* M (GgHy)y A
000 ¢~ '¥107* MCIO3, 1x 10M (Ce Hals As*
-
8.00-
7.00—
6.00|—
5.00 .
l I | 1 |
3.00 320 3.40 3.60 4.80
Yk°x 103
Figure 8. Variation of number of tetraphenylarsonium

perchlorate crystals with temperature
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1 6.00

b7

(CgHs), As’= 1xI0"* MOLAR; G104 = IxIO">MOLAR

8.00—

7501

7.00

6.50

] | | | | | |
000 020 040 060 0.80 1.00 .20
V H

Figure 9. Variation of number of tetraphenylarsonium
perchlorate crystals with increasing lonic
strength



Figure 10
Varistion of orystal size with rate of stirring

&, Moderate stirring
b. Rapid stirring with
ne turbulence from
air stesms
6. YVery rapid with tur-
bulence from alr steams
All orystal precipitated with lxl@*&(ﬂéﬁs)“kaﬁl and 1x10~7
HC10,. All photomicrographs taken at 250X. PYor erystal
with only initial stirring &t these size concentrations
ses Figure 4 or Pigure 7.



Figure 11
Varistion of orystal size with time of stirring

Rate constant and same as

Figure 10.
a. § min. ¢, 15 min.

All erystsl preecipitated with 1x10~%(GgH,),Ae01 and 1x10~3
HOC10p. All photomiorographs taken at 250X. Por sryetal
with only initial etirring at these same concentrations
see Pigure b or Figure 7.



50

aold were 1 x 10-% molar and 1 x 10~7 molar respeetively.

In order %o é@avamt the volume per crystal, v, to

the number of eorystsls per liter of resgtion mixture, N,
it was necessary to determine the density of the orystals.
his conversion wes aceomplished by use of eguation (14).
Binee that dsta for the precipitation of nickel nioxime
was obtalned by direct counting of the erystals, only the
densities of tetraphenylarsonium perchlorate and perman-
ganate were determined. For tetraphenylsrsonium perman-
genate P= 1.580 and for tetraphenylsreonium perchlorate
P 1,549,

- €. Kiockel Niexime

The reaults obtained when the theory was tested using
nickel nioxime are given in Tebles 10 to 15 and Figures 12
to 14. It should bes remembered that all the results given
previous to these are obtained by sstimating the number
of erystale per liter of reaction mixzture from a measure-
ment of the average volume per erystal. In sll the data
given below, this wvalue, N, is estimated by direct ocount
of 0.0) ml. of the resstion mixture.



Table 10 and the solid points in Pigure 12 show the
variation of the mumber of nlckel nioxime crystals with
concentration of nioxime. In the runs which these data
represant, nioxine is present in exeess., These points
agree plosely with the straight line whose slope is 2
whiech hag been drawn through them.

Table 10

Variation of nunber of orystals with
consentration of nloxime when that
raagent ls in exeess

P
-
a 1
=

¢ x106

S

¥ x 10-53 -log ©
5 160 5.30
10 . 120 5.00
&0 3100 Lo by
50 5300 4.30

5 x 10~6 molar Ni€1,

o

- L

¢ »

RE SRS

Agoording to the data found in Teble 11 and plotted
as open olireles in Figure 12, there is no variation in
the number of nilckel nioxime erystals with nickel aaagwum
tration when nickel is present in excess, This indlicates
that (n.n') = ¢, 1.e., the gsame numbers of nickel lons
are involved in both nucleation and growth of nickel
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Table 11

Variation of number of nickel nioxime erystals
with soncentration of nickel ions when that
reagent is preaent in exgess

¢ x 105 Bx10-5  -log © log N

Vil o

899 5.00 7.9%
1175 h.70 8.07
gzg b, Bo 7.93
oho I, 30 7.97
795 k.00 7.%0

ot

1 x 10~5 molar nioxime

nioxime orystals when nickel is present in exocess.

