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ABSTRACT

KINETICS AND MECHANISM OF TWO REDOX REACTIONS:

I. THE OXIDATION OF FORMIC ACLD BY SILVER(II),

II. THE OXIDATION OF OXALIG ACID BY SILVER(IIL).

by
LEO C. HMILLER

Mentort Professor dack I. Morrow

The kinetics and mechanism for the reaction of silver(II)
with formic acld, a monocarboxylic acid, and oxallec acld, &
dicarboxylic acid, have been investlgated using the stopped-
flow technique.

The study of the oxidation of formic acid by silver(II)
in 0.7IM to 6,3M nitric acid solutions results in a rate ex-

pression of the form,
-+ a[ag(1)]/ at = x[bg(11)] [Hoozily
{1 +x o5 7} (1]

at 25 °%C and constant ionic strength. Two posslble reaction

pathweya resulting in the same rate expression, conalstent
with all the data, are dlscussed. The mechanismg differ in
that one involves the formation of an intermedlate complex
ion and the other does note.

With regard to oxalic acid, its oxidation by silver(II)
in 2.,2M to 6,0M nitric acid solutlions results in a rate ex-

presasion of the form, :
- d)ag(II)// at ( (11 C~0
[g ] E-}j [..;.32 [._5 j@QQ‘]T

at 5 °C and constant ionic strength.

The different forms of the rate expressiona for the two

3
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reactions studied indicate significantly different mechanlist-
ic pathways are involved in these reactlons. Farticularly
striking 1s the absence of a nitrate ion dependenca for the
oxalic acid~-silver(II) reaction, whila the formic acid-
silver(II) reaction exhibits a definite nitrate ion inhibit-
ion. In both studles a free radical reaction pathway is in-
dicated. Similarities and differences in the reactiona are

discussed,

&4
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INTRODUGT ION
A, Silver(II) Chemiatry

Ag early as 1809 it was known that a black materlal was
produced at a platinum anode during the electrolysis of silver(I)
aalta-o1 One hundred and twenty-six years later Noyes and co-
workers® used magnetic susceptiblility measuremente to show
that the black material dlssolved in nitric acld solution was
the paramagnetic silver(II) specles. The electron spin
resonance spectra of silver(II) in liquid and frozen acldic
golutions have been examined by Mec Millan and Smaller.3 The
8eBere spectrum of silver(II) in nitric acld solution is a
single broad line with a g value4 of 2,133,

The silver(II) specles in ac1d105’6’7’8and alkalines’g’lo
medlia has been extensively investligated by numerous resear-
chars. In aqueous nitric acid media a 1&t 1 silver(II)-nit-

11,12 Honlg and Kust1n13have found

rate ion complex 1s formed,
that the nitratosilver({II) equilibrium constant for the react-
lon

agct 4 NO,” == AglNOs" (1)
is 0994M-' via spectrophotometric¢ methods. Similarly, Agg+
hydrolyzes in aqueous perchloric acid according to the reacte
ion

Ag2+ + HOH <—= aAgOH' + H', (2)
The equilibrium constant is equal to 0072}«5,'"1,13 No evid=
ence has been found to show that silver(II)-perchlorate com-

12,13,14

plexatlion occurs: ln agueous acld solutione. Stud16815°16’17

attempting to show thils type of complexation have been in-

10
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14 O't.hera1 8l'ua.ve

terpreted on the basls of medium effects.
studied the stabllity of silver{II) in acldic sulphate media
but only speculate on the existence of silver(II)-sulfate
complaexea,

Noyea and coworker32'12’19’20’2'among other3’5’15"5’22
researchers have shown that silver(II) in mineral acld sole
utions will rapidly disproportionate to yleld silver(l) and
silver(III).

2Ag(I1) = ag(i) + Ag(I1I) (3)
This equilibrium lies far to the left. The silver(II) con-
centration 1s over 3.3 x 107 fold greater than the silver(III)
concentration°23 Additionally, Gordon and Wahleahave investi-
gated the exchange reaction between silver(I) aud silver(II)
and have proposed that the reaction proceedsa vliae the bimole-
cular reaction of sllver(II) previously glvean.

Silver(II) lons have been generated in acid media either
by dissolution of silver(II) oxide in mineral acid solution
or by the anodic oxidation of silver(I) to ailver{II) in
mineral acild solutlon. The preparation of silver(II) oxide
has been reported by many workeraOESOne method used to pre-
pare silver(Il) oxide involves the oxidation of silver(I)
in solution by alkaline paroxodiaulfate%6’27°28°29 Numerous
reaearcher&‘gv,a’el’30’3‘932have used electrolytic methods
to generate silver(Il) from silver(I) saltas (e.g. nitrate,
perchlorate and sulfate) in the appropriate mineral acid
solution. Another preparative method used to generate sllver(Il)
1s the oxidation of silver(I) in nitric acid solution by

ozon3015°20533

"
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Diamagnetic silver(Il) oxide has been shown to be
Ag(I)Ag(III)O, in the crystalline state by neutron diff=-
raction.2?>%35,36 However, silver(II) oxide has been shown
to dissolve 1n nitric acld, perchloric acid and to a lesser
extent sulfuric acid to yleld silver{II) 1ons.2* 1937 g11ver(1I)
oxide was used in this study.

Silver(IIl) has been used in quantitative analysis as
an oxldimetric reagent for trace metal analysls. Kimura and

Murakamiesand manaka38

have reported that silver(II) may be
used in microanalysis involving manganesa determinations in
blological materiaels, sillcate rocks and natural waters. These
researchers conclude that using silver(II) for mangansse
analysea overcomes many of the difficulties previously en-
countered using sodlum blsmuthate and ammonium peroxodisulfate.
Ligane and Daviajgstudiad the use of gillver(II) as an oxidi-
metric reagent for determinations of manganese(Il), cerium(III)
and chromium(III}. These workers observed that when silver(II)
oxide 1is dissolved in cold nitric acid, perchloriec acid or
sulfuric acid solutions of Mn(II), Ga(IIL} or Cr(IIIl) oxi-
dation to MnO, , Ca{IV) or Gr2072m occurs rapidly. The ra-
sultant solutions of permanganate, cerium(IV) or dichromete
are then titrated with atandardized iron(II) solutions photo=-
metrically or potentiometrically.

Reaction kineties involving silver(II) has been found
of interest by numerous investigators. Flrstly, silver(II)
1s an exceptlonally powerful oxidizing agent in mineral acid

)
solutions. The Ag(II)}/Ag(I) couple is +1.93V in 4M nitric achfg

12
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and+§.97V in 4¥ perchloric acid 12at 25° G making silver(II)
one of the strongest one electron oxidants.4] Aslde from 1its
exceptionally high oxidation potential, kinetlically 1ts reagge
lons are usually rapid. The reaction of silver(II) with hydro=-

gen peroxide,23’42 42 42

hydroquinone, “nitrous ion, and hydra-
zine43ia essentlially complete within the resolution time of
the stopped-flow apparatus(~2 msec). Previous studies of re-
dox reactions involving silver(II) have shown an interesting
variety of mechaunistlc behavior. There are generally two ways
in which silver(IIl) can function as an oxidant.
I Ag(II) + 8 — Ag(I) + 87
II 24g(II) T Agl(I) + Ag(IlI)

Ag(III) + 8 — ag(I) + 8°%
S represents any oxidizable substrate, If s* and Sa+ara not
the final producta then they will participate in subsequent
reactions leading to final reaction products. Substrates
that react via scheme I with silver(II) are Fe(IIl}, Go(II),44
Ca(111),72°4n (1), 44945Hg, (11), 4011 (1), 462 4Tv(1v) , 44548449+ 50
Gr(III)945”51N5310NBQQH42and (32052°)°3' In additon to the
gtudlies involving the raaction of silver(II) with the above
apecles lts reaction wilth aqueous phosphorous acid,52nitr1c

15516553501 furte acld, Sand

acid,!9920523pepemoric acld,
phosphoric ac1d5aaolutiona indicate that the predominant
reaction pathway for these substrates ia by way of scheme II
or by a combination of reaction schemes I and Il. Noyes et §l°19,20
found the stolchiometry for the slow oxidation of water in

the presence of silver(Il) in niiric acid aolution to be

13
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4Ag(II) + 2Ho0 — 44g(I) + 4H' + Oy o (4)
It 1s interesting that for this reaction, where [}5(11) >
2

4

1 x 10 M, the rate law has the form rate = kOBSDE}g(IIiI.

(The term kOBSD is the observed pseudo-order rate "constant,)
Where Eg("llj}{l x 10'%1 the rate law has the form rate =
kSpop [AE(II)] in the range of 2.0M to 6.2 nitric acid. This
1s an example of a substrate belng oxidized through a combin-
ation of reaction pathways I and II.

To date only one reaction 1n§6lv1ng the silver(II) ox-
ldation of any organic substrate has been reported. Kustin
and'coworkera42have reported the oxidation of Q-methylhydroxyle
amine, Nﬂzocﬂj, and Nemethylhydroxylamine, GH3NHOH, in aque=-
ous perchloric acid mediz. The mechanlsm for the oxidation of

protonated O-methylhydroxylamine involved the following ele-

mentary steps.

ag®t 4 Na_jocz;; —> agT+ *NHOGH + 2H" kg (5)
AgOH* + NH5OCH; — Ag™+ “NHOCH + H30+ kg (6)
Ag(II) + *NHOGH *-—?Ag++ Producta k7 (7)

It was found that k7)>k5 where steps 5,6,and 7 represent one
electron transfer processes. The rate determining steps are
5 and 6, which involve the formation of the free radical
intermediatea, These researchers compared the oxidatlion of
the aforementioned spaeies by silver(II) and manganess(III).
They found that the O-methylhydroxylamine-silver(Il) react=-
ion is considerably faster than the O-methylhydroxylamine-
55

manganeae(lll) reaction. A teble is presented to compare

the values of the rate constants for the oxidation of & series

14
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of substrates by these oxidizing agents.

Substrate e Bﬂa%m Species .Qoxg,dant.az .
aAg AgOH MnJ* MnOH®*

NE,0H" <1047 808! 1,421 808! 1.4x1P U 568! 311K ged!
NR0CH; <10°M™'sed! 2.0x10*M 6! <0.5 H7'aes! 6.1 M7 sed!
Apparently the AgOH+ and MnOH2+are glgnificantly more resact-
ive than A52+ and Mn3+, respectively. Since the redox coupla
Mn(IIXI)/Mn(II) is +1,5V56’57this demonstrates that a sub-
atance with a higher oxldation potential may react more
rapidly with a given substrate, although this 1ls not alwaye
the case,

Comparatively few stable compounds of silver(II) have
been synthesized and silver(II) fluoride is the only true
binary compound of silver(II) known. Bls=(dipyridyl) silver(II)
nitrate, l-_Ag(dipyr)a](’NOj)E, Etxg(pyridine)ZJ (NO5)5 and
lég(pyridine)é]seos have been prepared by G.b. Barbieri.58
This Italian chemlst malntained leadership in the preparation
of coordination compounds of silver(II) for about four de=
cades beglnning in 1906, Silver(II) has been found to co=-
ordinate with 8-hydroxyquinolin29as,well as QGaphenanthro-
line(O-phen) to form the peroxodisulfate complex,[@g(o-phsn)é]
S,0g, the hydrogen sulfate complex,[}g(o-phen)a](HSOQ)z, plus
the corresponding chlorate, perchlorate and nitrate complexes.
EAg(dipyr)21(0330F3)2 has been recently prepared by the
electrolysia of Ag(l)(dipyr)2(03SGE3) in aqueous trifluoro-
methanesulfonlic acid,sgA geries of silver(IIl) complexea of
pyridine dicarboxylic aclids have been prepared by Banarjee

and Rayszwhich included nicotinate, isonicotinate, quinolinic,

15
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cinchomeronie, lsocinchomeronic, lutlidinle and diplcolinic
aclds as coordinating ligands. Walton and coworker963have
gyntheslzed varlous complexes with a variety of mono- and
dicarboxylic acids and have examined their magnetic and
spectral propertles. Murtha and Waltonéahave investigated
the X-Ray Photoelsctron Spectra of silver(IIl)} complexes
containing nitrogen donor molecules. Typieally, silver(II)

forms neutral complexes (1) with uninegative chelating

ligands, such as 2-pyridine carboxylate, and with neutral
61,65

ligands dipositive complexes (II) are formed.

