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more is involved ix the chelate formation than the simple functioaal

| grouping. Unlike the parameguetic ethylensdiamime conplexes with irea(II),

the formation of the tris{l,10-phenanthroline)iren(Il) complex is sccos-
paaied by the pairing of the 54 slectrens of the irom 40 ferm a dismeg-
aetic mibstance. It has been suggested by Myhelw (6, 25, 29) that the
major factor respoasible for alectron pairing im the iren cemplex amd
alse for the strong eovalaat beading iz many of fhese complexes is the
formation of double boads between the ahelate nitrogen and iron. The
second Dond, & ¥ boad, might be formed through the doasbien of & pair of
4 electrens by the matal, ubilizing o » arbital of the ligand. Yer this

liss furnishes the pessibility of suck resvanses structures, whils none
sre possidle with ethylensdisning. This #ype of double band farmation
has also Desn propessd for the perphyrins (27). Thers is little direct

. experimentel evidesce 10 suppert the suggestien of dsuble bend fermatiom.

However, Nyholm and Short (30) have examined the C=0 stretching ferce
constants ia Ni(C0),, M(60),(bipy) amd Mi{CO),(diarsine) and comclude
that the Ri-C boad ia ML(CO), is best regarded es o deuble Doad sad thet
both the Ni-As and Hi-N bonds in these ooapounds have considersbls

The phenasthiveline-type chelates sre unique in another respect,



have & masurelle rate of formetica. This rather distinciive proyerty
wmmunmmMmMMmm
these chelstes. Their wide varistion of rescticn retes with transition
of these icms, It will be seen laber in this work thas 1,10-yhensa-

throline ose be ubilized to seperets snd determine traoe quantities of
irom in chroniwa, vessdius snd niekel solutions. |

¢. Parposs of This Wark

The effect of sibsiitusnts on the S-position in 1,10-phensathroline
is to alter the muslesphilic charseter of the ring mdtrogens. his
offers the opportunity to shuly the remetion rates of a hwologous series
of chelates thet differ only in their clestrem donsting sbility. Sinoe
all other varishles are constamt, it iz possille t0 msasure the effect
of nuslesphilic charwoter on the rete of chelation. A study of the
Xisgtics of formstion snd dissccistion of the 1,10-phesemibraline com~
plexes is of inberest 0% culy to exbend the usefulosss of chelsde ki-
neties for snalyticnl separations, but alse in crder 45 help understand
the naturs of chelstion resedions. Im this work the kinekiss of uickel(Il),
iron{II) snd vanadivm(IV) with 1,10-yhenasthroline, 5-methyl.l,10-phenan-
shroline md S-nitre-1,10-phensuthroline are stulish and compared.

Frovious werk has indicated some unnsusl effects of vdrogen ion
conesntration on 2,2°-bipyridine rescsions with irem(XI) (22, 3). The
hydrogen lon effech on the atokel(IX)-1,10-phensuthroline systen is
thoreughly stulied anl & reaction mechanism in proposed for both the
nickel(JI) amd iren(II) systews. A imowiedge of this Kydrogen ien effect



is extremely important vhen sdapting chelates for analytical procedures.

B. 1,10-Phenanthroline Substituents

The effect of groups substituted for hydrogen in the 1,l0-phenan-
throline molecule may be two-fold in regard to the reaction of 1,10-
phenanthrolipne with metellic ions. Substitution of groups in positions
immedistely sdjacent to the bonding nitrogens, a8 in the 2 and 9 posi-
tions, will frequently lead to steric hindrance in its reaction with
netallic ions. In this manner greater specificity for ioms can oceur
as with 2,9-dimethyl-1,10 phenanthrolina vhich remcts with copper(II),
but iron{II) (34). The other effect of substituents in phensnthro-
line is to aliber the eleotron donating cspacity of the ring nitrogens
and hence affect the stability of the 1,10-phenanthroline complexes.
Substitution in the 5 position creates no steric effects, being well a-
way from the bonding nitrogens, But can slter the nucleophilic charscter
of the bonding nitrogens. This work i{s limited to a study of S-methyl-l,
10-phenanthroline, 5-nitro-1,10-phenanthroline and 1,10-phensrthroline,
itself. Just as these substituents affect the stability of the com-
plexes with metal ions, they would siso be expected to have some effect
on the reaction rates of those systems which proceed at messurable rates.
In ordexr %o compare these rate effects, it is necessary to have some
meagure of the nucleophilic character of these chelates. The value of
the acid dissociation constant of the 1,10-phenanthrolium ion serves
a8 & measuring device of the mucleophilie character of each 1,10-phenan-
~ throline. These values, from the work of Brandt and Gullstrom (8), are
glven in Teble 1.



Teble 1
Acid Dissociation Constants of 5-Substituted 1,10-Fhenanthrolines

Substituent PK‘
N0, 3.57
¢l k.26
: b.96
WB 5.25
where:
K = Lo fh '
(EPn”)

E. BReviev and Contradictions of Kinetic Theories

The reactions in solution between metal ions and coordinsting groups
are substitution reactions with the displacement of water from the squated
metal lon. In conmidering metal ions of coordination muder six, Taube
(35) prefers to use the nomencleture of inner orbital and outer orbitel
coplexes rather than covalent and ionic complexes. An inner orbital
complex in the first transition series is of the type xahok > , while an
outer orbital complex utilizes the hlhp%e orbitals. Recent calcula
tions {12) of the h‘kpjkda hybridization lends support to this definition
showing these orbitals especially suiteble for highly elsctronegative
ligands. The outer orbital complexes., with the exception of central ions
of very high cherge, such as. 8!‘6 and Fl‘é, react practically insten-
taneously and are termed labile.

According to Teube the inner orbital complexes have two distinet



& retier shaxp discontimity detwsen thess labile aad 1msrt imaer erbital

orbitals of the cextral iem sosupied, the iuner erbivel cumpleves sre
been waggertel that during he trensitien stade of Suck & substitwbion

slsctyen puiving wust take place. The saergy reguired in elsctron pairiag
represants the transitien state energy, su emergy Sarrisr whish the systen
st overoums bafere the substitution reaction procesis. Ascerding to
this explanation, renctions vith veasdum(Irr) (€*¢*6°¢%") pwooest

| repidly Decause 4 crditals are availabls for as inoming greup. With

g‘»uﬁwnuﬁw} %), the resction mast procesd slewly becsuse one

Howewvey, thare e many exparimumtal centrediotisns to Twibe's

sxplanstion of sluggish sudstitutien in imerganic osmplexes. Nickel(IX)
has the elsctrenic structure, &o40470 0, ani camnet form Luser orbital

1,10-phenauthraline csmplenes ke slsctren prowvtion seen unlikely
{6, wﬁngﬁvﬁsggaﬁ sgﬁl Yana~
dtws{I¥) hes the electromie strusture, £°¢°2%%°, ant yot 1% rects



siovly with 1,10-phenswthroline. It is not possible for slsctron pairing

eobalt{IX) with bis{2.2',2" -tripyridine Joobalt{I1) bas been rwported to

be slovw (39). This is & contradiction of Taube's propossls since cobals(1I)
should form en outer orbdital conplex.

It Las Deen sugpested that double booft furmstion is responsibls for
the unespected stability of the 1,10-phensmthroline complexes (6, 29).

Buch dowkle bonds might be expscted 20 seocunt Sor slow rescticn rates,
Wt neither vensdium{IV) nor clrckiws{IZX) heave electren paivs svallahle
for double bond formstion while sinc{II) does. The former two are slug-

prosent study of the effect of $he mucleophilic charaster of 1,10-phenan-



IX, APPARATOS AND REACRNIN

Avscrbance setmtremate vere sade with a Beckomn Mdel 0¥ panrs
spectrophotometer and & Cary Model 12 recording spectyopbotometer. A
Buckmen Nodel O B weter vas used for pi messuremsuts. The kinetic
studies ware followed with She Bsckiosn spectwophotonster using & photo-
miltiplier stiachuent for the ultraviclet snd using Shermpepecers for he
oell compartment, A Vater bath with a cireulating pup kapt tha cell
coupertment a8 25 . A1 glassvare used ves of class A speoifi
cstion,

ALl chemieals used were resgent-greds quality, The thres 1,10-
phenanthroline ccopounds wers cbiained from the G. Fredrick Smith
Chemical Compeny snd were reorystallised from alaochol sal frem weber
before use, The following Wik solutions were prepared dy weighing out
the dried 1,10-phesanthroline crystals:

) X : 6.58 x

2,306 x

5-methyl-1,10-phensnthioline 5.355 x 107> molar
S-nitvo-1,10-phenextbroline  6.986 x 1077 moler

The niokel solition used was yrepared from Mond nickel of grester
than 99.9% purity vhich was dissolved in svid and recrystallised ss
nickel perohlorate. Solutions of two consentembions were used, both of
&»&:ﬁc%#ﬁ ,2-cyelobeptaneadtionedicxine (37). The conocen
trations were 7.63 % 10™) molar and 3.060 % 107 molar.

The iroa(IX) was prepared by dissolving electrolytic iron wire in
gwa._.:&» fhe solution was then &llwted sol stored in comtact with



sdditionsl ivon wire. The solution was analysed with carium(IV) sulfate
wwmmmmmmwsuumm.

e vanadiun(IV) selution vas prepered from pure vansdium pentaxide
which vas disselved and erystallised an ammaiun vensdste, igaited o the
oxide aguin, redissalved in sodium hydrexids and made acid with perehlor.
ie acid. Tais selution was elestrolyned to vasadiun(IV) wnsil apectre-
photomstric tasts showsd the sbsencs of vanadivn(Y) er vansdium(III). The
solution was stored under nitregen. e solution was analysed with
eeriun({IV) sulfste.
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IIX. NICKEL(II) WITH THE 1,10-PHERANTHROLINES

A. Totroduction
Although the complexes between nickel(II) and 1,10-phenanthroline

have been known for a long time, no overall study of the kinetics or
equilibrium constants of the systems have been mede. In 1898, Bleu (&)
reported the formation of a nickel(IX)-1,10-phenanthroline complex and
Pfeiffer snd Tepperman (32) called sttention to the complex sgein in
1933. Shortly afterwerds, Cambi and Cagnasso (11) measured the megnetic
susceptibility of the tris{l,10-phenanthroline)nickel(Il) complex, find-
ing it to be paramagnetic. Vosburgh and Cooper (36) wers able to show
the existence of mono-. bis- and tris(l,10-phenanthroline Jnickel(II)
complexes by the spectrophotometric application of Job's method of con-
timous veristion. In addition to many tris(l,10-phenanthroline)nickel({II)
salts (7), there have been a muiber of reports {31, 32) of the prepara-
tion of bis(l,10-phenanturoline )nicikel(IX) salts, such as

[ (Pn),(8,0),l0L, . 300 and {Ki(Pn),(H,0),](C10,]),. The substance
[m(xeo),‘iielo&le has alsc been described but 1ts preparation has

been questioned (31). Russell, Vosturgh and Cooper {33) found that all
of the 1,10-phenanthroline-nickel(II) complexes are parmmsgnetic; the
nagnetic moment decressing slightly as the coordinating reegent is added.
The resolution of the tris(l,10-phenanthroline)nickel{IX) complex by
Dvyer and Gyarfas (14} illustrated its high stability. Davis and Dwyer
(13) reported from s private commmnication with Dunstone and Mellor that
the pK of the tris(l,10-phenauthroline)nickel(IX) complex is 18.3, where
k=(R**][Pn]°/ [WiPn,"]. This velue has been in the literature ever



thet this valus of 18.3 is erronecus.

nickel(IZ) complex 1s 50t immessurably fast, bus proceeds st & rather slow
pece, The Xinetics of this dissociwtion have bean studied by Busolo,
Bayes and Nevwenn (2). They reporded o dissooistion rate conwtent of
5. % 107 1n M hydrochlorie scid o8 25°¢ and obwerved no major chenge
in this rets between 2 snd M hydrochloric asid. Nowever, they 4id

report s hydvogen iem affecs on the rete of Alssoetstion of the tris-
(2,2° -bipyridine)nickel{1X) complex. Margerum snd Banks (25) shoved that
the rate of reasticn between nickel{IX) and 1,10-phenssthroline is
gggsggou?gﬂgg
nickel selutions.