When the concentration of one reagent is kept cone.
stant at some high value and o series of runs is made
varying the reagent with the smaller concentration, dir-
ferent reaults are obtained., Tuble 12 and the msolid points
in Figure 13 show the same results, m.m' = 2, when niockel
is preeent in excess and the nloxime econsentration is
varied; however, when nioxime is pressnt in exeess and the
nlekel concentration 1is varied, it is found that n.n' = 1.60
2. This is shown by the data in Table 13 and the graph
of the opsn gireles in Figure 13. The dependence of n-n!
on the reagsnt present in excess Aindloates that either
nucleation or growth er ﬁaﬁh progesses depand on the exgess

rraaguat.
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i NIOXIME = VARIED; NICKEL = 5x10~® MOLAR
QO NICKEL VARIED; NIOXIME = 1x10™3 MOLAR
9.00|- -
8.50|_
800 | |
7.50_
7.00|—
L | l I |
600 | | -500 -400

LOG C

Figure 12. Varlation of number of nickel nioxime
crystals with concentration of the
reagent present in excess
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*NIOXIME VARIED; NICKEL=5.0x10"> MOLAR
#NICKEL VARIED; NIOXIME=2.5x10°° MOLAR
9.00_ | -
8.50|
8.00|
7.50|_
700
| | | | |
-6.00 =500 -3.00

LOG C

"Filgure 13. Varlation of number of nickel nioxime
crystals wilth concentration of the more
dilute rsagent



2.

There is s marked difference in the effect the
temporature has on the precipitation of nickel nioxime
which depends on the vreagent present in excess. This is
shown by the two sets of date tabulated in Tables 14 and
15 and plotted in Figure 1k, The data from Table 1lb are
plotted as soldd peints in Figure lk. In each run whieh
these data rayéauca%; the nioxime coneentration was four
times that of the nisckel ehloride whieh was 5 x 10-6 meler.

When the nickel goncentration is a fourfold exoess
over the 1 x 10~5 molar nioxime, the tempsrature effect
is mueh wﬂe? as shown by Tabls 15 sand the @m points
in Figure 1A,

The Aﬁmr values are galeulated agcording to
equation (13). When nickel chloride 1s in excess Ay, ep =
21.1 k eal/mole and when nioxime is in exeess, Alyyep =
-2.8 k eal/mole using the slopes of the lines as drawn.

D. Tabulation of Resulte

All of the principal results given in this section
are compiled for sesy reference in Table 16. These results
will be discusasd in light of the Sheory which has been
presented.

In Table 16, which contains all the results given in
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Table 14

Variation of numbsr of nickel nioxime

erystels with

temperature when nioxime

is present in exetas

Temp. °C |

N

Ex

105 Ygo x 107

xég N

0.0
14,0
20.0
25.0
30.0

5 x 10~6 molar WiCL

2 2x 10-5 molar niexime

2O

“ % 8 e w
~3\D -8

Table 15

Yariation of nunbey of mﬁﬂ nioxime

erystals with

temperature when niokel

is present in exowss

13.5
20.0
25.0
30.0
40,0

& x 105 moler NAC1,; 1 x 10"5 molar nioxime

i
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i— 5x10°° M NICKEL, 2x10°3 M NIOXIME.
+-—4xl0"5M NICKEL ,1x10™° M NIOXME
9.00-
850]
_ 8.00_
(O]
o
-
750}
7.00}—
n l | l 1

300 3.20 3.40 3.60 3.80
Vo X 10° |

Figure 14, Varilatlion of number of nickel nloxime
crystals with tempserature
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Table 16

Tabulation of results cobtained from
data on all three compounds

Oompound
“TGgiy) yho0i0,

(CgHy) yARNRDy,

{n-n! }Aa i s 0
(n-nt)y 2 (1.60)% 2° 2 (1.60)
(m-mt), 1 {1.17) 2 2
(mmt)y — e 2
(AHgpe)y S ~36.5 koal  -21.1 koal
{Aﬂwfé}ﬁ «21.0 kesal »22.1 keal - 2.8 koal
P 1.580 gn/em>  1.549 gn/emd

%Subseripts indisate whether the sxoess reagent is
the one furnishing oatlions (A) or anions (B).