==\ .0
/N\A/Q.Q'{2 7 )
~0” 8\\‘N $ S 8~ qii?

dl

I

The complexes of silver(II) are usually prepared by
the oxidation of silver(I) in the presence of the coordinat-
ing ligands (e.g. pyridine,orthophenanthroline, dipyridyl
etc.)o Barefield and Mocellaéshave shown that silver(I) can
disproportionate 1n the presence of varlous ligands as
follows 24g* + L —>4gl®* + Ag°, This general reaction occur-
red when silver(I) salts resacted with a variety of macro=-
cyclic amineso67Utilizing this general reaction they were
able to prepare silver(II) complexes with four macrocyclic
tetraaza ligends. The gegeral strugtﬁfe for the complex vas

+

glven as follows, H |
N

III A 2(c1047) .

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Apparently the silver(II) species 1s stabilized by co-
ordination to donor molecules, particularly nitrogen containe
ing heterocycles such as bls and triscx,eilbipyridyl and 1,10
phenanthroline .88 This 1s attributed to the lowering of the
Ag(I1X)/Ag(l) couple brought about by coordination, i.@. in
the case of the dipyridyl froma~1.9V to 1045V°8’21’69

The predominant geometry of all the silver(Il) complexes
is square planar and these are lsomorphous with planar copper
(I1) analogs, Most of these silver(IIl) complexes have effacte
ive magnetic moments in the range of 1.75 to 2,2 Bohr mage
netons consistent wilth the dgalectronic configuration°7oTwo
exceptions to the square planar geometry 1s 2,3« and 2,6=-

pyridine dicarboxylates and Ag(C7H4N04)2H2O which have a
1

distorted octahedral geometry.

B. Formlic Acid Reactlons
The oxldation of formic acld by various 1lnorganlilc oxid-
ants has been investigated. Among the oxldants were ng(II),
(1), 727301 (111), 2*T*0o(111), 73 6un(111), 7578579
v(v),7%80ca(1v) ,81582¢p(v1)y, 76982 :8%yp (v11),85
(100, ") [ 72,86-905y 1y} 91 H,0,,92H105, 931, ,9%Br, 59512?603,97
and (sao§”3o93 In some of these studles 1t has been observed
that the oxidation of formle acid can occur either through
two successive one-electron transfer stepa72973975976979980“83998

or alternately through a two-electron transfer step34°78’87’88’

0
90996 In some of these reactions there wvas evidence that a

complex lon intermediacte wasrformedo74976°78980“83

17
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A survey72-75’77’79‘81’83’880f atudles indicates that the sto-
ichlometry for the oxidation of formic aclid by an inorganie
oxidant is 2MP* + Hcoen-——azm(n+"' + GO, + 2H* , where Mt
fepreaents the oxidant.

Halpern and Taylor725tud1ed the reaction of formic acid
with mercury(I) and mereury(II) in perchloric acid media while
Topham and White73studied the same reactlon in nitrlic acld me~
dla. The elementary steps were found to be the same regard-

lass of the media. The proposed rate determining steps are

Hg®* + HGO,H —>Hg®  + HCOpe+ HY (8)
Hga* + HCOH —)Hg, + HCO,+ H' (9)
Hgt 4 HCO,~ —>Hg"  + HCO,® (10)
Hg3® + HOO,™ —Hgl  + HOO,® (11)
HgOH' + HCO,~ ——>HgOH + HCO,* (12)
Hg,OH'+ HCO,™ —— Hg,OH + HCOx* . (13)

Both groupa of workers postulated that the formyl free rad-
1cel was formed in thls reaction system. The formyl free
radical reacts further to produce carbon dloxlde. The fate
of the mercury intermediates was not dlscussed by these re-
searchers,

In a study of the oxlidation of formic acid by thallium(III)
the following mechanism was proposed by Halvorson und Halpern:74
712% + HCO,H == T1HGOH3* (14)

TLHGOH? T —> T1% + GO, + 2H' . (15)
The mechanlstlc scheme includes the formatlon of a complex

ion intermediate which is lost via a two=electron transfer

(1.e. step 15). This 1s one of the few reactions in which the

18
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formyl free radical 1s not proposed.

Bawn and White ! have investigated the oxldation of formiec
acld by cobalt(III) in 1M to 4M sulfuric acid solution. The
rate determining steps were found to he

o3+ + HGO,H —> Go* + HGO,* + HT (16)

Go”* + HEO,™ — GoZ* + HEO,® . (17)
In this study there was no evidence to indicate complex ion
formation.

Beg and Ahmad’9have studled the oxidation of formlic acld
by manganese(III) in 4M sulfuric scld medium, while Wells and
Whatley77have studied the same reaction in O.5M to 2.5M per=-
chlorlic acld solutions. The mechanisms proposed 1n these stud-
les were significantly different, In sulfuric acid medlum the
rate determining steps wers

Mno* + HGOH — Mn®* + GOye + H' (18)

un2* + HCO,™ — Ma°" + HGO,° (19)
The formyl free radlcals formed subsequently react with man-
ganese(III) to form the reaction products. In perchloric acid

solution the elementary stepe vere

MnJ* + HCOH o==MnHCO3® + H' (20)
un?* + HGO,H &= MnHGO " (21)
MnHGO,2* — Mn®* + HGO, (22)
MnHGOE *—>mn®* + HCO,* + B (23)
un®* + HOO,® — n®* + oo + H' . (24)

A comparison of these mechanlsms indlicate that the reaction
pathway for the oxidation of formic acld ls dependent on the

counter ion.

19
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In the case of the oxlidatlon of formic acld by vanad=-
ium (V) Bothere is evldenca for the formatlion of a complex
ion intermediate, HGOZV(OH‘);» It 1s postulated that this in-

" termedlate decomposes via a one=electron transfer step to form
s carboxyl free radical ion ( 002°-) which then reacts with
vanadium(V) to yleld carbon dioxlide and vanadium(IV). This

reaction pathway has been indicated in other studieao74'77

The kinetlcs and mechanlism of the oxldatlion of formlc
acid by the aquocerium(IV) ilon in aqueous perchlorate media
hes been lnvestigated by Wells and Huaain.81 A fourteen step
mechanism was propossd for this reaction. The major polnts of
this complex mechanism were a). complex lon intermediates were
formed (1.0, GeHGOH'*, CeHCO,3Y, and GeHGOLH,”* were post-
ulated intermediates), b). the rate determining steps in-
volved the decommosition of the complex ion intermediates,

via one-electron transfer steps, to form free radlcal spec=

ies and ¢). the subsequent reaction of the aguocerium(IV)

lon with the free radical species to form carbon dioxide

and cerium(III). Vasudevan and Mathal 82}, ve also studlied

the oxidatlon of formic acid by aquocerium(IV) in perchlor-

1c acld media. In 0.2M to 2,0M perchloric acid these workers

proposed the following elementary stepsi

G (H,0)g** + aaognv—:—’_[ce(aeo)ﬁcoax{] 4 4 10 (25)

[ce (8,01, Ho0H] ** —— [(B,0)40eH003] >* + H* (26)

[:('Heo)7c:ex-zcoz']3* ——>Ca(Hp0)2* + HGOpe + HyO (27)

HCO,® — He + GO, (28)

H® + H® —— H, (29)

He + Ca(Hy0)g* —> Ga(H,0)Z* + H* + 2B,0 , (30)
20
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This 1s the only reported case in which hydrogen gas 1ls in-
dlcated as a reaction product. 3ignificantly, these research-
ers claim that steps 28,29 and 30 were important although
it would seem that the hydrogen atom concentration would be
too low to allow step 29 to occur to any measurable extent.

The oxidation of formic acld by chromic acld has been
postulated to occur via the reaction of protonated chromic
acid, 0=Cr0353*, with formic acld to yield the reaction
products without any complex lon formationogg Alternatively,
Venkatraman and R3083and othersBaspeculate that an intermed-
late complex , H-E(OH)-O~Cr02—OH, ia first formed in the
reaction between formlc acid and chromic acid. This inter-
medlate then undergoes slow decomposition to form carbon
dioxide and chromium(IV).

Thompson and Sullivan85have studied the oxidation of
formic acid by the very strong oxidant neptunium(VII). These
vorkers were not able to distingulsh between a reactlion sch-

eme lnvolving successlve one-equlvalent steps or a sequence

such as
Np(VII) + HGO,H —> Np(V) + COy + 2HY (31)
Np(VII) + Np(V) — 2Np(VI) (rapid). (32)

However, no complex 1lon intermediate formatlion was post-
ulated to occur in thls reaction. It 1s also interesting
that a free radical species is not lndiccted as an inter-
mediate 1n this system,

The oxldatlon of formie acid by the permanganate ion

100

has. been extensively studled by numerous workers, Unfore
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tunately, there remain many ambiguities 1n the mechanistic
pathway of thls oxidant with formic acid. The most commonly
proposed reactlon pathway involves the transfer of a hydride
ion from the formate lon to the permanganate ion,

Mn0,~ + HCO,” —— HN0,*” + Co, . (33)
Alternatively, 1t has been proposed that the first step
involves the transfer of two electrons with the simultaneous
transfer of a proton to the solvent, i.6.