The nickel({II)-1,10-phenanthroline systom has sttracted consideradle

resction rate indo his classifiontion of rates snd suggested that the
conglex, Mi(bipy),'", vas of the immer orbital type, where two electroms
are prowdted to higher ensygy lsvels, namsly, p»»n»%ﬂuuwmw Bignifs-
gguﬂfgggﬁﬁguﬂ!ﬁsgg

, _ggggﬁc;ﬁsagg%% »10-phenaxthroline
. or 2,2 -Mipyridine with nickel(IX), since Shese vesctions sre also slov.

Burstall snd Nyholm (6) pointed out that it tekes s great desl of ensrgy
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{010, ],. which 1s dimmagnetic, indicating presumebly Blw orbisals
~ with the promotion of am electyon pair to the % level. The postulated
Promotion of the two electrons 10 higher orbitals was supported dy the
fact that the complex was oxidised by chlorine %o & higher axidation
state of nickel.

In the following work it is proved that all of the niokel(IZX)-1,10-
phenanthroline resctions are slov.

The reactions are written vith the rate constants dnsigmsted e
shown in Bquations {1], {2], ama [3].

AP em 3L {1}

mn*em T mml (2}

ey e m T mmd' (3]

The mono{l,10-phenanthroline Jutekel(IX) system is csrefully examined

vith respect t0 188 rate sad eguilibrium comstants. The effect of hydrogen
ion comsentration on the kinshios is dealt with at length. The mono
complaxes of 5-methyl-l,10-phenanthroline wel 5-aitro-1 10-phensathroline
sre also stwilsd and the effect of the maclecphilic character of the
nitrogens on the rate of reastion is exsmined. Estimsbes axe msde of

the rates of formation of the dis- and tris(l 10 -phessnthroline)nickel(IX)
complexes. Equilibrium constsats for all thres of the nickel(II)-1,10-
phenanthroline complexes sre also caleulsted, |
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The reavtion rate mxy be followed in & Jarge excess of nieked{)I)
srovided the solution is sufficiantly acidic. T kissties then beosms

1¢ {x"} > K1

{m] - ;?5}- ('] - % (my - (um®™]) (n

dmn®) |ty X2 .gﬁ!?.:_ﬂ:{m“l (8)
" ) |

This expression ney Mo ixtegruted batenen Limits ¢ = 0 $0 & = & vhich
ummmmmmzl-‘-:ﬁs

Bince K cas Do meacnved ub oquilitrive, ¥he only varishles sre t amd
7yt N

I erder t0 ebserve the fornatien of mono{l,10-phenenthveline)-
nickel(IX) ¢ Jower sctéity 1% is necessary t0 reduse the aickel{IX) csa.
comtrution and the yate lav sbtsimed 15 sguin second erder. In this
cuse the mathemationl wpression beswms 00 cwilbersems if treated a8
shove, Yrefere, the yesotioe rate is ohesrved over s snffisiently
small fraction of the total rencticn time 0 that the disssceiation of
mann{l,10-phensathreline Jutekel{1X) muy be neglected. The reate upression
is then a8 follows: '



7w e
5%%— oy - APDOR - (AT o)

s ﬂ
RO ¢ o N h..:i.._gl. ﬁ fu)
x,_,x‘ln, n,.) Ry - (™)
mmumm,wmmummmm
oue Joeponsd in Rquations (4] and [1). Mevefors, tim vheerved rabe
somtext ohtained by calmulstion with the adove mgmessions, is Sermed
k, inetesd of k., Deonuse the rete osestast k , represests ouly the
I svder to follow the resciion, the concestratien of meue(l,10-
FhensathrelineJatobel(IX) ts messured spectvophotemstrioally. e 1,10-
phonasthrolive iea, 1,20-phemanthreline, end mens{},10-phensnthreline)-
nickel’IX) all sheard threughout 43 ultrevielet region, The 1,10-phesan-
threline concentration osn be muixtained o8 an extremsly low lsvel due %o
the 1,10-phensxthrolivn oquilitrive wod hesos the 1,10-pleneathreline
sbsorvanes is negligitle. The mews(l,10-phenmsthroliinentakel(I2)
soncenization 15 Shearefuaw based en he dLffurenes in the intttal sad
fins) sheerbence,
(mn™] . e AP (a2}
“on " ‘mn
vhere ¢ is the Melar adserpALvity of the species indtonted by the subd-
w.:um,mmma,ummmmm
sy osll blamk.
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The witravielet sbesrpiien spestrs of heneathreline with varying
emouuts of sickel im aeid soluiiens sre seen in Pigare 1, BSeveral wave-
1iun tom 48 the niekel{IX)-1,10-ghenentireline oempla ion. Figure 2
shove the effect of Sims on the sheerpiisn syectys Detween 200 and 300wy
whon 1,10-phensiihroling and niokei(IT) ave mived in sctd selutien. The
sypssrance of soven well-defized 1sbebestic peints clearly indicates
that thare are only Wwe sbesrbing speaies Jowsent ix the sclution. In
Ahis veglon, R77.5 W 18 reletively free from iuterforence and is &
suitadls Wivalongth far chearving a largs changs in abecrheace us the
resstien prooesds. Aasthar wavelsngth which serves this purpess
somevhat betler is e in Fig, 3 0 Yo N10 mu.

The rescthion rate between nichel(X1) ien snd 1,10-pheneatireline
wou studiod under verying coniitions frem o lavgs sxeeds of nickel(IT)
parchlasate 40 & 3ight sxesss of 1,10-phensxtiroline aud fyem 0,75
i 40 0.005 malar porohleric seid 48 is soen in Yedles 2 sk 3. T
reaction rete was observed ix the ultravielst regiea by fellewing &
Sscrwase in $he shemanos of the 1,10-phensnthrelivn ien snl Sherefore,
1t was 208 possidis wader endinery esaditions %0 use & lavgs excess of
1,10-phansnthreline 40 ntokel(II). Tan repidity of the meaction prevented
the use of & large axnosss of atckel(IX) st lew sctdities. The visible
speckrum i 3ot o suitehle vegion for siulying €hs reaction bacsnse the
solar sdecrpiivity therw 15 guite small. The faselwbility of 1,10-
srehiditive.
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Tables b tirough 17 present the data teken with the Beckman IV spec-
wmm,mne is the observed adbsorbance corrected for any cell
blank and mickel sbeorbance. The mbstitution of Equstion [12] iato
Equation [9] gives the expression which is used %o calculate Reactions 1
through 4. The substitution of Equapion [12] into Equation _{nl gives the
expresaion viiich 1s used to calculste Reactions 5 through 1h. Figures b
ﬁuwghwmmo:mm:whuoktupmws.

mmMemal.mmwemmxmmmw
determine the molar W&ﬁtyotml,mmmnthianwm
partioular conditions of that run. The wolar absorptivity of the mono-
{1,10-phensnthroline Juickel{1X) wea dntmm by using e large excess of
nickel(II) over 1,m-wm1m ot lov socidity. Teble 2 shows that
the molar Mﬁw of the 1,10 ~phenaxthroliuvm ion (cm} at 31Omy
varies mimmmmmuwmmmmw
instrumental errors. Careful tests indicated that 1,10-phenanthrolins
ves kept in solution es 1,10-phenanthrolivm ion throughout the acidity
range used in this work. However, 1,10-phenanthroline showed an affinity
farsinamﬂmandnttimlm adsorption on the surfece of the
silien cells wes cheserved. This factor is believed to account for the
variability of the observed molar absorptivities.

fSeveral other peculiarities of the dsta in Teble 2 should be noted.
First, a comparison of the molar absorptivities of mono(l,10-phenanthro-
11ne )nickel(IX) at 277.5ms shovs & very slight increase in the moler
sbsorptivity as the acidity increases. This becomes especially apparent
in the disscciation resction at 4.5 molar hydrogen in Table 3, where
the value of the molar absorpiivity of the mono(l,l0-phensnthroline)-
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able 11, Spsctrophotometric Bude
. snd Caleulation of Nesction 8
k8 = 1,15 x 107 10g %{f-ﬁ’n 703
(xtn.) A "“%1;""‘:175; R T
3 0.335 10,0029 3.5 % 10°
b 0354 10,0036 k.2 x $
5 0.335 0.00M6 5.3 % 268
6 0.3% 0,005 6.2 x 265
1 0.3% “0.0071 8.2 x ,6
8 0.330 0.0073 8.2 x 16
9 b.,m ' 0.0088 10.8 % 1®
10 0,207 0.0097 11,2 x 105
iz 0.50% 0,00h Ueu3 % 20°
2 0.3 o.M 2608 x 20°
16 0,320 0,081 18,6 x 10
18 0. 5318 0,280 20.8 x 16
20 0.56 0.0800 23.2 x 208
22 O« J2k 10,0080 5.4 ws
2h 0.8 0.08%1 27.8 % :ws
a6 0,510 0.004a 30,3 x 108
88 0,308 0.087h 2.6 x 10°
50 0. 306 0.,0306 B x w‘
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mza. Syectrophotonetrie Data
ank Caleulstion of Reastion 9

ko

kb = A5 x 10° log i‘“ - J{'m)
A, -

CEI u, :’f;m A
3 0,65 0.00h 2.98 x 208
&4 0.65 0,006 WS X 1&6
5 0.647 0.007 5.2 x 105
6 0.6 0,008 | 6.0 x 10 o8
1 0.6% 0,010 7.5 % 10°
8 0.637 0.018 8.5 x 1°
9 0,635 0.013 9.7 x 16°

10 0.6% 0,010 0.8 x 105

ie 0.685 0.038 154 x 1%

3 0,621 0.080 .9 x 28

16 0.616 0.088 1B x 208
0 0,603 0.050 g2 x 30°

2 0.593 0,035 #%.0 x10°
n 0.58 0.0k n.3 xub
% 0.573 0,009 %.5 x 26°

n 0.562 0.057 .5 x10°
%6 0,533 0.06 M7 x 208
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Teble 13. Epsstrophotometrie Beta
‘snd Caloalstion of Beeetion 10
e A
A, - AT
(nt’:.) A '\ *° z vm x T0h BN
A, - AR

3 0.530 0,000 EREE") 6
L - 0.309 0.0088 B3 10
5 o.38 0.0066 b9 % 108
6 0. 527 0.007T5 B R lﬂs
T 0,305 0.0098 6.9 % 26°
8 0. 534 0.0001 7.6 4 10 5
9 0.322 0.0119 8.9 x 10°
10 038 0.0138 9.6 X 10 6
12 0.518 0.0257 P
1k 0.}3 0.0186 13,9 x 0°
6 0.:3 9.0806 18.3 % 20°
18 0. 30 0.0857 17.7 % 268
2 0.508 0.2%58 19.2 % 10 6
2 0.306 0.0200 20.8 x 10°
2h Q. 350h 0.9302 8.5 x 106
n 0.300 0.0348 25.9 x 10°
%0 0.997 0.0305 28.7 % 10°
53 0.29% 0.0h22 R.b x 205
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Pebla 15, ot % Bute
and Culewlstion of Meaction 18
kb= msxxe’mm“#’ % .
Ay ~ A9,

(ﬁ:; Ay U, “»'.w’ x .50 k¢
. A, -

3 0.6%0 0,05 1.6 x 30°

h 0.60h 0.0 2.3 m‘

5 0.619 0.053 2.9 x 10°

6 0.615 0.06% 3.4 % 26°

1 0.620 0.017 b x xe-s

8 0.608 0.083 b x 368

9 0.602 0.099 5.2 x 1%
10 0.599 0.307 5.6 x 10°
b4 0.997 0.206 6.0 x zs‘
12 0.55 0,249 6.8 x 20°
3 0.589 0.138 T3 x m‘
14 0,506 0.108 7.8 % 268
15 o0.581 0,166 8.8 x 10°
16 a.578 0.A77 9.3 n 26
17 0.575 0.109 9.95 x 1%
18 0.5 0.206 10.9 x .ws
19 0.568 0.8 1.5 x 15
20 0.566 0.208 3.0 x 6%
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Takle 17.