Pyalues in parentheses represent the values actuslly
g&&manaﬁ when they differ substantially from the in.
eger.
®This value was obtalned at both 25° ¢ and 0° 0. ALl
other wvaluss for n-n' or m.m' were obtained at 25° (.
this sectlion, sach quantity has the same meaning as previ.
ously defined, namely: n.n' and m.m' are the exponents
of the catlion, A, and anion, B, respeotively as found in
squation {(8). The aifference of the heats of astivation
of the nucleation and growth processes has besn defined as
zsnﬁi,f, and P is the density of the orystals. The sub-



60

seripis denote the resgent present in excess when the
result was obtained. The ecation and anlon reagents ars
indleated by the subseripts AA and B respectively.

The results given in Table 16 will be discussed in
light of the theory whieh was presented in the preceding
seotion.



uOTIVNDe ewve STUWL POATISPD mwﬁewﬁwﬁm_uaa ussUELIBTANY (1)
uogsenbe eatd ‘LyTeotieutH Veswed) ueus ‘euctienbe ssevyy

(te1onu) gy .8 + 6y

2 B

1
—_

av .Jmmmm,g $ ¥
suotywnbes eus £q
ATrsotaewetos UNOUs 8 (eTONU JO WOYRVELOJ oWy meus *Tgly
setdnrpent uoy euy ssevoad wotiwitdioesd eys Uy sneIonU vig
#% PRV gy 1798 Heatd w Ul eunsew oA 'eydwexe uw sw ‘JI
*SRATONU OUY WAOJ 03 STUTILEd [BUTS © JO UOTATVDW oU3 #Y
wotun dejw Buyutwaessp e3wd oyl Aq POROTICS 0%Ye e3STPON
~303Ut Jo seywiemordde ojuoy Jutmwaos edess wnyxqyTInbe

J8PJI0 PUOVSE §88BZ JO BITIES ¥ ¢4 O} POICDISUCD 489q o1 STUL

33 LTS
aeY 999X oYUy MOTYIOJ 837es erqnros Atduzawds jJo
UOTIVOTOMN 3¥Y ST 4BJTJ GUL “PISSMOSTD oq DTROUR Lioew
Uy Jo juewdoTeAs) OUR UT PN Uesq ARY YOTUM sucyidums
~-g% UTeIIen ‘peresdiesut eq uwO s3INES ol »gauea

Axosuy JO uOYEENONTd 'V
HOISENOE8IC A

19



62

for the formation of nuslel. The mechanism is analogous
to that asssumed in Volmer's theoryl exeept that in the
latter a great many more particles are invelved.

Christiansen and Nielsen?? suggest that the rate of
growth of erystal nuclei is dependent on the lon songen-
tratione to some low power and upon the surfaee area of
the preoipitate; however, the growth sguation developed
by them does not direetly contain the surfape area.
Egquation (2), which is

Lexgsm™ ™, (2)

does sontain the total surface ares of preeipitate, B,
La Ner and ﬁznaguf&@*25 have shown that the rumber of
particles in dllute solution is set by the original con.
centration in the saturated solution. In this case, 1%
is belleved %o be the result of the fasctor 8 in the rate
squation rather then a large difference in reagtion order
between nueleation and growth.

~ The assumption that the growth law is dependent on
A and B to low powers, i.e., that m' and n' are emsll,
has been shown to be valid by several nerkﬁra.&’le'az
Although the assumption is good, the astual size of the
nuelel of sparingly soluble salte eannot be determined

until the correet growth law for each is known.
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a point for each run made. Even though thess points are
aaaauhat ggattered, they fit the sitraight line guite nieely.
In addition, the value Eumm*)j = 1 i# reasonable and of

the order expected by the theory.

The seoond test of the theory is found in eguation (13)
whieh prediets that a graph of log N ve. 1/5° w111 be a
straight 1line. In addition, ainoe nucleation i¢ considersd
to be a higher erder reaction than growth of the nuelel,
the slope of this straight line graph should be positive.
These two prediections are substantiated by Figure 3.