Mn0,~ + HGO,” + Hy0——>Mn0,3" + GOp + Hy0" o (34)
A hydrogen atom abstraction reaction reaction pathway 1lsa

also plausible,

MnO,~ + HCO,™ —3 HMnO,~ + CO,°" . (35)
This step may be followed by
- - D
Mno,~ + G0ye” == [0,c0Mn0; ] (36)
lopcomno;)2~  — Mno,2= + cop (37)

The loss of the complex ion 1ntermediate,[EZGOMnOS]Q' »

i rate determining. The reaction of unlionized formic

acid and the permanganate lon in 4M sulfuric acid madiauo1
appears to follow a pathway involving permanganic acid as

a reactive lntermedlate,

Mnoa- + BT = HMnO, (38)
HMnO, + HCO,H ~—> HMnOy + 00, + Hy0 (39)
ZMn( V) == 2Mn(IV) + Mn(VLI) (40)

In D9M sulfuric acid solution the reaction rate is sign-
ificantly enhanced. This effect could be due to the form-
ation of the permanganyl iom, Mn03+°102

The reaction between formic acld and lead tetra-
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acetatedlis unique since all other monocarboxyllc aclds
are kinetically stable towards lead(IV) salts. Formlc acld
is readily and quantitatively converted to carbon dloxide
at room temperature while all other monocarboxylic aclds
are oxidized only at elevated temperatures (l.e.~ 100" C),
The reaction between the formate ilon and the peroxo=-
disulfate ion in aqueous acld solution has been investlg-

98 The stolchiometry was found to be

ated by Kimura.
3208 + H002 —92304 + H + 002 ° (41)
It was found that in three ranges of formate ion concent-
ration the rate law has three essentlially different forms.
It is a complex reaction system. The proposed mechanlsm is

a chaln reaction involving So4e°, OH®, and 002°° free rad-

1ecal gpeacles.

" G, Oxalic Acld Reactions
The oxidatlion of oxallc acld has not been as exten-
sively or intenslvely inveatigated with as many oxidants
aa with formlic acld. The oxidizing agents used lincluded
cﬁmz:),'“““nm(nx),'°5 V(V),107910809(1v)9109’1 10,111
Gr(VI)",108”112-116(1'31104"),1 17,1 18(32082-») ,119-121

Pb(Iv), 100

and HpXeOg(Xenic Acid).'2? The preponderance

of mechanisms for the oxidatlion of oxallc acld indlcate
that complex ilon intermediates are formed before the acte-
ual electron transfer process takes place. Undoubtly, the
apparent need for intermedlate lon formation in the oxida-

tion of oxalic acid can be ascribed to 1ts abllity to act
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as a uni- and/or bidentate ligand. It 1s noteworthy that in
one study, to be discussed, a one-step three electron trans-
fer mechanlsm was proposed°115 It is also slgnificant to
note that while a number of stable metal lon=dicarboxyllc
acid complexes are known 1ln aqueous solution}23there are no
examples of silver(IIl)-dlcarboxyllic acid complexes stable in
solution.
Sthapeack and GhoahloBhave investigated the reaction of

cobalt(III) with oxallie acild, The mechanism that was pre=-

aented involved the following steps,

[Go(E,0) 5 08] 2* + H,G,0, == [Go(H,0),(H,0,0,)08]%"  (42)
[Co(H0) 4(H,0,0,)08] 2" —— co’c‘ + HOy0ue + HyO (43)
Goo*t + HG,0,° — go°T 4 200, + HY (&44)

The decomposition of bis- and tris= oxaltocobalt(III) com-

104 Complex lon intermediates

plexes have been investigated.
hsve been proposed in the mechanlsm. These intermedlates sub=
sequently react to form carbon dioxide and the carboxyl red-
ical ion specles. This free radiecal reacts further to pro=-
duce another molecule of carbon dloxlide. Some researchers124
have postulated that lon palring is lmportant in the reactions
involving cobalt(III) and chromium(III) complexes, In a

1250f the complexation of oxalate to pentammineaguo-

atudy
chromium(III) the following reactions were found to be of
importance
l:cr(NH.j)SHQO °* 4 He o{#@ﬂmﬁ sty ] JHC, (45)
ler(umy) By0] 7* + 60,27 = [er () 1 0] N 5, o=° (46)
Taube126has proposed that complexes of the type

24

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mn(c ) were formed in the reaction of oxalic acld wilth

manganese(III). It was proposed in a study127

of the chlorine
oxidation of oxalic acid, catalyzed by manganese(II), that the

following steps were significant.

Mnd* + HyC,0, == MnG,0," + 2" (47)
MnCo04%+ Hy0s0, —=—2Mn(Cy0,)7 + 2H* | (48)
nG,0,*  ——> "t + 6,0, (49)

Cl, + 6,0,°T ——>Cl + Cl742C0, (50)
Mnet + Gl —>mw’t + @™ (51)

The slow step 1is 49 and steps 50 and 51 are needed for the
regeneration of the reactive specles.

The oxidation of oxalic acid by vanadium(V) proceeds
stolchlometrically according to

2V(V) + HyGy0; —>2V(IV) + 280, + 2H* (52)
Jones and Waters1o7have proposed that complexes of the fol=-

lowing type were 1involved as reactive Intermedliatesi

\V/
—0” NoH Ol:———o/ R

Iv

108

Othersa have investigated this reaction and have shown that

the following steps were lmportant.
+
vo2 + 2H,0,0, — VOH(02 4) + nzo (53)
q X °- .
VOH(0204)2 ———)von(cgoa) + Gy0, (54)
The free radical lon specles, 0204“'9 reacts with a wvanad-
ium(V¥) specles to form the reaction products,.

09

Eurman1 and ¥illard and Ybung11onave established the

stolchiometry for the oxidation of oxalic acid by cerium(IV)
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ag follovws,

2H,02(G10,}¢ + HyC50, —>20e(C10,), + 6HCLO, + 200,. (55)
For the reactlion of oxalic acid with cerium(IV) no inter-
medlate complexation vas I'epor'tedo”1

Bakore and Jain’12have eatablished the stoichiometry
for the reaction between oxalle acid and chromium(VI) to be

26r(VI) + 3HyGC,0,— 2Gr(III) + 6C0, + 6H, (56)
Hason and Rdéak“5:1m6have raeported im & recent study the
three-electron reduction of chromium(VI) by oxalic acid, in
the range of about O.1M to 2.4M perchloric acid solution. The
mechanism presented was very complex., The first step in-

volves the formation of a neutral complex intermediate (VI).

%-0, _0
VI | Jar
&-0" Yo

The second step 1la a bimolecular reaction resulting in the
formation of a dloxalato complex. Thls conmplex decompoaes

in the rate determining step to yield a hexaquochromium(III)
lon, three molecules of carbon dioxide and a °002H free
radical, This rate determining step is a ona-step thrae
electron oxidatlion. In the absence of a free radical sca-
venger, acrylamide, the free radlcal specles will react with
a chromium(VI) species to yleld carbon dloxide and a chrom-
fum(V) complex which can then react further with oxallc acld.
Durham"jhas also studled the kinetles and mechanism of the
chromium(VI) oxidation of oxalic. The important steps were
postulated to involve the formatlon of 18 1 and 1 ¢ 2 com=-

plex intermediates and the decomposition of these specles to
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form the products,. (Vi)

) o—-c’P
Cro, " + 3H* + ¢,00" = o’ |
0—C

274 X ¢ N +2§20 (57)

Q, .0—¢C, 0"
Cro i~ + 3H + 2C oﬁ"\—:)d, Lo 203_ + 25,0  (58)

Cc,0

(viz) ¢ °
intermediate (VI) —> Cr(IV) + 200, (59)
intermediate (VII) —> Cr{IV)ox. + 260, (60)

However, Hason and Ro?:’ek”spoint out that Durham®s ealcul=-
ated rate constants differ greatly from those foﬁnd by
Bakore and Jain..“2 This may indicate that the mechanisms
presented are guestlonable. The kinetics and mechanism for
this reaction have beem studlied by other workerss‘aa

”q'have aexamlined the chrom-

Granzow,Wilaon and Ramirez
1um(VI)} oxldation of the dye Malachite green in the pre-
sence of oxalic acld. The following equilibria were found
to be important in the reaction mechanlsm.

Groaﬁ' + HOOQCCOOH -———A‘ HOOCG- %%-0 + H2O (61)

e

Hoocg«o-c:r -0~ + HY — + H,0 (62)

S #—o0 /( VI\)‘O
The complex intermedlate, (VI), reacts with the Malach-
ite green to yleld the other reaction products. The re-
actlion scheme presented by these workers is quite complex
in that many reactive intermedlates are formed,

The oxidation of oxallc acld by permanganate has been
the subject of research for over a century. The mechanlsm

for the reaction ls still not completely resolvedo117 The

stolchiometry for the reaction is generally accepted to be
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2Mn0,~ + SHyC,0u+ 6HY —> 2Mn2¥ + 1000, + 81,0 o (63)
Alder and Noyes!18%auggest that the reaction was initiated
by the oxidation of a manganese(Il)-oxalate complex by the
permanganate ion,

¥nO,” + MnC,0, ——> Mn0,*~ + MnC,0," (64)
to form the manganate 1lon, Mn042'. If the manganese(II)
species 1s present in significant concentration the sub=-
sequent steps are

Mn(VI) + Mn(II) &= 2Mn(1V) (65)

Mn(IV) + Mn(II) &= 2Mn(III) . (66)
If the manganese(II) lon is not present in appreciable
amounts the steps are

Ma(VI) + 80,27 — Mn(IV) + 200, (67)

2Mn(IV) + C50,%~ —> 2un(III) + 200 » (68)
The manganese(III) speclies subsequently reacts according to
the sequence

Mn(G,0,)7 2P —> Mn(I1) + (n-1)(Cy057) + GO, + CO,°~ (69)

Mn(cgoa)i"?fnco;_prm(n) + nG,0F ™+ GO o (70)
Where n may be 1,2 or 3. At very low concentrations of ox-
alate the permanganate lon can also react as followa,

¥n0,~ + MnCa04* —> Mn0, %™ + Mn€,0,5% . 471

The kinetics of the uncatalyzed oxidation of oxalate
by peroxodisulfate has been studled by Po.119 The reaction
involves the homolytic sclsslon of the oxygen to oxygen
bond of the peroxodisulfate ion o This produces two sulfate
radical ions for the chaln inltliating step. The chain pro-

pagation involves the oxidation of water molecules by the
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sulfate radical 1lons with the formatlon of a hydroxyl rad=-
ical, This free radical speclies subsequently reacts with
the oxalate lion producing the carboxyl radical lon, This
radical ion attacks another peroxodisulfate lon producing
another sulfate radical ion. The chaln terminating step
involves the oxidation of the carboxyl radical lom by the
sulfate radical ion with the production of carbon dioxide
and the sulfate ion. The oxidation of oxalate by peroxo-
disulfate has been found to be catalyzed by silver(I) 10ns.129
Bhakuni and Srivastaval'20 and kalb and Allen'2'have studled
the reaction between peroxodisulfate and oxalic acid cat-
alyzed by sllver(I). The chain initiating step(s) 1s analog=-
ous to that found by Po. The significant difference is that
the sulfate radical ion oxidizes silver(I) to silver(II),

The silver(II) produced reacts with the oxalate dianion,
02042-, ylelding silver(I), carbon dloxide and the carboxyl
radical ion., The chain terminating steps aret

200,°= —>G,0,°" (72)

0o~ + Ag*t—00, + Ag® o (73)

Lead tetraacetate lOGoxidizes.oxalic acld to carbon
dioxide but the reaction does not go to completion since
insoluble lead(II) oxalate precipitates.