20

Spectrophotometyic Buta
and Galenlasion of Beacticn ik

0%

A - ’
" al e ,
ketﬂ 6.07 x 10 MW)( -m

Time N A, - 204
(min.) Y log Wﬂ TOk kb
3 0.303 0.0172 1.1 % 16%
y Q.300 0.0885 1.h x 106
5 0.295 0.0280 1.7 x 166
6 0.988 0.0368 2.2 x 10
T 0.28% 0.0k21 2.6 x m6
8 0.279 0.0492 3.0 x 106
9 0.275 0.0553 3.5 % 10°
10 .23 0.08)7 3.8 x 3.96
1 0.267 0.0683 4.2 x 106
12 0.263 0.0768 T x 106
15 0.260 0.0816 5.0 % 106
1 N 0.2% 0.0899 5.9 X 106
15 0.25 0.0987 6.0 x 20°
16 0.249 0.1058 6.4 x 10°
17 0.245 0.1260 1.0 % 10°
18 0.242 0.12h, 7.6 x 16°
19 a.2% 0.1528 8. x 106
20 0.143) 8.6 x lﬁs

0.2%
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the caleulsted rate after s pariod of time. Thess ware the dissosistion
of tha mono(l,10-phenanthyoline )nicks){IY) complex and the formetion of
the bis{1,10-pheneanthrolinejnickel(I2) eceplen. At low scidities the
mm«ammmmmmmmnmw*
ward after s period of tims. This wee particularly trus of Mesction b
ank 15 believed %0 buve resulted {n o k valos larger then the tews valne.

fhe fontoc strength of the soluticn for Meaction 10 was 0.5 while
for Neaction 9, at the seme scidity, the lomic strength ves coly 0.069
molar. Beaction 11 vas prepered with cerben dicxide fres solutions in
ordar 0 make e thet s nlckel(II) oabonate eomplex was not affecting
the rate.

(2). Bate of dissceletion. A solution of 1,10-phenantiroline axd
exosss nickel(IX) ica st equilibrium has nesrly all the 1,10-phensnthro-
line yresent as the wonofl,10-phenaniiooline)niekel(IT) ccsplex. If
mmiunmmmummmw,mm
tiom of this mickal(IX)-1,10-phenanthroline complex ocours and scme 1,10-
phenanthrolium fon forms. If this disscelsticn yeastion is followed over
the first small frection of its progress, the reverse resction sy be
meglectod. Using the simple resction mechanism propossd in Squation [1)
the following expressions cen be used:

L R ] {13}

)
23163:-—"@:—*- = et ;1"'1

whare T refers t0 the initial consentyation and o $o the ohserved conoen-
tration.
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Using Bguation {12], it com De shown that
tog [t ] o 2 tag (e, - )AL G0)

.gmn’\z-ga 2.5 . | - .
havefors, a piot of the laft hend exgression in Bqustiom [15] against ¢
gives tw%‘- and an intercayt equal to - log fl{&ﬁﬁmﬁm“l,l-

Table 3 1ists the dimsocistion reartions vhere k! s used imstmed of
Ky,» Sinos the cbssrved rete comstasts caleulsted with Beustion (15]
varied with scidity. The data for Resctions 13 through 19 sre found in
Tablas 18 through 22 aad in Pigares 18 through 22.

The dissociation reactions were performed waier varying scidic comdi-
tions, from 0.02 %0 4.5 solar Ndrogen 1oa. Thase rates ware also fol-
Jowed st two wvevelsngihs, R77.5 snd 3i0ms. A 1,10-phemsatiwoline Mlank
was again datermized for ssch seidity. The spparent lavge incresss in
mmwuwwmx,mmuub.smwa
chlorie seid 1s dus o the fermation of the Aipretomsded-1,10-phensnthro-
line tem, ™. Pig. 23 16 8 Lot of the moler desrpAivity of 1,10-
phanasthroling ageimet the acid cousentration at & wavelongth sesr the
absorption mexime of the dipretonsted ferm{10). The molsr absorpbivity
mwmmum;mum«(m~a.“.
Binos the formation of the dipretomuted form is et rate dateraining,
the kisstic calenlatious sre not sffected.
| he moler abecrpSivity of mono(l,10-phenanthroline)nieel(11) can
be caleulsted from she intarcept of the curves in Figuves 18 through 22.
Thase caleulated valuss are given in Tadle 3, and axw used 40 estimmte
soms of the moler ebacrptivities used in Teble 2. The imtercept is
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fkle 18, Spechtrephatomnivric Dute

. and Calowistion of Reastisen 13
log —te o I ~m£t!~ﬂxu ~¢m‘}!caﬁxm’53
TH-A B3 |
() A e “'."1‘*;“':“";.
3 o.ha7 0.483
) 0,429 0.h88
5 o.M 0.490
6 0.5 0.h9h
7 0A3 0.h96
8 0,436 o.h97
9 0.h57 0.h98
10 0.029 0.501
1 0.M41 0,504
iz 0,003 0.507
b7 0,446 0.5
16 0,450 0.317
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FIGURE 19, REACTION NO.16
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Takis 19, Spectrepheteanirie Db

sni Calonletion of Bemetion 16
i k¥ % 5
e ‘.-;:;- - og [2:90 X 10" - 6, ) 2.353 x 107)
(i) » e .3;- A,
2,5 0.188 0.8%
L1 0,189 0.833
5 0.391 . 0.8%
6 0.352 0.8k2
7 0.19% 0.8
8 0.15% 0.:8
9 0.195 0.851
10 0.195 0.0m
1 0.196 0.8%
12 0,196 0.8%
b1 3 0,260 0.866




TIME, MINUTES
FIGURE 20,REACTION NO.17
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Teble 20, Spectrephotomsiris Dute
snd Caloulstion of Memetise 37

-&“ - l;t ' " & - | -9
L.W»& s l0g [5{3.1% x 10° Supn) 576 x 1077]

Fi |

o e ;M: - A,
3 0,405 . «0.03
] 0.510 -0,0302
5 0.h1% «0., 0886
6 o.018 . ~0.0069
7T 0.1 «0. 0057
8 0,425 ~0,00h1
9 0439 0,002k
10 0.h50 -0.0818
® 0.0 «0,0183
b1 R 0, 0160
15 950 0. 0057
18 0056 ~0.0112
20 0.h62 40,0086
% 066 0. 0069
# 04T | -0.0088
26 076 | ~0.0026
=9

ﬁvm 03,0009
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 2ebis £, Specirapbetamstyis Bate

ond € " _,_v_ of Bus e 18
. |
10g ?Sm ~ T - n“.“ lag nuaw.wu x 1¢° . Spim) 5576 % 105
(adn.) % e A,
2.5 0. 597 «0.0%5%
5 0.399 -0.0346
b 0,401 ~0,0538
5 0,403 -0.03%0
6 0,405 -0.03e8
T 0.409 ~0.0306
8 o.M -0,0a98
9 0.M13 «0. 0890
%0 0415 «0.0282
1 0.M7 -o.0am
16 oh8 0.0
o 0-hh1 -0.0270
= oM «0.0157




TIME . MINUTES
FIGURE 22, REACTION NO.I9
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(ﬁ: ) A, log ""L"‘"‘m‘%“""‘"_ A.

0.390 -0, 6308
0.990 «0.0578
0,395 40,0370
0.3938 «0.0368
0.5 -0.0366
0. 3905 «0.0990
0.%8 «0.,0530
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Table £3.

.,mﬁw;x,wmnmmmm Coaplex

i

L
i-

'5.;

"

YRR R

 0.5095

o.laag

 £.3005

0.0815
0.00123

eyl

543 % 10° 2.3 x 107
5.40 % 10° 2.80 % 10°
75..56.'): m’ 2.18 x m’

5.36 x 107 2.18 x 10°

5.3 x 10~
5.5 x 107
5.35 % 2070
5.9 x 107
5.3 x 107

f:.ﬁs:w

106 % 1070

1.506 x 02
&

5.35 x 107

w9 x10

1.90 x 20°

1.92 x 10
}..ﬁfg 10°
793 % 107
h.90 x 107

& .

0.500

E

’;S‘he-xléﬂ,.n'xm" 10 en. Lﬁ?xm"

3,05 x 10

4‘

3.7 % 2077




(1) gﬂg Tabls 1 gives e valus of the fonisetion
constant for the Samthyl-l,10-phenawtirolivs ion which 19 used through-
out this vork, Tabls 23 lists the variows recctions that wvere studted.

The rate dsts for the formstios of the momo(%S-mwthyl-1,10-phessmibroline)-

in Eqeations {13] sut (12]. The dsta for BResctions 20 thwough 2% ave
g#aﬁfuﬁ_gﬁi?f%g#
Figarve &% throwgh 28.