Because of the result of Pigure 1, i.e.,, that log N
ve. log € yields a straight line, fewsr runs were necessary
in all other series of runs where a consentration was the
variable. Thie was true baaduac only the slope of the line
to the nearest integer was needed in the results,

2. ’w*‘ HE O £ 0 BRS

The results of the concentration variation of both
reagents for eagh preeipitate are best seen in Table 16,
No definite conclusions san be drawn conoerning the sige
of the nuclei of tetraphenylarsonium permanganate and
tetraphenylarsonium perchlorate unless we sssume that the
precipitation megchanism 18 indspendent of the precipliating
reagent present in excess. Howsver, the yssulis are very
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important, for they show oonclusively that only & small
number of ilons form the auelel of erystals of speringly
soluble salts.

More complete results have been obtained in studying
the precipitation @f nickel nioxime. These results show
that n-n' and m.m' have different values when nickel 1is
presant An excess than when nloxime is present in excessa.
This leads to the conelusion that sither one or both of
the processes, nucleation and growth, is different in the
two ocases. If a reasonable growth law is assumed, it is
possible to obtaln the slas and composition of the nueleus.
Table 17 shows several assumed growth laws and the nucleus
for each when the indicated reagent is in excess.

The firat growth sgquation in eash case is based on
the faet that the reagent present in sxcess may be zero
order in the growth atep. The third growth law is that
assumed by Christiansen snd Nielsen.>”
mersly intermediste to the others. For every other pos-

The seaond is

tulated growth law a sorresponding nueleation equation
sould be writtsn.

It is important to notise that none of the mucleation
reate laws would predict a stolchiometrie ration of niockel
to nloxime. This ie contrary to the arguments of Christian.
sen snd Nielsen.”t La Mer, in reinterpreting his data for
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Table 17

Bizes of nuelel of nickel nioxims assoclated
with each assumed growth law

Assumed Growth ¥ueleatlon
Rate Law _ Rate Law

A. HNiekel in exeess: (n.n') A= % {m-mt) Az 2
1. & = x, [Fiox 88 » ¥ [niox] °
@ 2 [ :3 at = Ky [ ]
2. &= x, "] [Ma0x) = xy ] Inten”

3 &z x, (M) [no =y [] [usox]

By Nioxime in exeese: {(n.n} Jg = 2, (m-mt)p =2
‘ 44 : o raa¥*131 2
1. = Ko [ NL ' k, [N Hiox
F=x (0] & = x, (™7 sox)
2. § = x; [ Ywiex) 4. x, [92#43 [H10x) 3

3. £« x, [5344] [m0x]? & = xy (5] ooyt

barium sulfate,l? ascording to their theory, obtained a
value of 7 for the total number of lons in the nuoleus,
This would glve a charged nucleus which might be elther
Bag( sz or Bay( %gi?. Thess theoretiocal arguments
based sntirely upon elesctrostatic forees should not neo.
“essarily apply to chelate gompounds sueh as nickel nioxime.
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3.

The variations of the nﬁgbar of crystals with increasing
temperature le oxaetly that predieted by the theory. Not
only is the graph of log N vs, 1/K“ & straight line, but
the alope is pas&tlvaﬁ' This indieates that the heat of
activation for the nuclsation process is more negative
than that for the growth procses, The effect is Just what
would be predicted traa the faet ﬁhat the nucleation
provess is of gr&ate?'z@ﬁal ordey thsn the growth proocess.

The results obtained from Figuree 8 and 14 show that
for both tetraphenylarsonium perchlorate and nickel niloxime
the wvalue of 4>Ka$rf depends on whish precipltating reagent
is in excess. This fact supports the results alrsady
discussed, namely, that {me.m!) end (n-n!) depend on the
resgent in sxeess. From the fact that OHyzepe 18 only
~2.8 koal when nloxime is in exoess, it appears reasonable
to prediet that the macleation mechanism is very gimilar
to the growth mechanism., This obsarvation is seemingly
not true at lesst for the postulated mechanlems of Table 17.

k. Yaristion of ionic strength

The results from the variation of the nuamber of
erystals with lnoreasing lonie etrsngth are gqualitative.
This effect oan be explainsd, however, on the basis of
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the competitive rate equations for nucleation and growth.
S8ince the nucleation rate has a higher toetal order than

the growth rate, i.e., (uumizn = 2, the nucleation rate
would be more retardsd then the growth rate besause of

the arfesct ef inoreasing lonie strength. If the nucleation
rate were decreased relative to the growth rate, fewer
erystals would be predieted, This is the quallitative result
whioch has been observed.