The studles previously described indicate that there
exists a wealth of information about the reactlon pathways
of formic acid and oxallc acld wlth numerous oxldants. To
date, Kustin and coworkerséghave reported the only other

study of the silver(II) oxldation of organlc substrates,
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namely O-methylhydroxylamine and N-methylhydroxylamine, It
is the intent of this study to investigate the silver(II)
oxidation of a simple monocarboxylic acld and a simple
dicarboxylic acld. In view of the limited amount of kinetle
studies involving reactions of silver(II) with organic
substrates, this work willl add conslderable knowledge to
the field of inorganic reaction mechanisms by providing
additional 1nsight into the electron transfer processes lne

volving silver(II).
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EXPERIMENTAL SECTION

Materials? All chemlecals used were elther reagent grade or
of certified purlity, unless otherwise noted.

High purity silver(II) oxide was obtained from Alfa
Inorganics, Ventron Corp.. Formic acld solutions (90.3%),
nitric acld solutions (69=71%), and cerium(III) nitrate
were obtained from the Flsher Chemical Co.. Oxallc acld and
silver(1l) nitrate were obtained from the Amend Drug and
Chemical Co.. Perchloric acid solutlons(70-=72%) were ob=
tained from the J.Te.Baker Chemlcal Co.. Sodium nitrate was
obtained from the Malllinckrodt Chemical Co.. Sodium perch-
lorate and cerium(IV) ammonium nitrate were obtained from the
GeFrederick Smith Chemlcal Co., Electrophoreals grade
acrylamide(éﬁ%;GHGONﬂgl was obtained from the Sigme Chem-
lecal Co..

Methods of Preparation: Silver(II) solutions were prepared
immediately before uge for all kinetic determinations. The
solutiona were prepared by weighing out silver(II)} oxide in-
to twenty-five milliliter volumetric flasks. The appropriate,
thermostated solvent was then added to the flask and the ra-
sultant conesntration of silver(Il) was determinedvjust prior
t+0 the kinetic experiment.

All formic acid solutions were prepared from atock sol-
utions made up Just prlor to use in the appropriate solvent.
Similarly, 211 oxalic acid solutions were prepared Just pri-
or to the experiment from fresh stock solutions, These stock

gsolutions were prepared by adding accurately weighed amounts
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of oxalic acid into the appropriately.acidiified solution.

In the kinetic experiments where the effect of silver(I)
was examined, gilver(I) nitrate solutions were prepared in the
required solvent and the silver(II) oxide was then dlasolved
in these solutlons. The order of addition of silver(I) nit-
rate in the different oxlidation studies was of no consequence.

All acidiec solutions were prepared using previously
gtandardized stock solutions of nitric acid and/or perchloric
acido13o

All solutions were preaepared using distllled water from a
Barnstead 8t1ll Apparatus. Varlous experiments showed that
trace amounts of impuritles such as dlssolved carbonates

and/or oxygen, in the diatilled water had no effect on the

obgerved kinetlecs of the reactlions studliede.

Determination of Silver(IIl) Concentration: The spectra of sil-
ver(II) in nitric acid and perchloric acid solution, shown

in Fig. (1 ), were obtained using a Cary 14H Recording Spec-
trophotomeﬁero The wavelengths used to study the reaction
kinetics, for both studies, were 365mm (€ = 2068 & 39M°10m°‘)
and 685nm (€ = 269 £ 4M“1cm")° The molar absorptivitiéa

were determined in 6.11M nitric acid solutfon.-

The method used to determine the silver(II) concentra=-
tion in acid media, rapidly and accurately, has been pre-
viously reported,h5947 The procedure involves taking aliquot
portions of silver(II) solution and adding this solution to
a glven volume of 0,15M cerium(III) nitrate solutlon., Silver(II)

exidizes cerium(III) quantitatively to cerium(IV) via the
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Fig.1 Absorption Spectra of Silver(IIL)

Ao 0.25 x 10°7 ¥ Silver(II) in 6.1 ¥ nitric acld
B. 3.3 x 1072 M Silver(II) in 5.9 N perchloric acid
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following reaction.!Dsi4s47

Ag(II) + Ce(III) —— Ag(Il) + Ce(IV) (74)
The reaultant absorbance, due to the carium(IV) produced
from thls reaction, is promptly measured on & spsctrophoto-
mater { i.e. Beckman DU). The absorbance recorded can be re=-
lated to the concentration of cerium(IV) through a Beerg Law
Curve., Once the cerium(IV) concentration is determined the

8ilver(II) concentration is back-calculated.

Determination of Stoichiometryt The stoichiometry of the ox-
1dation of formic acid and oxalic acid by silver(II) was
determined ueing a Dual Buret Gas Analysis Apparatuao@

This apparatus was used to measure carbon dioxide evolutlon.
The procedure involved adding specific volumes ( 40,0ml) of
either organic acid to a welghed portion of silver(II) oxide
in a thermostated reaction chamber. All gas evolutlon exper-
imentas reported were repeated using blank solutions( 1.e.
solvent without formic acid or omalic acld) run against
gilver(IIl), It was found that there was negligible oxidat-
jon of the solvent by sllver(II) during the time of each

experimant,

Kinetic Instrumentation: The rapidlity of the reaction of
silver(II) with formic acid and oxallc acld necessitated the
use of a rapld-mixing technique. The reaction kinetlcas report-
ed in this work was studled using the stopped-=flow technique.
The Aminco - Morrow Stopped - Flow Apparatus 131913218:scbem-
atically presented in Pig. ( 2). The apparatus is designed to
# Appendlx Il
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rapldly mix equal volumes of two solutions with an effici-
ency of mixing greater than 98% at the point of observation
in less than one millisecond after the mixing is initlated.
The reactant solutiona are stored 1n separate driving
syringes. A nitrogen gas operated plunger allovws the simult-
aneous: advancement of these driving syringes forcing about
O.1 ml of each solutlion through a speclally designed mixing
chamber, After mixing has occurred the reaction mlxture enters
an 0.8 cm observation cell fitted with two quartz windows. This
cell requires 0.04 ml of solution. Each time a kinetic run
ls completed a total of 0.2 ml of solution has been flushed
through the cell, i1.,e. the equivalent of five rinsings with
the reactant solutlons 1s achieved for each kinetic runf&The
reaction mixture flows through the observation eell until it
enters an exhaust chamber and advances: the plston of & stopping
syringe %0 a preset micrometer stopping block. This actlion
closes a swltch which triggers the storage oscllloscope. The
time required for the reactlon mixture to reach the point of
observation from the point of mixing 1s called the dead time,
The dead time for this system ls about two milliseconds at
70 psl of driving pressure and a micrometer setting of 3.5,
All components in the stopped-=flow apparatus which come 1in
contact with any solutions are made of chemically lnert
materials such as Kel-F and teflon. The solutions are therm-
ostated in the driving syringes and in the mixing chamber and
observation cell by the clrculation of a water-sthylena glycol

solution through holes drilled into the aluminum block of the

#In all cases equal volumes of each reactant are mixed bafore
the resultant solution reaches the observation chamber,
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Plg. 2 Schematic Dlagram of an Aminco - Morrow Stopped =

A.

’
e—-—

=

Flow Apparatus (not to scala)

Micrometer ( set at 3.5 )

Fourteen volt miniature mercury battery
Trigger Switch

Stopping Plston

Valve

Exhaust Outlet

Nitrogen Gas Inlet (Advance)
Nitrogen Gas Inlet (Retract)

Plunger (Nitrogen Supply Actuator)
Drive Piston

Reactant Solutlon Ressrvolr Syringes
Mixing Chamber and CObservation Cell
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SOURCE| MONQGHRQMATO PMT
1 2 3 4
6
5
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OSCILLO= PHOTOMETER
SCOPE

Flg.3 Schematic Diagram of the Experimental System

1.

2.
e
4,

56

6.

The 1ight source i1s a tungsten lamp powered by a
Hewlett-Packard 6274 DG Power Supply.

The Aminco Minimonochromator is used in this sysatem.
The mixing system 1s an Aminco - Morrow Stopped - Flow
Apparatus,

The detector is an Hamamatsu R-136 Photomultiplier
Tube ( PMT ) powered by an Aminco Fhotomultiplier High
Voltage Power Supply.

The PMT output signal is fed into an Aminco Linear =-Log
High Performance Kinetic FPhotometer. This photometer
permits offsetting, change of bandwidth, and selection
of output as percent transmittance or as absorbance,
The change in absorbance with time 1s displayed on a
Tektronix 5103N Storage Oscllloscope, '

37

Reproduced with permission of the copyright owner. Further reproduction prohibited wi{hout permission.



apparatus and copper. tubing surrounding the mixing chamber
and observatlion cell,

An Aminco Minimonochromator was used in conjunction with
the stopped=flow apparatus to monitor the reaction at a pre-
set wavelength, The source was a tungsten lamp which was
powered by a Hewlett-Packard 6274 DC Power Supply. The detecte-
or used to follow the change in transmitted light was &
Hamematsu R=136 Photomultiplier Tube (BMT) powered by an Aminco
Photomultiplier High Voltage FPower Supply. The PMT output
signal is fed into an Aminco Linear=Log High Performance
Kinetic Photometer. The 1ogarithmic signal, which is directly
felated to the absorbance, is displayed on a Tektronlx 5103 N
Storage Oscllloscope. A Folaroid Oscilloscope Camera (model
0-5) was used to photograph the atored kinetlc traces for
future analysis@% Fige (3); shows the stopped=flow apparatus

and the associatedielectronic-equipmento

Experimental Kinetic Conditions: All kinetic experiments, for
the formle acid»silver(II) reaction, vwere performed at 256633'
0..1°C, unless otherwise stated.

The concentration ranges used in various kinetlic expar-
iments at 259 and about 6M ilonic strength were as followas
[BGOH], = 0,838 x 1072M = 47.9 x 1072M

[bs(1I)) = 0.404 x 10734 = 9.74 x 10~°M

[ag(1)] = 0.00 - 40.0 x 107
(Eo5] = 0.711M = 6.28M
lero,”] = 0.00 = 5,50
mo,"] = o.50M - 6.3M
# mota s typical kinetic traces are given in Fig. 8=10, 19=21,
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A1l kinetic experiments, for the oxalic acidesilver(IIX),
were performed at 5.0 <+ 0.1°C, unless otherwise statede

The concentration.rangea used in various kinetle exper-
iments at 5°G:and about 6M lonlc strength were as followst

[5,6,0,]p = 5.60 x 10™M = 5.41 x 107N

ag(zz)] = 7090 x 1072M = 2,57 x 107K
(g(I)] = 0,00 = 1,76 x 10™2M
[xmo3] = 2.16M = 6,03M

fao,”] = 0.00 - 5.49M
[wo, ™ 0,500M = 6,04M

Experiments to Detect Free Radlecal Intermedlates! Acrylamide,

a free radical scavenger, was used to detect free radical
intermediates produced in the reactions: studied., The method
used in these experiments has been reported by Hasan and

16 Formlic acid and oxalic acid aolutions vera

Rogek.115’
made up with aérylamide.preaent in varying concentrations.
The experiments described in the Dstermination of Stoich-
iometry section were then repeated with acrylamide at 2BOGo
Attempts were made to detect free radlcal speclss pro=
duced in the reaction of silver(II) with formic acid and
oxalic acld using e.s.r. techniques. A JEOL LID., JES=SM=1
Continuous Flow System with an aqueous flow cell (JES=LC=01)
was used in conjunction with a JES 3X JEOL e.8.r. spectro=
meter. The Continuous Flow System was used to affect rapid
nixing of the two reactants., The continuous flow of the mixed

reactants was then monltored by the e.s.r. spectrometer. The

experiments were performed at 0°C and 25°C under a wide ranga
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of kinetic condltions.
/
The field was calibrated using &, O(-diphenyl-ﬂ «picryl=-

hydrazyl (DPPH).