The experimewtal techuigues ware the same ss those used with 1,10-
phenanthroling, A wvavelangth of N0mu was fousd suitedle for following

g%-ahg.g?uuﬁ?g%uﬁgaﬁ? he
Agg}gia

{2) Zate of dissocishion E«fggg
Reaction 25, was measured. The dxte srs trested in Ow ssaser of Reustion
Eui-ﬁ%#g#.ﬂg#

: Esﬁgﬁ gwnifar-&f%
coastant for e J-aitro.l,l0-phensnthvolium ion, which is used Shyough-
out this vork. Tedle 20 lists the various reactions thet were studied.

niokel{Il) are Svested in the sams mancer & 1,10-phenastiroling was in
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Takle B4, Spectrophotemetric Deta
and Calonlistion of Reastion 20
kgt = 1005 x 10° 10g u:’;ﬂ‘-;;)@ >
Time A S e A,
{min.) | o log T < ) 983 X b
3 0.5% 0.693 M6 x 20°
5 0.547 0.006 6.5 % 10°
5 0,538 0.058 8.2 x 10°
S 0.508 0.073 10.3 x 3.9‘
| 7 0.519 0.006 12.1 x :.o‘
8 0.50 0.203 .2 x 20°
9 0.503 o.118 15.7 x 20%
10 0.49h 0.188 18.0 x 10°
u 0.486 0.148 9.9 x m‘
12 R ) ) B L 7.6 x 10°
13 072 0.167 23.3 x 10°
1 0.3 0180 2.3 x 10°
15 o.M 0.193 21.1 x 16°
16 R 0.307 29.1 x .w‘
17 0,006 0.980 30.9 x 10°
18 0.2 6.2% 32,k % 20 6
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FIGURE 25, REACTION NO.2|
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kotx 10 -8
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FIGURE 26, REACTION NO.22

TL



TR

Tebis 25, Spsctrophotonetric Data

sad Cxloulation of Meastion 22
kb= 393 x 198 log “:?: :‘;::9&”
| | , + 4199

e A e u:! - .8) 0.8 %t

3 0.262 0.002 b7 x 20°
% 0.880 0,025 5.9 x 10°

5 o.a7 oty  7.5%us

6 0.276 0.0 8.6 x 16°

T 0.2 0.086 10.2 % )0 6

8 0.RTS . 0,088 1.0 x m‘

9 0.8 0.0%0 1.8 x 106
p{-} 0.872 0.052 2.6 x 10 ‘
n 0.269 0.0%5 15.8 x m‘;
12 0.268 " e.0m W9 x 16°
13 0.266 0.0h2 16.9 % m‘
14 0,964 0.0 17.7 x 168
15 0.263 0.008 18.9 x 10°
16 0.861  o.om 20.4 x 10°
27 0.860 0,05 0.2 x 16°
18 0.a8 0.098 22.8 x 10°
19 0.297 0.061 2.0 x 108
20 0.895 0.064 25.9 x 10°
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FIGURE 27, REACTION NO. 23
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Time -
3 0,367 1.7 3.30 % 10§
& 8 "? 1.9%7 5.30 % 10
5 0.56 1938 5.36 x 10°
6 0,562 1,946 5,35 x 108
7 0,360 1.958 6,39 % 205
8 04% 1.962 67 x 0¢
9 0.9 .70 ‘M# » MF
M 0.955 Jmm T¢ 4 19
, ‘ , [
7] 0,550 2.005 950 % 10
3N esz a.005 10,90 % m‘
8 o e Bk
e 3 « DL, i 14 M Iz
20 0,540 2.0% 1542 x 10°
" N é
o2 0.587 2.105 18.58 x 10,
2 B HE Rk
; M ' {* » x

] 0,508 2170 21.30 % %.gg

» 0.585 2.190 82,50 x 10
n ﬂnm 2.2 *o‘@ % Ms
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Bquaticns [11] and [12]. A wavelangth of 290mu was used %0 follow the
progress of the resstion. Figire 30 shows the spectrs of 5-nitro-l,10-
phansntirolioe in sedd sclution vith varying smowxds of alokel(IX). The
data for Reactions 96 through 25 are presented in Tehlas 31 through 3%
sud in the scompanying graghs in Pigures 31 through 5. The rate of
formation wvas studied over s vide range of seid strength, from 0.30 to 0.02
moler perchlorie acid, The reactions were performed st 25.0 ¢ 0.2%,,
ummmmunbwﬁamwuﬁx,mm
throline.

(2) Bate of dissocisbion. The dissocisbion Tescticns of momo-
(5~mm-1,m-ﬁmumwmxtmmmmm S By o8
was mono(1,10-phenanihrolios)oiekel(XX), weing Bquation [15]. Tadle 30
lists the resstions studied st two different scidities. Thess data ove
presented in ables 35 snd 36 and the corvesponding graghs in Pigares
3 and %.

2. Diseussion

Inepeciion of Sables 2 and 5 clearly indicstes that the simple
mm«»ummmmmmmmtkiamm
mmmmmm mm:rmmm,xomv,,
mumnmﬁﬁmmuwamm,mmmnm
mmmwm Trom the excellsnt £it of dita for each
MWMmmwlnl, 1t seems apperent fhat & smcond
wmmummmwummn&
respect t0 botd nickel{IX) and 1,10-phenamtdroline. Rowever, nuob-
ummtmnm«mumwmmmmmn
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(A, - -310) 5.08
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s o (A:: e S
s 0,401 0.035 1.19 x 16
" 0,398 0,00 1.60 x 10°
5 0.396 0,035 1.88 x 10°
6 0.393 0.068 2.5 x 10°
7 0,390 0,088 2,80 x 10°
8 0.388 0.091 5.10 x 3.66
9 0,387 0.096 3.27 x 168
10 0.38% 0,130 3.T5 X 10°
n 0.382 0.121 h.12 x 106
12 0.380 0,132 %50 x 10°
13 0.57 0,156 %63 x 168
b1 0.577 0,188 5.05 % 10 6
15 0.375 0.159 3,82 x 16°
16 0.37h 0.166 5.66 x 1°
a7 0.373 04N 5.83 x m6
18 0.371 0.10% 6.21 % 10 6
19 0.369 0.196 6.59 X 10 10°
20 0.368 0.203 6.92 x 10°
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FROM EQUATION [251
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FIGURE 37, EFFECT OF pH ON MONO(PHENANTHROLINE) NICKEL RATE CONSTANT
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I7 te reverse reastion is msglected,

% = I « 1m0’ ()
RJJ.
By Ryg & e bal

ﬁﬁ«f%.agg.gﬁgi.gf
points in Figure 355 veuld fall m o ggk! Vaile if
he shove #isgle ombinstion of resetisas in Bguettion [17] vere cerrect,
the peints in Pigare 35 weuld full o & gﬁlﬁf.ﬁ”
Toe pointe do 2ot full ea & SETRight 1ine, Dut aven deviste ia O

mlar pevrohleric acid. Neactien 10 shows thet ienic strength dses wed
grostly alter the rate up %0 0.5 melar sedium Jercdieceie, Hewever, it
seems sigaifieant thet the atekal{1X)-1,10-Zhenanihreline synten alse Tits
s exgression sush o8 Egustiem [18] ever & very liwmited renge of acidity.
It would be 2eessushle 40 asmwom thad dhs resciios Letwesn the nickel(XX)
1en aat the 1,10-phenewilreiing maleoule preceeds in a stapwise fashien,
ous aitregen-aickal bend ferning in sash sbep. With 1,10-shensathvelise
»fﬁ.gikigﬂlgg#fg

in Figoe 39, vhare the 1oft hond side begine with the apeciss Termed by
. the displecment of ent weber mdecule fyem She speted xiekel{1IX) iom Yy
' the 1,10-phenantivelivg ien. The exbire Segunce cun be WAtheN:



H,0 +++ | H0 ++

H,0— N ¢ H,0— N\
/QNi/\N — | Ni/ N| + H*

H ¢
HeO -OH, H,0 - OH,
H,0 | HZO
e e
H,O
NN REPRESENTS : tr
l, 10 = PHENANTHROLINE  H,0— N
H -~ N '
H0

FIGURE 39, PROPOSED MECHANISM FOR REACTION BETWEEN THE
PHENANTHROLIUM ION AND NICKEL ION



m*aem % Mg (39%)
™. m"’%—“  ad (am)
:,‘"""r-f;a“ o » (19¢)
N (290)

'
vere, 1% 10 M), 2 10 mm O g™, ™ 10 m(n0) ",
sod m** 18 MOLOLM™. since 3™ ant A™ wre presinnd 1o e unstadle
intermedistes of negligidis concentration, it is possibls t0 maks the
staady state spproximetion. set$ing both of their rates of formstion equal
t0 sexo. In $his way it can Yo shown by neglecvting »' that:
- M Qfl{“}# {t » ) e
Rl exleratir o) »
Tue cbserved rate comstamt, k, 18 now deyendent on $he Kydrogen ion oon-
csntration end oan be written:

£ 8
»{f'* ) f (o #at){g? o g)
x (¢ . gt  * * 2)K
;.:.“..E...f.., au%—:-“’a‘ ‘#. ',,“.

Another possidle mechbanisn for the formstion of mono{l,10-phemanthro-
lineintokel(IX) may be postulated a8 an soid catalysed resstion, vhers the
intermedists formsd by the replecement of ons Weter moleculs from the
squated nickel lom ¥y 1,10-phenantiroline geus $o the Jroluch faster Yy
the alimination of & hyfroniws iom. This mechanism is pietured in Pigure
- h0.  The resction seguencs way Ve wristen:
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'FIGURE 40, PROPOSED MECHANISM FOR ACID CATALYSIS OF REACTION
PHENANTHROLINE AND NICKEL ION

Hx0

+++

Ho0
H20, N
N
OH»o .
BETWEEN

00T



S :’-‘;—“ N\ (ame]
At 4-&’ '?"' g ““3
Al”" = mn*t et (22e]
"= = {22a])

viere '.-a**l‘uvrrx.ttie)sn- wat A 1e MO (O™, stnes 4™ ama
A" ave unstadle intermsiistes, the steady state spproximstions oen
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effect of acid strengths on the rate ecsstent. AS very low scldity k, is
oqal o n/p, Viich by either mechanion 18 oy , and 1s iydrogn fon
indupenient or egial %0 kyo. AU intermedists estdity k  changes vith acid-
14y, vhile at very high soldity k sgain bectmes constant, this time ogal
to 1/n. The values of the eosf¥icients, m, n, sad », sat be ovaluated by
Solving simaltanacus equations for s series of three valuss of &, o8 various
hydrogen ion comoanirations. Nowever, their veluss sre mowe sssily deter-
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frastion of the resction proessds through the hydrogen ion dapendens path,
then Y] >> aimlim®) o olan™] > m"m 1% ean then be
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at high hydrcogea ion concentration:

S ¢ N [24]

°  alE]+p
Therefore, if the agsumption that the hydrogen ion dependent path is pre-
dominant et high acidities is correct, a plot of :t./ko against l/[B*] should
give a straight line of intercept n and slope p. This plot is shown in
Figure 41 and the data are presented in Table 37. "The velues of n and p
from this plot can be used to determine m from data at lower acidities,
which in turn gives a corrected graph. By successive approximstion, mumer-
ical values for these constants may be determined:

= (S‘] +* .00"5 106
°  b3stE*] + 043

The sene procedure was applied to 5-methyl-l,10-phenanthroline as

{25]

ghown in Table 37 and Figare 42 and to 5-nitro-1,10-phenanthroline as in
Pable 37. The following expressions can be written for ko:

MePh k, = {i:9! ud 00%6) 305 - [26]
(45[H'] + .045)

(IE'} + .0068) .5

NO kK = 10
e ° (.25} + .0281)

The proposed mechanisms of the nickel(II)-1,10-phenanthroline reac-

(27]

tions can also be applied to the rate of dissocimtion of the complexes.
With either mechanigm it can be seen that the observed rate constant, L
should increase as the hydrogen ion concentration increases. Using the
steady state approximeation and neglecting a and £ in the mechanism in
Equations [19s-d] it can be shown that:

} almr’™) B e'rigfa’] + a'e'(f'+ g) (™). (28]
£0g' (8] + (a’ ¢ e)(2* + g)
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Table 37. Acid Dependence of Rate
of Yormation of Nickel{II)-1,10-Phenanthrolines
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The obaerved rate of dissociation constent, k' o’ 18 therefore dependent
on the hydrogen ion concentration:

k' ,.._Lgfm

° rIH“] +8

o t{p? LIPS L
vhere ¢ = ‘—-‘y—‘-—ﬂ”g" ,r-l/e',andc-(“ ,.}2‘;’, 8 .