5’ ariatio ot

The experiments on rate of stirring end the length
of stirring time were dessigned to determine whether or
not the rapid atirring at the beginning of each run hagd
any detrimental effects. Figure 10 shows that the size
of the erystals 1s not affected when the resction mixture
 is stirred throughout the precipitation unless the stirring
is very rapid. This effect of rapid stirring is great if
it ie sccompanied by much turbulence and air bubbles and
might be caused by these air bubbles, and dust particles
earried by them, acting aes erystal nuelel, thus inereasling
| the mumber of arystals formed.

Ir the above conclusion is so, 1t would then be
expested that the number of srystals would be lnoreased
Af turbulent stirring were eontinued only until completlon
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of nucleation. Figurs 11 indicstes that this rapid
stirring has only » a;igha affeot until the reaction has
progesded 15 or 20 minutes. Surely nuelestion is complete
before half of the resction time has passed.

The most ressonable explanation whish has been poa-
tulated is that the effects of stirring during preeipi-
tation are entirely mechanioal. This can be thought of
as the breaking uwp of the eryetals by eddy ecurrsnts and
air bubbles when aaay resch & ceriain size. Bach of these
pleces then gréw to & well defined erystal. This argu.
ment ie supported by the fact that in Figure 10¢., in
whioh run turbulent stirring was continued throughout
praeipitation, many orystals with broken edges can be seen,

The fraet that the above explanation may or may not
be oorrect does not alter the result originslly sought.
These experiments have shown conelusively that the five
seconds of turbulent etirring at the beginning of each run
could not have arfeeted the results in any way.

¢. Discussion of Errors

- Essentially all the errors in this work are confined
to the estimation of the number of eryetale. Errors in
the conecentrations of reagente and in the temperature of

the water baths are negligible gompared to the other errors.
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The greatest error, caused by a combination of several
faetors, was the reproducibility of the number of erystals
when the precipitations were carrisd out under identieal
econditions. Usually the deviation from the average number
of eryatals was about 25 per sent; however, in some oases
the deviation would be as mueh ae 100 per eent or 150 per
cent. In these casea the orror was attributed te locall.
zation effects though it may have been dues to other causes,
The errors in eatimating the number of crystals in
precipitating tetrsphenylareonium peérmanganats and tetra-
phenylarsonium perchlorate are, in addition to the above,
the result of measuring and estimating the average volume
per erystel. Since the orystals wvere messured from photo-
miorographs with a plestie millimeter scale, the measure-
ments wers seourste to 0.1 mm. This, of course, gave a
greaater percentage errcr for small erystals than for larger
ones. A sepond ervor in determining the average volume
was osussd by the faet that only & few large erystale could
be loeated on the photograph. The average volume galou-
lated from these few may not have been agecurate. The
ealoulation of the volume psr orystal from the equation
v = 1w® 18 not correct though 1% is a good approximation
as previously dlscussed. All of these errors together

work in such s way that the average errcr per run should
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be sbout constant as indleated by the vertical lines in
all the graphs involving these compounds.

S8ince the number of erystals in emch run with nickel
nloxime was estimated by direet count, the errors in
massuring were 2liminsted. Other errors must be consldered.
The error of memsuring 0.0l ml. from & graduated 0.1 ml.
pipette may be as much as 10 per sent. In fact, this
error together with errors of counting the crystals under
‘the mieroseope, was found to be about 10 per csnt ae deter.
mined by ecounting several eligquots from the same solution.
As before, the wvertieal lines on the graphs eoncerning
nickel nloxime indleate an average error.

As can be seen from the above discussion and from the
secatter of points on the various graphs, the mat&éa used
in obtaining the data for niekel nioxime has distinet
advantages over the method nséé for the first compounds
studisd., This method is to be recommended for any future
studles of this nature.