Temperature Study Experiments: For the formic acid=-silver(II)
reaction, the procedure 1nv01ved preparing plots of the o
appropriate rate constant versus 1 / [ﬁ?] at numerous temp=
eratures ( i.e, IO% 202 252 302 4530) at conatant nitrate
ion concentration and ionicratrengthe%

For the oxalic acid-silver(II) reaction the procedure
involved preparing plots of the approprlate rate constant
versus 1 / [Hﬁ] at numerous temperatures ( i.e. -22 12 5; 92

#
13°G¢) at constant lonic strengthe

Ionic Strength Experiments: For the formic acid-silver(IIl)
reaction the effect of ionic stremngth, I, was atudied by
varying the perchlorate ion concentration at conatant nlt-
ric acid, formic acld and silver(II) concentration. The.
effact on the observed rate constant wilth varying ionlc
strength was examined,

For the oxalic acid-silver(IIl) reaction the effect of
ionic strength, I, was studled by varyling the nitrate lon
concentration at constant nitric acid, oxalic acid and
sllver(Il) coneentration. The effect on the observed rate

constant with varying ionic strength was examined.

Determination of the Eguilibrium Constants for Oxalic Acld:
The equilibrium constants for oxallc acid (i.e. Kgg and

K96) wers determined experimentally because the reaction waam
W Appendix IIIX
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studied under conditions of high lonlc strengths and low
temperatures. |

The equilibrium constants for oxalic acld were determined
at 500 and 25‘btand 6.3M ionic strengtho* The procedure in-
volved a potentiometric titration of an aqueous solution of
0.0255M oxalic acid with a standardized sodium hydroxide
solution., A Leeds and Northrup pH meter was used in conjunct=
ion with a Thomas Combination Electrode., Buffer solutions
werea obtained fréom the Fisher Sclentific Co.,. These solutlons

were used to callbrate the pH meter at 5°G and 2500.

# Appendlx IV
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RESULTS SECTION

I. THE FORMIGC ACID - SILVER(II)

Stoichiometry: The results 1in Table ( I} are consistent
with the reaction ‘

H —> 24g(I) + GO, + 2HT . (75)

2 2
The stolchiometry was determined under conditions similar to

2Ag(II) + HCO

that establighed for the kinetlc experiments. In all deter-
minations the mole ratio of carbon dioxide to silver(II)
consumed was found to be 1 & 2, Analogous stoichiometric
results have been previously found for the oxidation of

formic acld by most other inorganic oxldants, 2~ 12»T7=79,81,83,

88,98

Kineticst The loss of silver(II) was monitored using the
stopped=flow apparatus, The reaction was studled under
pseudo=-order conditions! FOwith the sllver(Il) species in
limiting quantity. The half-1ife method was used in the an-
alysis of the kinetlc data,' ¥

In a number of cases the kinetlies were followed from
350nm to 700nm for identical reaction mixtures. Invariably
the shape of the klnetic traces and the calculated rate cone
stants were found to be identical. This indicates that the
game process was belng observed at éll wavelengths.

The temperature was maintained at 25.0°% 0.3° G for all
kinetie runs, unleass otherwise noted. The ilonic strength for
all the experiments vas fixed at ~6,3M,

Silver(IIl) Dependence: Under the experimental kinetlec con-

ditions the reactlon was found to have constant half-lifes,
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t% s for at least three half-1ifes, at constant formliec acld
concentration and acidity. The constancy of the observed
psewdo~order rate constant, ROBSDg over a twenty-four fold
concentration range indicates that the reaction is first-
order in silver(II) ( Table(II) ). The observed pseudo=order
rate constant is defined by equation( I ).

-afag(11)] / at = k. [he(11)] (1)
Whare,ﬂhg(IIilis'the sum total of all silver(Il) species in
solutlon.

Silver(I) Dependence: The reaction rate was not affected by
the addition of silver(I) to the reaction mizture. The con=-
stancy of the kOBSD indicates that the reaction has a zZero-
order dependence an silver(Il) concentration over a hundred
and twenty~five fold range. ( Table (III))

Formic Acld Dependencet The kg . defined by equation (1)
Wwill be shown to contain the formle acld, hydrogen ion and
nitrate ion dependencies.

The reactlon was found to be first-order 1n formic acid
over a fifty-seven fold concentration range at constant
acidity and nitrate ion concentration. The data in Table (IV)

indicates that k is linearly dependent on the total

OBsSD
formic acld concentration, [ﬁcoad]T o This relatlonship ia
shown by equation ( II ).

kopsp = Ky, (HOOH] g (11)
Where kﬁ,m is a second-order rate conatant incorporatlng
both the hydrogen ion dependency and nitrate lon dependency.
The plot of k

Pige ( 4 )‘0

opgp 'ereus [Hcogﬁj p 18 linear as shown in
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The slope, kH,N » 18 2,95 M"aae" and the intercept 1s zero.
Acldity Dependencat At constant nitrate lon concentratlon the
gecond=order rate constant, kH,N » Wwas found to be inversely
related to the hydrogen ion concentration { Table (V) }.
This inverse dependency is given by equation ( III ).

ky y= &/ (a*] (I11)
A 1s the proportionality constant. The plot of kHQN versus
1 / [B*]1s shown in Pig. (5 ). The slope, 4, 18 19.8 sec™!
and the intercept 1s zero in the range of 0,711M to 6,28M
nitric aclid.
Nitrate Ion Dependence: Table (VI) shows the effect on kH,N
of varying the nitrate ion concentration at constant acidliy.
The data was found to obey equation ( IV ) in the nitrate
ion concentration range of 0.50M . : 6.0M.

kyy = B/(1 +x [vo3]) (1v)
B and K are constants independent of the nitrate ion con-
centration., The linear form of equation ( IV ) is

1/ kyy = (¥/B) [No, 7]+ (1/B) . (V)
A plot of 1 / ky y Vversus EN03°] is shown in Fig. (6).
The plot is linear with a slope, K/B , equal to 0.042 sec
and an intercept, 1/B , of 0,011 M sec. The value of K
calculated from graphlcal analysis is 3.8 Z0.7 Mf‘o
Temperature Study: In order to determine the thermodynamic
parameters of the heat of activation,4 H¢, and the entropy
of activation,zis$9 a temperature study was undertaken for

this reaction. Tabla(VII) contains all the calculated rate

constants at each temperature. The data is plotted in Fig.(17).
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TABLE I

GO, 3 Ag(II) MOLE RATIC**P

moles Ag(II) moles GO, mole ratic®
x 10° x 107 G0, t Ag(II)
0.289 0.15 1 1 1.9
0.291 0.15 1 3 1.9
0.298 0.16 1 ¢ 1.9
0.438 0.21: 1 & 2.1
0.954 0.48 1 & 2.0
0.954 0.49 1 8 1.9
0,955 0.49 1 ¢ 1.9
0.955 0.49 1 8 1.9
1.89 0.96 1 & 2.0
1.89 0.96 1t 2.0
1.89 0.98 1t 1.9

a = All experiments were performed with [3N03] = 6.,18M,
[EcoH)p = 0.239M, I = 6.3 and at 25 Go
b = The total volume of the reaction mixture for each run

was 40 mloe

¢ - The average CQ, t Ag(II) mole ratlo is 1 & 2.0 Io.te
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TAELE II
DEPBNDENGE OF kopgp ON SILVER(II

|AgfIIi!x:103 | Kopsps gec™! ky N M geo™!

’-.,a’ PY b

0.404 0.367 3,06
0.678 0.357 2.98
1402 04340 2483
1.94 04385 3621
2491 0.359 2.99
3492 0.427 3456
5486 | 04352 2,93
6.46 0.361 3401
8,09 | 0.428 3.57
9uTh 0.348 2.90

a - [mo,]= 6.17m, [HCO,H) » = 0.120M and I = 6.3M for all
experimentse, SilverCI) was not added to the reaction

mixture in thase experiments.

1 1

b - The average value of ky y 18 3410 % 0.20 M 8B ',
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E’-S(’Ilﬂ x 107

0.581
04565
0.565
0.581
0.565
0.581
0.581
0.565
0.581
0.581

TAELE JIL

EFFECT OF SILVER(I) ON kOBSDa’b
[Ag(1)] x 107 kOBSD,arec" |

kH.N' M-1gec™!

0.00
0.320
0.800
1,60
3020
8.00
1240
16,0
24,0
40,0

04365
04379
00359
0341
0.362
0.321
0,336
0.340
0.330
06324

3.04
3616
2499
2.84
3002
2,68
2.80
2.83
2.75
2,70

a -[moﬂ: 6417M, [BCO H| 5 = 0.120M and I = 6.3M for all

experiments,

b - The average value of ka,n 18 2.88 & 0,14 M~

&7

1 1

Bac- °
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TABLE IV
DEPENDENCE OF kgpgp ON FORMIG ACIDR D

g §’IIQ] x 107 EIGJOQH].R. % 10° ]::Q‘Bfw,sec"1 Ky Ne M~!gec™!

0.799 0.838 0.0261 3,11
0.823 1,20 0.0374 3012
0.823 2,39 0.0677 2,83
0.820 4,79 04149 3ol
2,00 4,79 04159 3032
04807 5498 0,177 2,96
0.826 9.57 0,300 313
2,00 9457 0.304 3.17
0.840 12,0 0.338 2.82
0.807 23,9 0,700 2.93
0.807 3569 1.07 2,98
0.823 47,9 1041 2.94

a -[imo3]= 6,00M and I = 6,3M for all experiments. Silver(I)

waa not added to the reaction mixture 1n these experiments.