Similarly using the mechanism in Bquations [22a-4] and neglecting a

, {29]

it can be showm ﬁhat:
dmm™] aw'e!{HT] ¢ ate' (b & 0)ry it
- - - < {BiPh ]
be[H } ¢ (a! + e)(b* ¢ ¢)

(30]

The observed rate constant, kio’ can again be expressed as in Equation
{29] where

q= e'(b! + ¢) 'r w be 4 sa (a' + e)(b' + ) )

h 3

blet ' adie! a'bio!

At high hydrogen ion concentrstion & plot of 1/k! sgainst 1/(H*] gives a
ttraight line as in Plgure 43, indicating that q is small. The coeffi-
cients in Equation [29] can then be evaluated giving:
k; = .Lgtl_‘:__.ﬁ’_lz_ 10"3 [3]
AR ] + .060
From the theoretical values of the coefficients in Bquations [21}) and
[29] 1t can be shown that the following relation should hold:

1 .
%x.‘- = ) : (52]

However, the mmerical values obtained for these coefficients give &
Product approximately equal to .23, The order of magnitude is correct and
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the lack of precise agreement may be due to an insufficient number of reac-
.ticn studies for accurate evaluation of r and ¢. However, it may also be
due to the formation above 0.D moler acid of a stable complex between
mono(l,10-phenanthroline )nickel(IX) and mvdfogon ion. It was cbserved in
the dissociation reactions thet an immediate increass in absorbance occurred
vhen mono(1.10~phenanthroline )nickel{II) was placed in solutions of high
acidity, This could not be dome due to the formation of the 1,10-phenan-
throlium ion because the dissociation does not proceed that rapidly.

Neither could it be due to the formation of an unstable species such es

BM

or AB Tsince estimated velues of e' and ¢' are too large to allow
their rapid roristion. It has been suggested (6, 29) that one uf the
reasous for the unusual stebility of the 1,10-phenanthroline complexes ie
the formation of a double bond between the metal ion and 1,10-phensnthro-
line. This would result in the distribution of a negative charge on the
1.10-phensnthroline molecule. It would then be conceivable that in highly
acid solutions a proton is associated with the 1,10-phenanthroline por-
tion of the complex but not with the nitrogens. In other wvords, & complex,
sienao)km"*", has formed. If such a complex existed, its presence

would be expected to affect the rate of dissociation of mono(l,10-phenan-
throline)nickel{II) and therefore cause p/n to be different than r/s.
Whatever the nature of the complex between nickel{IX), 1,10-phenanthroline
and hydrogen ion, such s complex does seem to exist to a meesurable extent
in solutions sbove 0.5 molar perchloric acid.

Several psople (22, 24), have suggested s stable protonated 1,10-

phenanthroline -metal ion complex. For instance, the species rem?
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phensnthroliue sbacrbance end were messursd shortly after wixing to
prevent any decrease in shsorbanse due to loss of 1,10-phansntiroline
on the glass surfaces. m\m.mwumm«m
against 1,10-phenanthroline comsentration was obtained until the phensn-
throline concentration exseeded three times the nickel(II) ccnesntrasion.
e following relsationship was spproximetely true:

“wpm %‘n'n,‘ 3 ‘mm,
The actusl values of e molar abscrptivitiss are presented in the sec-
tion on equilibeium constents. Tabls 30 and Figure 45 present a typical
rate stuly (Rewcticn 32) using Equstions [35] snd [%6].

2. mxm.

The points in Pigire 35 fell on a continuous upwerd urve yather than
on & straight line. This might be abtributed to the formstion of tris(l,10-
phenanthrolioe Jutekel(I1). Nowever, the slope of the best straight line
from the poixt vhan kb 18 Sero gives ko, & value of 1.7 x 10°ain."t, Sinoe
st this acidity k, 18 2.8 x 10°nta. ), the originel sssmption that the
second rasction is much slower than the firgt is not correct. e kinwkic
 system, thevefore, is one of ccupetitive comssautive, reversible resc-
tions with prior equilibria, ¥his system csunot be trested with meihe-
mtical simplicity wuless the 1,10-pbenaniiroline is present in large
excess and even then may not be resclvebls if ky, is lavgs. Purthexrmare,
as montionsd seriler, the limitations of the 1,10-phensxthroline ahecrd-
ance in the wltraviclst asd the solubility of the 1,10-phensxthroline
p&mumaumwmmuam,wmmm«
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Teble 33, Spectrophotometric Bate
sl Calemlakion of Beaction %2

WJw “9”33&‘3 '
"'r - 1.6%:10"‘ leom, call 3510
B, = T.65x107

- 886
nuahﬁul.o"lo‘(mx +87h)

‘ SR )

(ntae) S log L x BN kpex 207
3 0.687 Q. -8.9
b 0.6%% -&.gg «1:9
5 0.608 ~0.01% 5.5
6 0.60% «3.010 T
7 0.587 £0.008 «5.7
8 0.563 ~0,00k «1.9
9 0549 +0.00% 0.5
10 0.551 0.003 W )
1 0.516 0.006 2.8
lx; g.g o.gg h.6

} o 0. -
1 0.h 0.016 33

16 a.m 008 .2

17 0. 0.028 15.0

18 0440 0.0%1 19 Y

19 e.h3 0.035 16.3

20 0.585 0.039 18.2

7 0.8 0.043 80,0

= 0.1 0.047 219

g 0.403 0.05% 2.7

o.g 0.0%6 26.1

25 0. 0.0% 21.5

26 g.g g.§ :;.g

= o:ng 0.0 ﬁ:g

29
%

0. 0.079 3.
e.% 0.085 39.6
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& large exoess of 1,10-phensathroline in these rade studies.

The data obtained using Bquation {35] can de used as an spproxima-
tion fer k.1 The Arwe value should be detween 2 x 10" and 2 x 10°min"l,
Simtler dats for S-methyl.l,10-phanantiveline and J-mitre-1,10-pheasa-
sems relaticsshipy. HNemce the change of the mselsephilic sharaster of
the 1,10-phenasthroling Ritrogens dees not sppear ¥e sffect the rate of
fermation of the bis-ossplex say more than with the mone-ossplex.

D. The Pris(l,10-phenantireline)aickel(1T) Conploxes
™he rete of formstien study of the tris(l,10-phensathroline)nickel(1X)
onplex can be treated in the same mamner as $he bis(l,10-pheneathrolise)-
alckal(XX) complex. Using the approxismtions:

RN BT Py B (1)
and naglectisg the reverse reschion it cem be showa that:
2.300"] ﬁ m, - (mn3']
t X, (m, - 3m,) m, - (mn']

4 e . {391
my - m,
The rate stedy for Beackioa 33, vhich is prwsented in Table 39 amd Figure
N6, vas caloulsted wsing Bquatism {39] sad the folleving expression fer
the concentration of the tris{l,l0-phenanthroline)aickel(IX):
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(min. ) A lag (mx 565 ‘W’
- | 0.383 0.066 2.0
5k 0] 0.0T2 12.9
;i w0
éo 0.315 9.089 6.2
62 0.319 0.098 11.8
g i3 i i
68 0.507 0.116 2.1
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. Bquilidrive Constents
The equilitrium dissosistion coustants ware salenlsted for the mowe-
(1,20-phansntireline Jaiakel(1X) couplones and for the wris(l,10-phenes-
throline)nickel(1Z) omplex frem sbssrbance dads sm selntions thet were st
equilibrive cenditions ot 22%.
Tk, Ahe aheardence mossuremaxts vere mada vith excess aiekel(IT)
40 sasure the sheencs of wx,wm(m, 50 Whab:

- im“nm! tmn*)) o

T (mm*) M
ad " |

(mnt) . A fs)

Tabls 40 presents the values of K, ebtained aad the data used fer the
caloulstion of K with 1,10-phenanthreling, 5-wethyl-1,10-phemnthreline
‘ol Senitve-L,10-phananthrelise,

T equilibriva comstent K, ves cslouleted only fer the vasbetituted
trin(1,10-phanasthreline Jaiokel(IX) ewplex. Abserbance maasvremsnts
vere made &t equilibrium vith selutions osutainiag sa excess of 1,10~
phansathreline %0 nickel{II) s0 thad Whe asiysptions iz Equatiens [A3]
and [bh] were valid amd the mm&:,mm.

Ry = (M7 o (B0} ")

M, = 2(mrg"] + 3imn,") ¢ (') (W)
vhere 1t is esmoeed thet (™) wat (™) are megligitie.
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” Y

w3 omy y i
0.0808  5.76 x m" 1.90 x20™° o002 W 148 x 1077
0199 5.6 x107 19 x10% oask 30 2.92 x 10”7
o8 5. x107 Leax10 oar mo 2.95 x 107
0.7 6.32x207 306x10 o043 Mo 2.0% x 2070
0510 1.35x10 1.55x10° 0290 27,5 2.4 x 107
0.5  1.30x107 1.55x1077 o  ars hasx o
055 L30x107” 133x10” oy a5 b.38 x 307
05% L3x1207 305x10” ome s Lobxi?
0.™7 1.5 x.m‘”’ 3.05 x 1077 o.m0 #T7.5 VA3 x 107

| | _ | A”t - ‘G, x 10';

o5 53 x10” 153x107 oa m 188 x10”?
0099 S.Bx107 L55x107 o Mo 2.57 x 079
0.100 5.5 x107 1.53x100 04V ®mo 1.36 x 10°?
0.500  2.095 x m" 15 x 10 0.9% 850 8.7 % 2078
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mn;*um K e il

nd'l 1 (e ol
- K, (my - Aty -, - (ew3t]) (6]
gy o e~ P T uny) By o)
| ‘@ * ‘mm, - “wrm,

mummuumummxmmumnm
constant, K, The meler absorpivity values used for these calewla-
tions ware obbained frem mixiag 1,10-phensnthroline and niekel(1X)
in weutral solutions ss descrided in $he previous section. The follow-
ing values were used for these onlowlsbians:

. w270 X107, aed €u e ® 5.90 X 10°.  Ax inepectien of the
m, ’ nm,

caleulations used in Tadles 50 and 51 shows that very small changes ia
the absorbance valuss can greatly affect the valuss of the equilibrium
constant. Errors ishaxest in the shacrbanos measuvensuis OSR AteouUNd
for wuch of the variation ia the values of the eqguilivrium csnstaxt.

m&mmz,mmmnww
with those obtained frem the msssurement of kimwtic rates.
Thus, ,

e 2.5 % 10~ -9
W w——— .42-5310

! ke 'Lox:.o"’ ’

mnwamk?uuwmwmmmmm

measured, tl--?-a

%
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Toble k), Eguilidrive Constents for
Pris{),10-phenanthvoline Jatokel{11) m
Ay ot Jlow
o) ™ n, A/t 5
reex10”? 97 x10” sfax10% oAz 4.60 x10°
1.08x207 9.7x10”7 71.65x20% o3  Lo7x10®
1.2 x m"’ 9.78 X 10”5 1.15 x 10", 0. 957 2.68 10“5
1.02x107  g78x10” 195x10® o300  6.48 x 2070
1.99x2070 wax10” 1ssx10®  oMe  a.mox10d
1.99x207 12mx10” asox10” 0.6 o7 xiod
1.26 2200 12,8 %10° o06x107 o 1.97 %1070
1.9x107 wax® 1mx10”  osr 2.8 %100
Leyx10” 1mx10® box10?®  cam 38 x10

“oe, = ‘t& ®x 16

&
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-3
(5] = 0.20; K- -f%f-—-ﬁr - 1.5 % 1&"9

(6*] « 0.30; .2:2.5.}25_. “ 2.2 x 2077

1.8 % 10

stasistionl effsots alome (5).