D. Suggestiones for Extenglon of Work

The mechanism of nueleation ocannot be determined
completely until the orders of the lons in the growth
equation are known. BSecsuse the results for nickel nioxime

contained in thie work are the most complete, it is sug-
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gested that the growth of nickel nioxime erystals he
studied. The results of that etudy should be eompared
with the postulated mechanisms listed in Table 17.
Conduetancs methods for determining the rate of
preeipitation®? probably would not be satisfastery for
use with nickel nioxime, A more promising method is to
follow the reastion by means of a Sargent Model V Osoillo-
meter. This instrument measures & combination of dlelec-

trie constant and high frequency nandﬂatanea.al

The soale
reading of this instrument has been shown to be a linear
function of concentration within & limited concentration
range. GQualitative experiments indieate that this econ-
esntration range can be shifted by plaeing & metal slug
An the osnter of the oseillator ooll.

In addltion to studying the growth mechanism for
nickel nioxime, the theory which has been set forth herse
should be tested with ﬁﬁa»rkagaringly soluble salts. FPer-
haps barium sulfate and silver shromate should be studleqd,
so that this theory oan be sompared more closely with that
of Christiansen and Nielsen. It would Qa of intsrest also
to study atharuwaits whioh have highly charged cations

or anions suech as ferries ferrocyanide.
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processes.

7. That the wvalue of AH,,,, depends on which pre-
cipitating lon 483 in exeess is true for tetyraphenylarsonium
perchlorate and nickel nioxime. 7This indicates that either

the nuecleation process or the growth proeeass or both depends

upon whieh reagent is in excess., The resulte obtained from
the varlation of the rsagent concentrations in the pregipi.
tation of niekel nioxime substantiste this econclusion for
that compound.

8. The number of orystals produced in a given pre-
eipitation is dependent on the lonic strength of that
resction mixture. Fewer crystals sre formed at a higher
total concentration of lons. This is the effect predleted
by the theory.

9. Both rate of stirring and the time of stirring
have an effect on the slze of the orystals produced, but
the effeet is considered to bs a mechanleal breaking of
small orystals.

10. The methode used for determining the number of
erystals prodused in a precipitation reaction are lnacou
fato; however, the agcuracy is such that the slopes of
the lines of log N ve. log C could be determined to the
nearsst integer. The method used to determine the number

of orystsls of nickel nioxime is muech simpler and more
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accurate than that used for the other salis.

1l. Addisional data are needed to test the theory
more completely. The growth mechanism of nickel nioxime
should be studled to determine the actusl sizes of its
erystal nuolei. Other compounds, particulsrly those which
have higher charged lons, should bs studled to substantiate
the rssults reported in this work.



76
VII. SUMMARY

valxtfi sonsldered uﬁm erystal nucleus to be the
agglomerate of lons or moleeules of Juat suffielent sige
to be stable in a separste phese in contact with solution
of a given dsgree of supersaturation. By using reassonable
values of interfacial tensions, it is ealeulated that
erystal nuclel coneist of one-hundred or mers molecules.

Reeent work, baeed on the kineties of precipitation,
has led to the sonplusion that a very smsll aumber of
ions is involved in the nucleus of silver shromate,2’
caloium fluoride,?0 snd varium sulfste:18120,22 14 every
Anvestigation to the present time, nucleation has been
treated as 8 propoess totally separsble from the growth
proesss. This assumption is bDased on the associsation of
nueleation with the induotion period in preeipitation
resotions. |

In thie work the formation of erystal nuslel is
congidered to be a process competitive with growth of
these nuclei. The size of the nucleus is defined by
the kinetie order in ions or molecules of the nucleation
resetion. The relstive retes of nucleation and growth
sre sstimated by &aunﬁi&g the number of erystsls obtained

from a given supersaturated scluticn. Effeets of varlation
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volume per cryetal. With nickel nloxime, N was found by
direct sount of the erystals in an allguot of reaction
mixture, The lstter procedure is much better, for it

elininates many errore which oeccur in the former.
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