-1 -1
b -« The average value of kH,,Nv 18 3.04 £ 0.13 M 'gec™',
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IABLE V
DEPENDENCE OF k; O¥ THE HYDROGEN ION CONGENTRATION®
9

ngﬁéjh' kzasn.~éac" kH.N' M1 gec™!
0.711% 337 28,1
1.17 2.03 16.9
1042 1.57 13,1
1.98 1.24 103
2.84 0,967 8.06
3455 0.779 6449
397 0.643 5.36
4,27 0.469 3491
4,98 0.450 3.75
5.69 0.389 3424
617 0.371 3.09
6.28 0.353 2.94

8 =« I = 6,3M for all runs. The concentrations of formic acid

and silver(1I) were held constant at[bcozﬁﬂm = 0.120M

and [ag(11) = 1.7 x10=M,
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TABLE VI

DEPENDENCE OF ky y ON THE NITRATE ION CONCENTRATION®®P
1

@o,] 0,7 kopgps mee™ iy s M eeo”
0,00 6400 0,462 3,85
0.986 4,98 0.568 4T3
200 4,00 0.630 525
3,00 3,00 0.877 7431
3.52 2,49 1.05 8,75
4,00 2,00 1.35 113
P 1.53 1,85 1504
479 1,22 1.93 16,1
5,00 100 2.27 18.9
5,26 0.712 2417 181
5450 0.500 4,80 40,0

a = Ef]: 6,00M and I = 6,0M for all experlimenta. The concen=-
trations of formic acid and silver(II) were held constent
at [HOO,H], = 0.120M and Be(11)] = 1.6 x 107N,

b -« In the ébov& experimentsa nitric acld and perchloric
acid were both used to maintain constant acldlity while
allowing the nitrate ion concentration to be varled at

constant ionic strength.
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TABLE YII
THERMODYNAMIC DATA
FOR THE FORMIG ACID~-
SILVER(IL) REACTION

K° A, sec™! b kg3 M lee™! © 1n<ﬁ§ 2
- — k T
283.15 7405 1.38 x 10° “17.6
293.15 15.4 3,01 x 10° ~16.8
298415 19.8 3,87 x 10° ~16.6
303415 3045 5.97 x 102 ~16,2
313,15 64.8 127 x 10° “15,5

a = All experiments were performed with @GOER]T = 0.120M,
E&s(’II)] = 2,1 x 10™7M and I = 6+3Me The runs ware made in
O+71M to 6.3M nitric acid solutlons.

b= See equation { III ) and equation { XVIII ).

c=- notet k83' = k78;1'£77. |

d- notet h = 6.626 x 10™2lerg sec, k= 1,381 x 1016 erg k™!

and T 1s the temperature in Kelvin degrees ( K)o
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TABLE VIII

DEPENDENCE OF kOBSD ON FORMIC ACID

IN 1M NITRIG ACID AND AT 10° ¢ 2»P

[:nc:oz.n] 1 k oBSD’ gac™! kB,N’ M lgec™!
0.0479 0225 4,70
0.120 Qedldt 3470
0,598 2.33 3.90
1,20 4033 3661
2439 883 3469
359 15.8 4440
4,79 21.0 4,38

a -[HN03]= 1.0Magl11)] = 2 x10"Mand I = 6.3M. Silver(I) was
not added to the reactlion mixture in thess experiments.

[Naclcﬂ = 503M and all runs wera made at 10 °c °

b - The average value of kH,N 1s. 4,05 £ 0.38 M 1gec™! .
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TABLE IX
EFFECT OF ACRYLAMIDE ON THE
COp t Ag(II) MOLE RATIC*P

@EQGHGQNHé] moles Ag(II)} moles 002 mole ratlo

x 107 x 103 GO, & Ag(II)
0,00 0.954 0.47 1 & 0,49
0.0499 06947 0.33 1 & 0.35
0.0999 0.951 0.27 1 t0.28
0.150 0,950 0.24 1t 0.25
0.250 0.954 0.21 1 & 0,22
04450 0,949 0017 1 &t 0,18
0.844 0.954 0018 1 10619

a = All experiments were performed with{hN03]= 6032M,
[Hoo,H]g = 0.479M, I = 6.3M and at 25°C.
b - The total volume of the reaction mixture for each run

was 40 ml..
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TABLE %
DEPERDENCE OF kgpg, ON
THE IONIC STRENGTH ®

@a(:l%_] | f__lii . Egpgp* 8 ¢!
0,00 2,00 3024

1,00 3,00 4423

2,00 4,00 573

3.00 5400 6.13

4,00 6.00 Teld

a = All experimenta were performed with [HNOQ: 2.00M,
[BG0,H]p = 0.120M, and [Ag(I1)] = 2.5 x 10™M and at
25° ¢, |
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.O—

22 0.8

0 ] i A ] 2}5
o 5 15 25 o35
[HCOLH|px10 2

Fig. 4 Plot of kopgp vs. [HCOoH]p
This graph is based on the data in Table(IV). The equation

for the straight line, calculated by the method of least-

squares, 18 kKgoggp = 2.95 Eﬂcozli]r.
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(o] | | | | )
0 0.3 0.6 , /[wf.Q 1.2 1.5

Fig.§ Flot of ky y va. 1/[H"']

This graph 1s based on the data in Table (V). The equation

for the straight line, calculated by the method of least-
squares, 1a kg y = 19.8 ( 1/[H*]) + 0.03 .
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003"

0 i | | | J |

3 4 5 6

[30;7]
Fig. 6 Flot of 1/ky N V& [NO3]
This graph 1s based on the data in Table(VI). The eguation
for the straight line, calculated by the method of least -
aquares, is 1/ kH,N = 0.042@03:1 + 0,011 o The slope is
K/B and the intercept is 1/B.
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®
L2

CO,
o
l

0 | | | | |

0 ol 0.3 0.5 0.7 0.9
ACRYLAMIDE M

Fig. 7 Effect of Acrylaemide on the GO,:Ag(II) Mole Ratio
[HoopE]p= 0.479 M, [bg(1I)] = 2.7x1072 u, [ENOs] = 6.32 M
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FIG. 8 TYPIGCAL KINETIC TRAGES
Stopped - Flow conditions:

Absorbance/Div. Time/Div, Time Sonstant
(ordinate) (abscissa)
0.20 0.05 sec O.1 msec
0.10 ssc
. 0020 gec
0.50 sed
REACTANT A REACTANT B¢
€Ag(II) 3 = T.93x10"%M ([ HCopH Ip = 0.1197 M
L ag(1)d = 0.00 £ NaClO 3 = 4,00 M
€ HNO3 ] = 2.002 M _

T = 25°C,\= 365.0 nm, X = 6,0M
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FIG. 9 TYPICAL KINETIC TRACES
Stopped ~ Flow conditions :
Absorbance/Div. Time/Div. Time
(ordinate) (abscissa) Constant
0.01 0.10 sec 1.0 msec
0.20 sec
0.50 mec
1.0 sec
2,0 sec
5.0 sec
REACTANT A REACTANT B ¢
€ Ag(II) 3 = 1.68z107% € HCOoH 3p = 0.1203M
CNaNOy ] = 5.30M € Na 3" =5.30M
€ HNOx"] = 1.000 M C HNOy"3. = 1.000 M

T = 25° 0, A=685.0 nm,I = 6.3 M
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FIG. 10 TYPICAL KINETIC TRACES
Stopped - Flow condltions:

Absorbance/Div., Time/Div. Time
(ordinate) (abscisaa) Constant
0,10 0.50 sec 0.5 maec
1.0 s8ec
2.0 8ec
5.0 sec
REACTANT A: REACTANT B¢
Cag(II) 3 = 5.8®10°% M [ HOOoH 37 = 0.1197 M
Cag(I)] =23.99x10"> M L NaNOzJ = 0.130
c.NaN03 h | = 0.130 M L HNO3 ] = 6,167 M
L HNO5"J = 6,167 M

T = 25°C, A = 365.0 mn, I= 6.3 M
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The calculated thermodynamic parameters ara:45Hf= 12,3 Keal/mole

and A s¥ = 8.6 cal/mole dege o

II. THE OXALIC ACID - SILVER(II) .

Stoichiometry: The results in Table (XI) are consistent with
the reactlon '

2Ag(II) + B,C,0, —>2ag(l) + 260, + 2H" . (76)
The stolchiometry was determined under condlitions similar to
that established for the kinetic experiments. In all deter-
minatlions the mole ratio of carbon dioxide avolved to ailver(II)
congumed was found to be 1 & 1, Analogous stolchiometric re=-
sults have been previously found for the oxidatlion of oxallc
acld by many other inorganic oxidants»103°1o7°10991109112’117
Kinetics?® The loss of silver(II) was monitored using the
stopped-flow apparatus. The reaction was astudlied under pssudo-
order conditions‘33with silver(II) in limiting quantity. The
half=-11fe method was used in the analysls of the kinetlec data134

In a number of cases the kinetles were followed from
250nm to 700nm for identical reaction mixtures, Inveriably
the shape of the klnetlc traces and the calculated rate cone
stants were found to be ldentical indlcating that the same
process was being observed at all wavelengths.

The temperature was maintained at 5,o°¢-o.f’c for all
kinetlic runs, unless otherwise noted. The ionic strength
for all experiments was fixed at ~6.0M.
Silver(II) Dependences
Ao Silver(II) in Limiting Quantity? Under the experimental
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kinetic conditions the reaction waa found to have constant
half-11fes for at least three half-lifes at constant oxallic

acid concantration and acldity. The constancy of the observed
’

OB3SD
centration range indicates that the reaction is filrst-order

pssudo~-order rate constant, k ¢ over an elght fold con-
in silver(II). (Table(XIIL) )
The observed rate constant is defined by equation ( VI ).
\ / \
-a[ag(11)]/ at = kgp [Betin)] (vI)
Where [Ag(I1)] represents the sum total of a1l silver(II)
speclos in solution.

B. Silver(IIl) in Excess Quantity over Oxallc Acidd The react-

ion was also studied where the oxellc acld was 1n'11m1t1ns
quantity. The purpose of these experlments was to give
information on the stoichiometry of the reactlion. The data
in Table(XII) and Table(XIV) show that there 1s a linear
relationship between the observed rate constant, kgBSD "
and [Ag('II)]o The rate of reactlon, under these condit-
iona, is defined by equation ( VII ).

-a [B,0,0,]p / dt = ké;SD [1,6,0, ] ¢ (VII)
If the stolchlometry given by reaction 76 is correct 1t
follows that

-3 a [ae(11) / at = -a [H20204]T / at . (VIII}
The relationship between kgBSD and EXg(’.II)] 1s expraessed
in equation ( IX ).
konep = k [As(1D)] (Ix)
Where k is a second-order rate constant. The plots of

/ , ‘
kOBSD versus EXg(II)} in 6M nitric acid (Pig. (11) ) and
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in 11.8M nitric acid (Fige. (12) ) are linear. The slope, k ,
13 0,58 x 10° N~lgec=! in 6M nitric acid solution and

2.1 x 102 M~1sec™! in 11.8M nitric acid solution. The in-
tercept 1s zero inm both plots within experimental limits.
Silver(I) Dependences The rate of the reaction was not af-
fected by the addition of asilver(l) to the reaction mixture.
The conatanecy of the kO,BSD ( Table (XV) ) indicates that the
reaction has a zero-order dependency on silver(Il) concentra=-
tion over a hundred and ninety-four fold range.

Oxalic Acld Daependence: Under conditions of 1limiting silver(II)

the k. defined by equation ( VI ) will be shown to con=

OBSD
tain the oxallc acld and hydrogen lon dependencies., The react-
lon was found to be first-order in oxallc acld over a thir-
teen fold concentration range at constant acidity. The data

s

ossp 1®
linearly dependent on the total oxallc acid conecentration,

in Table(XVI) and Table (XVII) indicates that k

‘ﬁéGéCQ]T e Thia relationship is given by equation (X).

k(;BSD = 1y [8,6,0,] ¢ (x)

The second-order rate constant, kH » lncorporates the

'
hydrogen ion dependency. The plots of kQBSD versus [h26204]T

in 6M nitric acid ( Fige (13) ) and in 11.,8M nitric acid

{ Figo, (14) ) are both linear. The slope, k_, is

=1

H
1.3 x 107 M’1sec in 6M acld and 3.9 x 109 u=lgec=! in
11.8M acid. The intercept is zero in both plots within
experlmental limits.