Thus,
+ 1
i......,,. (AXE ;(..::.!..t&) , {48]
X a *
where a is the mwmber of ligands and ¥ is the total mumber of ligands
possible.
80 that, %’».3 miug mmins,

by the statistical effect. The measured values vere -2 1.

It was posaitle o ealoulete K, 6150 Dy the use of successive apyroxi-
mation vith the data from the selutions vith either primerily the mouo-
or the tris-complex. Sisce the K eal K, values are mot precisely kaowa,
thase caloulations for K, are act included. Nowever, the values estimated
for K, in this feshion ere approximately, 8 x 107, It s theretore
posaible 4o estimete the value of the K K.K,: |

‘“'[:R,%L » KKK, - 5.6 x 10°%
pK = 24,5
The PX valus for Shis cowplex is much grester thax thed previcusly reported
(13). Astention has freguenily beos called to the umusually high stability
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of tris(l,10-phenanthroline )iron(IX)(pK - 21.3) but it ie now seen that
nickel(IX) forms a stronger complex with 1,10-phenanthroline than does
iron{I1). The values reported for the stability of the other tramsition
wetal ions with 1,10 phenanthroline indicate a mich different sequence
than the usual order for divalent metals, which is M < Pe < Co < KL < Cu
> zn (18). Copper(II) and cobalt(II) both form weaker complexes than
iron(II) end nickel(IT). The iron and nickel systems are distinet both
in their stebilities apd in their sluggish reactions.

F. Summsry
The mono-, bis-, and tris(l,10-phenanthroline )nickel({II) reactions
nave been shown to be alow. The rates of formation and dissociation of
the mono(1,10-phenanthroline Jnlckel{IT) complex can be expressed by an
acld dependent expression. Thus, the observed rate of formetion constant
is:

X 313"!4&
° afg*]+p

and the cbserved rate of disscclation constant is:

Okt = £n+1“‘s
° r[ﬁ*) +8

vhere m, n, p. q, T and 8 are constants for each particular 1,10-phenanthro-
line. With 1,10-phenanthroline the following values have been determined:

m o= 0.0043 q = 0.015
n = 0.435 x 10° oy = 0.1k x10°
p = 0.0831 x 106 8 = 0.060 x 105

vhere m. n, and p are known more accurately than ¢, r and s.
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The ebove kinetic expressions can be derived by assuming the reaction
to cmiatota:m!romniondnpmﬂznﬁpdhmﬁahy&mm ion independent
path. There are two possible mechanisms for the hydrogen ion dependent
Path, cne involving reaction between the phenanthrolium ion and nickel
ion with subsequent loss of the proton, and the other involving an acid
catalyzed displacement of the second water molecule from the nickel iom.

The fatu of formation of the mono-complexes of substituted 1,10-
phenanthrolines with nickel(II) are not very sensitive to changes in the
mcleophilic character of the ring nitrogens. For a fortyfold change
in the value of the acid dissociation comstant of the substituted 1,10-
phenanthroline, the rate of formstion constant, k].t’ changes only
threefold. It appears that the rates of formation of the bis- and tris-
conplexes bebave similarly to the mono-complex.

An oversll equilibrium constent has been caloulated for tris-
{1,10-phenanthroline Jnickel(II), pK = 2%.2.
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IV, IROE{II) VITH THE 1,10-PEENANTENCLINES
- A. Istroduction
he iron(Xl)-1,10-phensnthrolines and the similar 2,2'-Bipyridise

systems bave bDeen studied by s mmber of workers(l5, 20, 21, 22, 23),
and it has been well esteblished that the rate of formation of tris(l,10-
phenanthroline)iven(Il), cemmonly csllied ferrcin, comsists of two rapid
resctions followed by s rete dstermining reaction betwsen the bis{l,l0-
phenaxthiroliss)ivea(1X) complax amd 1,10-phensathroline. The reactions
my be written: | |

re(R0)c" +m T re(m o)t 20 {491
| | JBapta
Pe(R,0T M = Fe(n0) Myt + 20 {20}
g l,’ aa
Pe(H0) 07 + 72 1 rem,
E0) " + P = Tem,” + 280  I6low (51)

Magaetic studies indionte (1) that the last reaction involves the
following changs in slectroaie structure of the irom:

a*a’u’u‘c‘n,ne = faldi’ {52)
It is of interest to oomsider at what point im the formation of ferroia
the slectronic transition given in Bguation [52) tekes place. Two general
nochanisns are possaible. e tramsition in electyeaic structure mxy
ccour simltensously with the sddition of the third 1,10-phenaxthroline
solecile s showa in Bquation {53).

C om(Eodomyt em T pmy s amo (53]
e P prx PSS
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Another possidle mechanism is the sddition of the third 1,10-
phenanthroline molecule $o the iron(IX) to form an unstsble imtermediate,
with an cuter orbital coafiguration. The intermedixte them forms the
stabls ferroia by the pairing of the iron elsctroms, This is shows ia
Beuations [5%) amd [55].

Rapid

nEOMm  em —  (rem,™) smp, (5]
(P dderh?) (PdadddmH?)
Slow
(rem, )" — Y 55)
(Pl dder?) (P

It might be possible to distiagiish Detwoen these two mechanisms
by comparing the reactiom rates of sudatituted 1,10-phensathrelines.

If the reaction is s direct comvarsiom of the outer orbital ccmplex to
the imaer orbital complex, simultensous with the 1,10-phemanthroline
replacemezt of the water molecules, a8 in Beuation (53], then the rate of re-
action could be expected to vary sigaificautly vith the muclsophilic ehar-
soter of the imcoming 1,10-phemanthroline. On the other hand, if sn outer
orbital intermediate is formed as ia Bquations [54] and [95], the reac-
tion rate mey nok be vary seasitive to chamges in the mucleophilic
character of the iseoming 1,10-phenanthroline, A comparison of resction
rates of substituted 1,10-phenenthrolines with iron(XI) is availsbls from
the work of Rraadt ead Oullstrom {8). However, befere comsiduriag these
énta 1t is halpful to coupere the iron{II) and atckel(IX) systems with
respect to the effect of hydrogen ioan on the reaction rate.
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Because of the repidity of the rate of ferroin furmation, these
reactions, like those of 1,10-phenanthroline with nickel, have been studied
in strongly acid solutions. Therefore, s hydrogsn ion dependent M1on
rate might be expected with iron as with nickel in Equations [19a-d] or
[22a-4). The following equations can be written without specifying the
presence or sbsence of an outer arbitsl imtermediste, but showing the
stepwise progress vhich the iron system might undergo if a hydrogen ion
dependence similar to one of the nickel systems were cparative.

Fe(H,0) P ** + mPn' .T.Z_': re(E0)mm, ™" « B0 (56}
o 5

Pe(H,0)n, " = Fe(H 0P, + H' (1)

Pe(H,0)en, " = Femn,*t 4 B0 [58)

How it can be seen that if the genersl mechanism of the formation
of ferroin does involve an outer orbital complex, vhich alowly undergoes
electron pairing to form the final product, then all resections preceding
the last slow step would be kinetically unimportent. Equation [53)
then would be actually two steps, the last one as in Bquation [55] and
the rates of & and £ would not be importsnt. Therefore, the existence
of a hydrogen ion dependent reaction rate would indicate the absence of
& mechanism as given in Bquations {54] and [55].

Past workers have stated that the disscolation of ferroin is hydrogen
ton independent and that the hydrogen ion concsntration affects the rate
of formation only through buffering sction with 1,10-phenanthroline.
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However, the work of Krumhols (22) with the very similar iroa({II)-bipyri-
dine resction imdicstes a &efinite hydrogen ion dependent reagtion. KNis
suggested mechanisn has bean discussed earlier im commection vith the
ninkel{1X)-1,10-phensnthroling reaction. It is simply a combiastion of

r(our)y ¢ oy = B} (59

Po(vipy)y’ + Eluigy)® == we(vigy),” ¢ &’ (6o}
The diffioulty with this sugewstion is that tha observed rate comstant
should contimue to incresse with inoressing noidity, vheress, actually
1t lovels off ot high scid streagth{3). The tasdency for the rate constant
to De mearly constant &b bigh acidity may sccount for the failwre of
Previocus workers €0 motice a hydrogen ion dependexnt reactien rate for the
faryoin system. The folloving experimental work deals omly with the
~ proof that the cbmerved rate comstanmt for the formation of ferroin is
smaller st low scidities than the values reported st high scidities. The
substituont effect is discussed later.

3. Egperimental
The rebe of formation of ferroim was Zollewsd spectroplictometricslly
ot 510 a aad 25°0. and in 10°% melar perchloric seid selusion. 1In 0.5
molar sulfuric sosd, Xoliboff asd others (8, 24) were able %0 use excess
1,10 -phenantliroline snd sxcess iron(II) so that the rete of formatioa
of farrols was sero order and ssey te calculsts. The resstiom st 10
molar perelloric seid comcemtration wes so fant, due $0 the higher comoen-
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tration of wsgrotonsted 1,10-phenanthroline, that i was sot possible %o
use a large exoess of either 1,10-phemastbrelize or irom(II). This mekes
the caleulation of the rate comstant more diffioult. The rate of reschion
ean be wipressed as follows, vhere the dissociation rescticn is meglected
and k;, the cbsarved rete comstast, is used in place of k.. Ny defiaition,
kawhuuWMlguWotMW-

dlrem,") K
-—'.-'Eé-- -k (0*)(m)° (s It P, (6]

y ']

| X 3 L
"k L) ey - (rem, ") 1imy - 3em,*)]  (6R)

squation:
3 3(My-Pog) a3
tx*) W15 dmy - e m, e,
1og [x d0my) .
r-., [remn,] a, . sr-,)tn,~ Srerg])

{63}

1 |

T @y - Seg)ilmy - rem,))
Sinos this axpression cannot be coavesiently graphed, it was used in order
%o confirm the value of k estimeted by usisg & 3ero order plot, A good
mwuemmm.auumm,mmmynm
fraction of the progress of the reaction was fallowed.
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. .-(1(1)5 L (T (o)
(h,) .

The iron(Il) solution wes prepared and sualyzed as desoribed
onpage 9 . e 1,10-phenanthroline stock solution used wes 2.306
X 10 molar. fhe 1,10-phesesthroline, perchleric soid sad veter wvers
mixed and drougkt to 25°0. Pive milliliters of the stock selutien of
iroa(11) were diluted to 100 milliliters and them five milliliters of
the 2ilute solubien were added to the 1,10-hensnthreline selution,
thoroughly mixed and & portion trennferred t0 sn ophical call. The
aliquot for asalysis of the iroa(Il) scluticm and the aligquot fer the
rate study were taken st the seme time. The deta for these rate studies
are presented iz Tables *2 and b3. The k, value in Teble 32 wes calou-
lsted from Bqustion [63]. Pigure 57T is typical of both of these rate
studies, vhers the ferroin comcentration is plotted against resetion
time. The failure of the plot to pass through the origin vas due to
the initial slight yellew color of the 1,10.-phenanthrolime solution as
well as to the spproximations of Mgation [68]). The imcorporstion of
the dlssociation rate expression into the sero order plot does ot
sprectably alter the estinsted value of k, VhoSMOr ky, 1s chosen as.
0.0045 mia'l or eme-£3fth of this valms, According to George (17),
the oxidation of iron{IX) to iren{IIX) durisg this resction wveuld be
negligible.