A comparlson of kH 8 k ,at the appropriate aclidity

( L.e. 6M or 11.8M), indicates that ky /2 = ko This
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means that the relationship given in equation ( VIII ) must
be valid, It 1s noteworthy that these resudds are ldentical
to those obtained from the gas evolution experiments ( 1.8
used to determine the stolchiometry).
Acldity Dependences The second-order rate constant, kH » 18
given by equation ( XI ).(See data in Table ( XVIII) ).

ky = k' / [H*] + x” / [u*]2 | (x1)
The constants k’and k”are independent of the hydrogen ion
concentration., The linear form of equation ( XI ) is

g ] = &/ @7+ k7. (XII)
A plot of ky [Hf]versus. 1/ [Hf]is shown in Fige. (15).
The plot is linear with a slope, k”, equal to 4,65 x 106 M sec™!
and an intercept, k’,equal to 1.22 X IO4 seec~!. The acldity
range of thils study was 2,16M to 6,03M nitric acid. The lower
value of the acldity range was set by the instrumentation used
to follow the reaction,since the reaction was so rapld.
Nitrate Ion Dependences Table ($IX) shows that in the range of
concentrations studled there was no effect of the nitrate 1on
on the observed rate constant, ké£5D° The reaction, there-
fore, has a zero-order dependence on the nitrate lon con-
centration.
Temperature Studys The data was obtained in a menner simillar
to that for the formiec acid=silver(IIl) reaction. The calcul=-
ated thermodynamic parameters are given in Table (XX), The
data 18 plotted in Pig. (18). The value ofAAH$; 3.2 Keal/mole
andl&éiz 7.0 cal/mole deg. was calculated using the

equation given in Appendix III o
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moles Ag(II)
x 103

0163
0.163
0,165
00439
00445
0.876
0.876
0.876
0.877
0,973

a « All experiments were performed with [hNO3]=
(B,0,04lp = 00225, I = 6,3 and at 25 G,

GQé

ZABLE XI

t Ag(II) MOLE RATIO °°
moles G0,
x 103

016
0.17
0,16
0.46
0.47
0,90
0,91

0.91

0,83
0,94

b

mole ratio ¢

CQ,

1
1

H

3

1 4
| ]

! Ag(II)

1.0
0,96
1.0
0.95
0.95
0.97
0.96
0,96
1o1
1.0

6.31M,

b - Thae total volume of the reaction mixture for each run

was 40 ml,.

¢ = The average GO

2

s Ag(II) mole ratio is 1 & 0.99 £ 0.03.
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IABLE XIL
DEPENDENGE OF kppqp ON SILVER(II) ’

E&g(’]:l)]x 10* kéBSD’ aec™! ks 10~54" geo™!
o.7§b | 388 1429
1.00 364 121
1,36 403 134
1,83 385 1.28
2ok 356 1.18
2.98 376 1,25
3651 383 1,27
4,10 391 1.30
4,79 393 131
S5e1T 37T 1.25
6.09 381 1.27

a = [MNO,]= 5.99M, [£,0,0,1p = 3.01 x 10724 and I = 6,04M for
21l experiments., 3ilver(Il) was not added to the reaction

mixture in these experlimenis.

b - The average value of kp = 1.27 $0.03 x 105 M'1 sac'l.
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TABLE XIII

DEPENDENGCE OF kolxlasb ON SILVER(II)®*®
E\s(n)ﬂ x 100 'k: ™ sec™! (kOII/BSD /@5(’113), 1044~ sac™"
0.137 8.27 6,04
0o kit 26,7 6.05
0.620 40,3 6450
0.760 42.3 5457
0.843 5446 6.48
0.959 66.0 6.88
0.959 707 Te37
1430 737 5.67
1,54 100 6049
2401 130 647
2457 144 5060

a -[imo3. = 5095M, [H,G,0, Jp = 5060 x 107°M and I = 6,02M for
all experiments. Silver(l) was not added to the reaction

mixture in these experiments.

P ,
b - The average value of(ko;SD /E‘-g(llﬂ): 6,28 ¥ 0,46

x 104 M-'1 nsec:fm1 o '
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TABLE XIV
1 a,b
DEPENDENGE OF kypnqn ON SILVER(II)

E;s«n)]x 10° ké;SD. sec™ (kogsﬁ /[Ag«x:ﬂ), 10-2m" 1 gec™!

050533 0»863 1 062

0.985 2.05 2,08
173 291 1,68
2.15 3692 1.82
2,66 4,81 1,81
325 6+54 2.01
379 8.58 2026
4,24 867 2404
4,84 11.0 2.27
5465 11.9 2.11

| 6.-38 12.4 1 094
! 5
| o -[mNO,]= 11.8M, [B;8,04]p = 5.31 x 10774 and I = 12X for
| éll expaerimenta. Silver(I) was not added to the reacte
ion mixture in these experlmenta.
4 : _ +
b - The average value.of(kmasD /l}g(llzl)_ 1,97 = 0,18
x 103 M~1gec™!,
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TABLE XV -

V4
EFFECT QF SILVER(I) ON Eopsp 1

[As("n)]x 104 @’3«1)1]" 10 késsp»ﬂﬂe'l Ky 1072 ¥~ 'gec”

2,71 0.00 181 1.50
1.43 0.907 176 1.45
2,70 0.907 190 1.57
3,82 0.907 183 1.51
2,77 1.81 196 1.62
2.80 2,72 178 1,47
2,75 454 201 1.66
2,80 9.07 213 1,76
2,76 22,7 196 1.62
2.T4 4504 205 1,69
2,73 90,7 210 1074
270 176 201 166

a -(ENO;]= 5.74K, [,0,0,] ¢ = 1021 x 107K and I = 6.02M

for all experimenta.
-1

-1
b - The average value of ky = 1,60 £ 0.09 x 10° M 'sac &
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TABLE XVE

DEPENDENGE OF kJps ON OXALIG ACID 7P
[£,6,0,)q x 107 kéégg. gec™! kys 1075 M"Lec™"
0.420 52 1024
0841 114 1.36
1420 154 1,28
1,80 235 1031
2440 325 135
3,00 385 1.28
3043 447 1430
3,60 447 1.24
4400 558 1,40
4,20 578 1.38
54 41 660 1,22

8 o @}NO:"]: 6002“, [A'S((u).ﬂ: 1ol x 10-$M and I = 6002M for all
experimenta, Silver(l) was not added to>the reactlion
mixture in these experimentsa.

b - Tha average value of ky = 1,31 * 0,05 x 102 M leec™t.

T
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TABLE XVII

DEPENDENGE OF k(pgp ON OXALIG ACID 8sD
ﬁib@em;]g x 10° kOIwD’ sec™! g 103 u~'aec™!
0.225 8.99 4400
04375 1642 4e32
06751 3201 4,27
113 45,9 4,06
1643 5942 414
1450 6043 4,02
1.88 7602 4,05
2425 9541 4,23
2.63 99.9 3480
3400 118 3493
3T5 148 3.95

a -[I'MOB:’: 11.8M, [Ag(’II)] = 1.9 x 10°*M and 1 = 12M for
é.ll experiments, Silver(I) was not added‘to the reacte

ion mixture in these experiments.

b - The average value of ky = 4,07 % 0,12 x 107 M~gac™!,

T2
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ABLE XVIII
S a,b
DEPENDENCE OQF kn ON THE HYDROGEN ION CONGENTRATION ’

: / - ' w5, =1 -1

[bmo}] E.EQGQOJT x 107 kOBSD' 590:1 kH’ 1C 5M sec
24155 0,413 433 10.5
2336 00413 365 8.84
2.586 04413 287 6,95
2.T40 1.21 770 6436
2.T46 1.20 722 6.02
2.799 1,21 737 6.09
2,835 0,413 245 5693
2.852 1.20 654 545
20,905 1.20 609 5.08
2.958 1,19 679 5.T1
3,011 122 666 546
3037 121 609 5.03
3,090 1619 550 4,62
30118 1.19 513 40,31
3.143 1.20 559 4,66
30220 10,21 533 4,40
36377 1.21 481 3.98
3.689 1021 433 3,58
3o T4 1.21 439 3463
4,197 0.413 112 271
4,261 1020 318 2.65
4,469 1.21 291 2440
4,734 120 234 1.95
5.251 1.19 213 1.79
56671 0.413 67.0 1,62
5.738 1.21 177 1.46
5.T67 1.19 168 1041
50949 1921 153 1°26
60,026 1,19 154 129
6,027 1.21 154 1.27

a8 = I = 6,03M for all runs. The concentration of silver(IL)

AMe Silver(I)'

was held constant at E\g(II):'m 1.0 x 10°
was not added to the reaction mixture in these expere-
iments.

o
b - Thae temperature was fixed at 5 G
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TABLE XIX

EFFECT OF THE NITRATE ION ON k;BSD &b,

EEEEE? - @Eﬁij kéésn» gec™! Ky 1072 MV gec™!
0.00 595 152 1.24

0.986 5,00 144 1,17

2,02 4,00 129 1,05

3401 3,00 119 0.967

3499 2,00 130 1,06

5.03 0,999 144 1,17

5049 0,500 149 1,21

a-ﬁfj = 6,00M and I = 6,0M for all experimenta. The concen=-
trations of cxelic acid and silver(II) were held constant
at [B,6,0, Jp = 1423 x 10774 ana[Ag(I1)] = 1.4 x 10™%u,

b - In the above experiments nitric:acid and perchloric
acld were both used to maintain constant acidity while
allowing the nitrate lon concentration to be varled at
constant lonlc strength.

¢ - The average value of kj is 1.12 £ 0,08 x 105 M"eec".

T4
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TABLE XX
THERMODYNAMIC DATA
FOR THE OXALIC ACID~
SILVER(II) REACTION °

da
¥/ . - .
K° k: M sec™} b kggs M lgec™! © 1n(_2_];‘_8_9_)
- . kT
6 1

27115 3683 x 10 4,30 x 10 -2,58
2T4.15 4,35 x 106 4,89 x 101' ~2046
278.15 4065 X 106 5022 X 1011 ‘2.41
282.'5 5000 X 106 5062 X 1011 "2035
286415 5.69 x 10° 6039 x 10! “2423

a = All experiments were performed with[ﬁécéoalm,z
Lel3 x 10™%M, E&g(’II)J = 0485 x 10™%M and I = 6.,0%M.
The runs were made in 3.4M to 5.9M nitric acid solut=
ions.

b = Jee equation ( XI ) and equation ( XXVIII ).