€. Biscussion
It is obvicus that the observed rate of formation censtant far
Loarroin dous dscresse with decressiag acidity. The value givem in 0.5
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') = 9.23x :w"i 510m

My, = 1.300 X 135 feom, cell .

o, = 233%x20 ‘m,“’"m“m
(aia) A trn3") x 107
2.18 0,010 6.15
2.5 0.0165 1.85
3.50 0.022 9.56
h.50 0.0830 10.%2
h.58 0.006 0n.ke
5.00 0.0885 12,5
6.3 0.0515 135.8%
7.5 0.035 15.80
8.00 0.036 15.82
8.50 0.03 16,70
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mkg, Spectrophotomtrie Data
snd Galoulation of Deschion 35

- 9.82 x 10° 510m
- Inm b | 19* "‘0 osl)
« 286 x 3.0“5 v

.M; 1.357 % 10

- . , -
Time > T e
(atn.) A, (rerny "] x 20 esloulated by
Beuatioa (63])
!.}B G«ﬂﬁﬁ 6597 ‘0 X
2.% 0.0 +69 ﬂ.g '
A B L
%.59 0.0%0 8.8 2,92 x
5.9% .00 915 2.7 x 10,
z‘ﬂ 6.353 10.20 2.6h x
30% 0.061 10.7% 2&3 ¥ 10,
5.98 0.063 11.10 o.h ,
5.5 0.6%5 1.5 2.96 %
6.2 0.70 ao” x
8 W BB R
' 3.17 g'” ”v;’: Rdﬂ ) 4
8.65 0.85 .3
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TIME, MINUTES
FIGURE 47, REACTION NO.35
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PHENYL HYDROGEN

18.5 [—

o 180
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7.5 —
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BRANDT AND GULLSTROM
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FIGURE 48, SUBSTITUENT EFFECT ON THE FORMATION RATE
CONSTANT OF THE IRONI(I) TRISPHENANTHROLINE COMPLEXES
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umuw.ﬁmmummmmumm,gu
Ky: for ssch of the substituted 1,10-phensnthrelines. Thase Projects
are Deyend the seope of the Jresent werk, bué sems izteredting sEPTeEiNA-
tions cen be weds.

The retie of chesrved rate comstamis of 1,10-phemanthroline to
5.21400-1,10-FRenantireling can be siaplified in terms of their respective
Kyp VAlNS by sSWuning that the kylregss ion dpendenss of the twe 1,10-
Phonsathreiings t0 be nearly equal ss shown in Bguatien [66).

L, ZERTEA) M) g
Xg(mgr) K ) %2im) Ear(m ) |
nmnmmmm,x,ﬂmﬂmﬂ’m@mm
of X, sk K, for sach of the 1,10-phensatirelines with trea(IT) mst be
estinatol. Dut enly the yrefust KK X, is knewa for beth 5-aiwre-1,10-
phenanthreline and 1,10-phonsnthreling with iren(IX). The raties are

given in Egation [67): -
‘Lvlmw = X160 (131
KK e

I 4he Gifferenses in strength of the S.nitre-1,10-phesasthreline cem-

plees and 1,10-phenanthrveline conplenns are sbout the same fer the Wm0,

bis~ and kris-conplenes, then

UmPIREA) o3 - s et
Bm)atm)




1

A compaxison can also bs mads 0 the eguilibrium constents with the
aickel(IX) tom amd hydrogem iom:

K (w
wisk W{1I): (Rogh) «10, [69]
K(m)
xl )
et vith X% () . 2.6 {70}
Kim)
ALL of these estimstes indicste that $he ratic desired is of the order

of magattude of 10°, If ¥his is the case, then it can be seen frem

Bquation [66] that \he formation comstant, K., 18 mearly the ssme for
5-nitre-1,10-phenamtiroline as for 1,10-phenasthroline. I% sgponrs
mmmwn”ummmunuwotmm—
philic oharacter of the ring mitrogens. Im this respect the irom(IX)
snd aickel{XX) systems are similer.

The preseding dats seem contradictory with regard te distingaish-
ing the type mechenism suggested iu Eguation {35] from thet ix Equstions
[5h] amd [55]. The Wydrogen ion depenience sesns t0 elimimate the latter
wechanisn, while the Substituent effect sesms $0 SNpPers this mechasism.
An ixtermediste of the type, Po(R,0)M,"" can be legleally propesed turing
the stepvise formstion of the 1,10-phemanthroline Youds. However, the
1,10-phenantirolime aitrogen would be expscted t0 form a stremger bomi ia
such an intermediste than 4he 5-aitre-1,10-phenasthroline nitroges. Keace
mxxwmm,mmmumgmmawm-
tien of this intermediste 40 feryoin sust de less for 5-sitre-1,10-phensa-
throline thas for 1,10-phenanthrelise. Tuis seens comceivable only from
the point of view that double bond fermation Would be easier with J-mitre-1,
30-phanenthroline thas wish 1,10 phenanthroline.
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V. VASADYUN{IV) WITH THE ),)0-PEENANTRROLINSS
A. Introduction

The reaction betveen vanadivm(YV) perchlerste ssd 1,10-phenan-
throlise procesds of & messuradls rate in acid solutions. In faek, the
rosction is sufficieatly slew %o allow the separstion of trase ssousts
of irom as ferroin from vanadium solusions (25). With bodk siekel(IX)
and vamsdiwn(IV) the mono-1,10-phemanthroiine complex i alow te fors,
while vith iven(IX} the tris-1,10-phenanthreline complex is the slew
.

According $0 Paube's correlation ef resction rates to electroaic
structuve (35), vanadimm(IV) sheuld be labile in its rescticas yather
than aluggish, It Bight be possible %o rationslize the vansdiua(IV)
bekavior to Twibe's requivements 1f the venstyl 1oa (V0'*) 1s censidares
5 Rave & dodle boad between the vansdtum sad caygsn. Nowever, the only
slov vansdiwn(IV) resction Jmows is with 1,10-phesaathrolime.

In the following work 1t is showa that the mome(),10-phenantiro-
1ime)vemsdiva(IV) somplex is the prefemissst species present im ecid
solution. The rates of resction of 1,10-phensuthrolise, 5-mathyl-1,10-
phonsnthroling aad 5-nitre-1,10-phensathreline wvith vasedium(1V) sre
masured in 0.3 molar perchloric acid solubion. These rstes are compared
%o similar studies with aiekel(II) and ivon{IX). These data are
svailable through the cooperstion of R. Nystweff {10) amd are only
susmarised here,

B Rxparimsatal
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study of the vasaiwm({IV)-1,10-phonsutireline complenes, Figure 49 shows
the ultrevielet shrerptien spectrs of 1,10-phensnihreline vith varying
smounts of vansdtun{IV}) in 0.01 melar yerchlerie seid. Abssrbance msasure-
ments taken ot SN0 sad 272ae wars ysed to dvtermine the ratie of chelate to
metal 1en in $he CusteNErY BamMr of centlmiees veristiews (19). The data
for thess plets are presented ia Tadle M and in Pigures %0 ead 53,

The rates of formsiien of the meno{l,10-phasanthreling jvanndiualIV)
ctaplexes were studied {n axoess vansdiwu(IV) ot k8fay. Meastions 36,
57 saft 38 are perfermed with vansdium{IV) end 1,10-phensnthreline, 5-
nothyl-1,10-phensmihreline and S.aitre-1,10-phensntireline, respechively.
These data are preseated in Takles A3, 46, and 7 and in Figire 52. Egua-
tion [11] ves used for the calemlation of these rutes of ferusdlien)

tnl
2
-—%‘J-' (7]
Mt - rm“z

m:wmmmmmmmmm
sbsordanss due 40 vauadivn{1V), ¢, so that:
- @ )
zm"‘")-f!———- {73}

'mem“'
m%xsmmwuwutuw,mm Using

Bquations (72] end [T3] and & = ¢y, 8 X Mh, 1% can De shewn thet:



ABSORBANCE

.LO .

1
220 240 260 280 300

WAVELENGTH,mu
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Tadle b, Spectrephotometric Duta
for Jov's Continuous Veristioss with
Yosadium{1V) amd 1,10 . Phenasthroline

= {2 "ﬂ‘n"”‘m“g'
Vhere
%uuwmawmm, respectively.
twél + [m)
| — Y
x 2ROy Ty
o e T o
0.1 0,337 0.083
0.2 0.170 0.159
0.3 0.1711 0.187
0.4 0.217 0.236
0.5 0.216 0,246
0.6 0.885 0.257
0.7 0.200 0.208
0.8 0267 0.176
0.9 0.1033 0.117

1.0 0 ]
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FIGURE 50, CONTINUOUS VARIATIONS FOR PHENANTHROLINE AND VANADIUM (V)
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FIGURE 5!, CONTINUOUS VARIATIONS
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FIGURE 52, RATES OF FORMATION OF VANADIUM (IV) WITH THE PHENANTHROLINES
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Tekle 45. Gpectrophotometric Bate
and Calsulution of Reaction 3

586 sy, 10-om. cell
t{} - 0.266
(vo*™*] « 6.47 x 10°%
{!h}, - 1.05 x m“’

kt = GM!m’mum-—-

RS - 4,
™
{min.) A ing -2 Kt
W5 - A‘
2.60 0.06% 0.078 ‘;a % 19:
207 0.473 0.090 T.7T % m~
B i3 aiia
) ] 0127 .
h-” 0.10% e.iﬂ 1.7 » %
&
‘:B 0.110 0.158 3.6 % 1
' o o gt
5.99 9.1!0 0.1 u.’ } zet
5.33 .12 Qnm ”h? » le‘
5. 70 0.1%0 0.803 17.h % 10
“
6¢°_8 0. 0..315 .15-5 »
6.47 0.0 0.207 19:3 x 108
6-% 9:1"’ 0.239 20.6 x 1%
Ts 0.190 .25 N.Tx W
T1.90 0.19% 0.266 8.9 % 10
8,3 0.160 O MN.0 X
B\.g 0,165 Qrg 8.5 x i&
5.45 0.170 0.308 2.5 x 103
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Tedle 46, Spectrophotoamwtric Data

ead Caloulstion of Reaction 37

hofag, 10 om. oell
w ¥ s 0.285
(™), = 6.47x 202
D), = 1.069 x 107

k= 1,72 x 205 20g 26
296 - A,
(ﬁ: ) A, log B k¢
56 - &,
2,00 0.069 0,036 9.6 x 10°
2.50 0.0715 0.057 9.8 x 10°
3.30 0.080 0.0T 12.7 x 10°
3.75 0.085 0.08h .4 x 10
5,60 0.095 0.1020 18.0 x 10°
5.07 0.100 0.1160 19.9 x 10*
5.70 0.105 0.1871 2.8 x 10*
6.25 0.110 0.1388 23.9 x 10"
6.85 0.125 0.1516 25.9 x 10°
1. 0.120 0,687 7.9 x 10"
7.98 0.125 0.17%8 30.1 % 10%
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!nuok'f. Spectrophotomwtric Duta
and Ualoulation of Beaction 38

L2Gmg, 10 om. cell
t!‘)’ = 0.880
(vo**ly = 647 x 208
lm,n}Q » 1.088 x M‘ﬁ

K8« 3.69 x 10" 1og M1
AT - A,
A log L]

(xdn.) o YTy %

e el oon L1105
2.58 0.165 0.1058 #.03 x 107
3.08 0.180 0.3293 MTT X 100
3.47 0.195 0.1505 5.55 x 10°
3.65 0.200 0.1577 s.82 x 107
%.00 0.820 0.1 6.% x 10°
vy oms e S-b 230
5.50 0.235 0,219 7.80 x 10°
5.28 0. 245 0.2290 8.55 x 107
4B /A
6.13 0.865 o:% 9% x 10
6.82 0,280 0.9938 10.80 X 10°
?.08 O.M 9'”1 11.20 » 5
7.5 0.290 0.33h5 1..60 x

5 T -
gmy 0.510 0. 3586 15.80 x 10°
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constants Wust be Xaowa befere the sctusl substituent effect cax be
detornined. Nowever, the seasitivity of vassdium(IV) to the mueleo-
philie charaster of the 1,10-phenssthreline suggests s Aifferant type
of reastion for vemsdiwa(IV) thes for iron(Il) asd aickel{XI). %hs
differences in Yehavior of these ions osm be useful in their saalytisal
separstion.
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the iron(Il) complex in a separstion process before the other ioas begin
forming chalstes., This is accomplished by an extractiom of ferroim per-
chlorste ixto & aitrobenvene phase. The irca can then be datermined
apectrophotometrically as ferroin im the xitrobenseme. In this manmer,
trace quantities of irom can be ssparated from chvomius{III), vensdium(IV)
and nickel(IX) solutions and amalyzed with the usual sccurssy of & spec-
trophotometric method. The procedure for these saalyses is reported by
Mergerum and Bsaks (25).

Although the rate of ferroia formation is much less than the
rates of resction of 1,10-phenanthroline with aickel(II) snd vamadium(IV),
the latter rates sre mot megligible. If the nickel{II) or vanadium(IV)
concentrations become too high the iron{II) is mo loager quantitatively
removed. It is possible to0 improve on these separations vith the
knowledge gained comoeraming the substituest effect in 1,10-phenaathroline
chelate kimetics.

The effect of substituemts on the 1,10-phesanthroline chelation
rate depends upon the scidity becmuse of the formation of the 1,10-
phenanthrolium ioa, If v, hhuﬂ.v s kummnlocuiu of
formstion sad observed rate comstamts for ferroia and momo(1,10-
phenantiroline jJnickel(II), respsctively, then:

o, Yo (1] (g2 (75]
Ym A (m*)

The initial velocities on mixiag are;
I e e 12 ......f..'........)a (761
B *m E;:-m’l ({x""}-rx
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since Ph, = EPu' + Fh under these conditions. It can them be seen that
for comstent values of l‘n’, 81.1, and Pl\!, vhere Ph may be 1,10-phenanthro-
lime, 5-methyl-1,10-phensathrolime or 5-aitro-1,10-phemamthrolime with
the corresponding K, values,

X 2
1"Y"’atk‘"(,.,," )
Vg My (E)eK

Below PH b the term within the parestheses in Equation [77] becomes

{11

K /[5"] asd ebove DH 6 it becomes 1. Therefore, above pH & the ratio
of reactica velocities depends only on the ratio ot the Aobm rete
constant. DBelow PH b, the ratio otrmm'ea velocities at sny given
acidity depends on the square of the acid dissociation comsteaxt as well
as oa the rate constants. The velocities of formatiom of the iron(IX)
and nickel({II) complemes of 1,10-phenanthroline and 5-nitro-1,10-
phenanthroline cen be compared in strong acid. Using the values of .,Kh,
ky, ed K for 1,10-phenaniiroline s 1.3 x 10%ninl, 1.9 x 10502
and 1.1 x 1072, respectively, and for 5-nitro-1,10-phenanthroline, 5.0 X
10" min}, 3.8 x 10° min and 2.7 < 107", respectively, it can de

shown that:

--;‘f-‘;- (5-nitro-1,10-phensuthroline)
L2 - 11 {78}
—F& (1 10-phensnthroline)

Equation [78] mesns that in scid solutions the nitro derivative would give
s better kinetic sepsration of iren(II) snd nickel(II). Despite the
larger rate constent for 1,10-phenanthroline as coepared to S-nitro-1,10-
phenanthroline with iron(II), the smaller K value has the overruling
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effect. If the effect of hydrogen ion concentration on the rate of forma-
tion of ferroin proves to be similar to that observed for the various
1,10-phenanthrolines vith nickel(II), then Equation (78] would be true
for all solutions below pH 4.

Above pH 6 the ratio Vpe/¥y, depends only on the rasio kh/km.
Unfortunstely, the values of k. are not known above pH 6 for the
various l1,10-phenanthrolines. BHowever, if these rates of reaction are
sssumed o be propertional toc the rates in strong acid, then vh/vm
is lsrger for 1,10-phenanthreline than for 5-nitre-l,10-phenanthroline
by & factor of fifty. Hence, it appears that at high pH, 1,10-phenan-
throline or 5-methyl-l,l0-phenanthroline would give a better separation
~of iron(II) from nickel(IT) than would 5-nitro-1,10-phenanthroline.

This is the reverse of the effect at high acidity. |

It can be seen from Bquation [76] that, in general, the lower the
acidity the greater the ratio, v“/vm. From this fact and the above
discussion, the best separaticn of iron{II) and nickel({II) would be with
S-methyl-1,10-phenanthroline above pE 6. Actuslly this high pH is not
practical due to the precipitation and oxidation of iron{II) and to the
extraction of a nickel{II)nitrobenzene species (25). As long ss the solu-
tion must be below pH 4 the bast separstion would be achieved using 5-
nitro-1,10-phensanthroline in a solution as near to pH b as possidle.

mamWoftrumnt can be applied %o the determination
of irom in vansdium. In thia case if the vensdium({IV) rates cen be ex-
trapolated to higher pH values then 5-nitro-1,10-phensnthroline would be
more suitsble than 1,10-phensnthroline below pE & by a factor of 45 and
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VII. SUMMARY AND CONCLUSIONS

The mono-, bis- and tris(l,10-phenanthroline)nickel({XI) reactions
have been shown to be aslow. To a first gpproximation the formetion rate
constant of mono(l,10-phenanthroline)nickel{II) can be expressed as first
order with respect to both nickel(IT) and 1,10-phenanthroline, the latter
baving & prior equilibrium involving its conjugate acid. With such an
expression, individual resction rates follow a very good second order
plot. However, the rate constant, ko, calculated in this menber varies
approximstely tenfold with acid strength betwesn pH O and pE 3 while not
being apprecishly affected by ionic strength. The observed rates cen
be expressed in exact form by interpreting the system as a simultaneous
reaction of 1,10-phensnthroline and of the 1,10-phensnthrolium ion with
nickel(II) where unsteble intermsdiates with a hydrogen ion eguiliberium
are formed or the system may be interpreted as a reaction between 1,10-
phenanthroline and nickel(II) where an unstsble intermediste undergoes
acid eatalysis to form the product. The proposed reaction mechanisms may
be vritten:

Reaction at
.3
A‘“‘::; mptt low aeidity
e
and
z
el [ SR Y
K+ Hm par B 1,10-phenanthrolivm
g
B‘H'Q' : Aﬂ + n"' mechanianm
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»

M = A
v acid catalyzed
, ¢ . :
At T am™ e d mechanism
et ,

vhere 4™, A#™* ant 5™ are all unstable intermedistes with only ome
nitrogen bond between nickel(II) and the ligand.

. Using sppropriate spproximations the observed rate constants, kg,
besed on first order dependence on nickel(IT) and 1,10-phensnthroline,
and k!, based on firet order dependence on gnwywo.mwaggi?»gwi
(11'), can de sxpressed in terms of the acidity. Thua:

k unm...,ll..u....._!m! , k'a= ? ,

% afgflep ° 51+
vhere m, n, p, @, r and 8 ave functions of a, a', e, e' together with
either £, £', g, g' ar b, b*, ¢, o',

The rates of reaction of the nickel(II)-1,10-phenanthroline com-
Plexes are not grestly affected by the presence of substituents on the
1,10-phenanthroline molecules vhich alter the mucleophilic charscter of
the ring nitrogen. For a fortyfold chenge in the value of the acid
equilibrium constant of the 5-substituted, 1,10-phemanthroline, the rate
of formation a§~ wu.u_ changes only threefold. An overall equili-
brium constant (pK = 24.2) has been calculated for tris(l,10-phenan-
thraline )nickel(XI) vhich shows it to be & stronger complex than
tris{1,10-phenanthroline Jiron(II).
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separation by utilizing the substituent effect on the equilibdrie and
rates of resction of the various species involved. The rate determining
step with iron(II) is preceded by two equilibria, both of which are
affected by 1,10-phenanthroline substituents. Hence, the overall rate
constant changes more with substituents than is the case with the mono-
(1,10-phenanthroline) complexes. In acid solution the rate of ferroin
formation is also dspendent on the oube of the acld equilibrium constant,
K,, vhile the mono(1,10-phensnthroline)nickel(II) or mono(l,10-phenan-
throline)vansdium{IV) rates depend on K to the first power only. These
facts permit the selection of 5-methyl-l,l0-pbenanthroline at high pH
apd 5-nitro-l,10-phenanthroline at low pR as better chalstes than 1,10~
phenanthroline 4o separste iron(II) from nickel(II) and vensdium(IV).
The sbility to vary the relative rates of formation of metal
chelates by changes in the nucleophilic character of the ligands and in
the acidity of the solution should meke possible many additional analyticel

separations of metal ions.
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X. AMPENDIX
LIBT Qr ABBREVIATIORS

total molar conocentration of all 1,10-phensxthroline
species

total moler concentration of all nickel perchlorsts
species

1,10-phenanthrelium ion
mono(1,10-phenanthroline Julckel(11)
bis(1,10-phensnthroline Jnickel{ 1)
tris(1l,10-phensathroline Jnickel{11)
S-methyl-1,10-phenanthroline

obssrved sbsorbance corrscted for cell bhlank and
absorbing species other than those being measured

time in mimites
cell path in om,

mlaxr absorptivity of the species indicated by the
subseript

instedbility constant of the phenanthrolium ion
instability constant of thwe mono ceaplex

instability constant of the bis ceuplex with respect
to the meno complex

instability constant of the tris 393&.5%3
to the dis couplex

observed complex rate constants as indicated

Qgﬁgﬁﬁ?fgﬁ%a?g;
complex, independent of (i)



£,f. 28’

b.b'.c,c!

m.n,p

q.r.8

i

formation and ociation rate constants of the bis-complex,
independent of (K ]

formation and din,ociation rate constants of the tris-complex,
independent of (K]

rate constants for stepwise bonding of 1,10-phenanthroline
with nickel(IX)

rate constants involving the resction of nickel(II) with the
1.10-phenanthrolium ion

rate constents involving the acid eamtalyzed reaction of
1,10-phenanthroline with nickel(IX)

experimentally deupimd constants in the expression of k
as a function of {H ] °

experimentally determined constants in the expression of k!
s & function of {H'] °

veloecity of formation of tris(l,10-phenanthroline)iron({II)
velocity of formetion of tkmo(l,10-phenanthroline Jnickel(II)
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