¢ - notes The tharmodynamic parameters for the k87 could
not be determined because of large errors in the value
of the intercept for plots of kﬂ[ﬁf]versus 1 /[?*].
(see equation ( XII ) ).

d - notet h = 6,626 x 10~27 erg.8ec, k‘= 1381 x 10'16 erg'K‘1

and T is the temperature in Kelvin degrees ( K°),
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TABLE XXI
EFFECT OF AGRYLAMIDE ON THE

co, t Ag(ID) MOLE RATIO ®*°
[ca,scHCONE, | moles Ag(Il)  moles GO, mole ratio
| x 102 x 109 G0, & Ag(II)
0.00 0.974 0.94 1 t0.97
00250 0.973 0.68 1 80,70
0.0507 0.976 0.62 1 t 0.64
0.151 0.978 0.50 1 & 0.51
0.253 0.976 0.39 1 & 0.40
0.450 0.976 0.34 1 3 0.35
0.901 0.976 0432 1 1 0.33

a = All experiments were performed with[§N03]= 6.32M,'
[526204],3 = 0.450M, I = 6.3M and at 25 C.
b « The total volume of the reaction mixture for each run

was; 40 mleo
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TABLE XXIX
DEPENDENGE OF k ON

oBSD_
THE IONIC STRENGTH-
[mm%] I, M kO; o’ sec=!
0.00 3,00 866
1.01 4,01 770
2,00 5,00 541
300 6.00 385

a = All experliments were performed with [HNO;] = 3.00M,
[82620,]p = 0.635 x 1077M, ana fe(1z)]= 1.2 x 107%M
and at 5 Qe '

7
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1.0 1.5 2,0
[ae (xT)) x 10°

/] -
Fig.11 Elot of kgp o ve. [Ag(1I)]

This graph i1s based on the data in Table(XIII). The eguation

for the straight line, calculated by the method of least -

aquares, ls kopgn = 5.83 x10

*lag11) .
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Bg(11)]x 103

/4
Fig.12 Plot of kopgp v8. [As(II)]
This graph is based on the data in Table{XIV). The equation

for the straight line, calculated by the method of least =
%
squares, 1s kopgp = 2.14 x 107[ag(11)] .
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’
Fig.13 Flot of kgpgp Vse [HpCoO4ln
This graph is based on the data in Table(AVI) The equation

for the straight line, calculated by the method of least -

’
squares, 1s kopgp = 1.28 x 10° [Hecaoa.n o
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[520201;]1.1:102
, .
Fig.14 Flot of kopon "5-[“2"2°sz
This graph 1s based on the data 1n Table (XV1Il)..The equation

for the straight line, calculated by the method of least =

, 3
- ° 10 0 °
squares, is kOBSD 3090 x @232 4]‘1?
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ky ¥ x 10"5,Se.C°'

I | 1 l
0 . 01 0.2 0.3 04

0
-1
nt ,
Figd5 Plot of ky[H'] ve. 1/fH*]
This graph is based on the date in Table(XVIII):.The equate

ion for the straight line, calculated by the method of
C ol
least - squares, is kH[H"']:.-, 4,65 x .10° /E]+ 1.22 x 107,
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ACRYLAMIDE ;M
Fig. 16 Effect of Acrylamide on the CO,:Ag(II) Mole Ratio

[B20,04)p= 0.450 M, [Ag(II)] = 2.4x10=2 M, [HNOs] = 6.32

83

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Formic Acid-Silver(II) Reaction

-18 ] | | | |
Fel 3.2 33 3.4 3¢5 3.6

E-1x107
Fig. 17 Plot of 1n ( higs / kKT) vs. 1/ K

Thls graph is based on the data in Table (VIDe The equation
for the straight line, calculated by the method of least -
squares, 1s 1n ( hkgy / KT} = -6.21x107 + 4032,

=200 Oxallic Acld-Silver(I1l) Reactlol
~~
=
M -2.2 P
\ 5
é ®
-
S
= °
~2.50 |-
-2, | i |
£ 3.4 3¢5 3.6 3T

E-1x107
Fig. 18 Plot of 1n (hkgg/ kT ) vs. 1/°K

This graph 18 based on the data in Table(XX ). The equation
for the sgtraight line, calculated by the method of least -
squares, 1s 1ln (’hkag/ ET ) = =1,6x107/°K 4 3.5,
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FIG., 19 TYPICAL KINETIGC TRACES

Stopped - Flow condlitions :

Absorbance/Div. Time/Div. Time

(ordinate)/ (abscissa) Constant

0.04 2 msec 0.1 msec
5 msec

REACTANT A ¢ REAGCTANT B ¢

Lag(z1) J

-4 - -4
1.83%10 M €H,C,0, 31 = 12,07x10~" M
€ ae(1) 3 Wi 4 =
C HNOB‘J

2.513210~% M 5,997 M
5.997 M

T=5 c,X: 365.0 nm,I = 6,00 M
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FIG., 20 TYPICAL KINETIC TRACES

Stopped - Flow conditions ¢

Absorbance/Div. Time/Div. Time
(ordinate) (abacissa) Constant
0.02 5 msec 0.3 meec

10 mseec
REACTANT A: REACTANT B ¢
CAg(II) d = 1.5010™% u “51’ 0p Ip = 12.06x10~% M
CHCLOL ] = 4,000 M CH 644]. = 4.000 M
CHNO; J. = 2.000 M CHNO3 J = 2.000 M

P =5 A= 365.0 nm,I = 6,00 M
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FIG. 21 TYPICAL KINETIC TRACES
Stopped - Flow condltions i

Absorbance/Div. Time/Div. Time
(ordinate) (abscissa) Constant
0.02 5 msec 0.5 maec
10 msec
20 msec
REACTANT A ¢ REACTANT B ¢
, -4 -4
CAg(II) J = 1.04x10 B € C-0, 1. = 4,129x10
C NaNO, J = 0.300 i £ gﬁmﬁ;‘*j.f = 0.300 M
C BNO57) = 5.728 M C HNOy"] = 5.728 M

T = 5° G, ¥365.0 nm, X = 6,03 M
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MECHANISM AND DISCUSSION
I. THE FORMIC ACID - SILVER(IIL)

A mechanism consistent with our results is

Agz* + HCOy™ ‘_—:.:-___—‘AgHGOE"' Koosfast (77}

AgHCO," ——> ag* + HCO,e kogsred.a(T78)

Ag* + HCO,® — Ag* 4 co, + B* k,gsfast (79)
where step 78 1s the rate determining step (r.d.s). Two
equllibria also involved in this reaction are the lonizat-
lon of formic acid in aqueous solution,

HCO H = HGO,” + H' Kg, (80)
and the silver(II) complexation with the nitrate ionm,

Aget NO,” &= A5N03+ Ky o (1)
Appropriate combinatlon of the above ateps plus the use of

&
the steady-gtate assumption ylelds the following rate law,

kog Kpp Kgo (Ae(a1)] [HOO,H]y
{1 + Xy [Noy”] + Kpp Ego [frco, Bl ]
+
[H] (XIII)
The term [HCOQH],B ( =[HGOEH] +Ef002‘”] ) represents the total

formie acld concentration. The total silver(Il) concentrate-

-+ afag(in)]/ at =

ion, [Ag((II)], is glven by

[}g(ﬂ)}: [Agz*'] + [ngmoj"] ~aﬂ|2xgnco?_*]o (X1IV)
The participation of silver(III) has been ruled out by the
fact that silver(I) had no measurable effect on the observed

rate c:omaft,anfm‘!e‘8 It K77 is leas than about 104 M=1 then the
{KT’f Kgq EIGOQBJT term (equation XIII term) <<tb.an (1 + K @0'3'] )i

[u*]

# Appendix I-A
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term and can be neglectéd. The literature values for K, and
KBO are 0.94‘M"1 13 ana 177 x 10=4M 13Srespectively, ﬁaking
the previous lnequality reasonable. Equation ( XIII ) then
simplifies to the observed rate law ( XV ), which predicts

all the dependencles previously noted and found.

-+ a [Ag(11)]/ at = 18 %77 K80 [agcx1)] [roo,nly (XV)

{' + K [N°3;-D (1]

One may now deduce that kgpap deflned by equatlon (I) 1is

Kopep = 2 kog Kop Kgo [HOOLH]q (XVI)
{E + K, [NOB"J} [a+]
and
k. = 2 kg Ko Koo fopsp (XVII)

B ' STura i
o {1k Nos™]} 7] [HCOH]
Also, at constant nitrate ion concentration the proportion-

ality constant A from equation ( III ) 1is

A = _° k78 Koo Egy (XVIII)

{1 « % [vos=1}

while at constant acidity

B = _2 Kqg %77 Kgo (XIX)
[u*]

o It 1s impossible to separate out the value of

and X = K1
kog and K., from equation ( XVIII ), only the product of
the two terms is attainable., The experimental value of k78 K77
was found to be 3.9 % 0.3 x 10° M sec?!

It 1s posslible to conceive of other mechanisms that
glve ldentical mathematical forms for the rate law. The fol-

lowing equilibrium 81, for example, may be lmportant.
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ag”" + HOO,H T AgHCO,* + H* (81)
It is however, kinetlically indistingulshable from reactions
T7 and 80 . If the A5H002+ complex intermediate then reacts
via stapa 78 and 79 the derived rate law (if equillibrium

81 was involved) would be

k78 Kgay @S(II‘,] [ﬁcoeﬁ]‘l‘ 0 (XX)

{1 + K, [1\103"']} [H*]

where the value of 8#7‘K8° -equals 5819 Similarly, one can

-4 afar(1I)]/ at

concelve of other reactlion pathwayskinvolving the formatlion
of coordlnated formic: acid,

Ag®* + HOOH === AgHCOH-* (82)
followed by the electron transfer step has not been consid-
ered as significant due to the lack of a hydrogen ion 1in=
dependent term in the rate expression., If this equilibrium
was important the form of equation ( III ) would have to be

gy = A/ [B]+ ¢ . (XXI)
Where C 1s a constant greater than zero {( i.e. positive
intercept for the plot of ky y versus I / [H*]). Evidence
for a C term in equation ( III ) was not observed.

An alternate two step mechanism can be proposed which
does not involve the formation of an intermediate silver(II)
-formate lon complexi

Ag®"+ HGO,” —> Ag* + HOO,® KgsTedos. (83)

AgP*+ HOOpe — Ag* + CO, + H* kg, sTast  (84)
suitable combination of reactions 83 and 84 plus the
equilibria in reactions 80 and 1 result in the followlng rate

law,
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-t d[As(nﬂ /at = 83 %go [2s(11]] [Eoo,nly (XXII)
{1 + 5 Foy T
Bquation ( XXII ) is i1dentical in form to equation ( XV }
derived for the firat mechanism. The wvalue of k83 can be
determined and is found to have the same value as the
k?& 377 term praviously discussed. Had the 357_Bé0 E@GO@Q]T
w7

term not been negligible in equation ( XIII ) the resulting

rate expression for the two reaction pathways would have been
different, as was found in other studieso77”78’81 In an at-
tempt to incrsase the importance of the K_K HCO, H/{.

F g 77 %o 8%

(']

term the reaction was rerun at 10 C and the l:HGOQH}‘E vas

varied from 0.048M to 4.8M in 1,0M nitric acid solution at

& comstant ionic strength of 6.3M maintained using sodium
perchlorate. ( Table( ¥III)) The resction remeined strictly
first-order in formic acid throughout the entire range 1lndl-
cating that the K77 Kaolﬁcoaﬁ]? term remained negligible,

[a+]

It 1e noteworthy that it is possible to concelve cof a

mechanism involving undissociated formic acid as the react-
ive agpecies with Agg+ o The following equilibrium would have
to be conmidered, HCOH + HY ——HGOH,™ .

A mechanism that doea not involve the formation of a

free radical intermediate 1s given in steps 85 and 86 .
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Ag®* + HGO," == agHC0," ko kg (85)

Aget &+ AgHOO,* — 2ag* + GO, = H' kee (86}
If one assumes that kss)? k-85 the form of the derived rate
lavw is identical to that in equation ( AV } . As will be
shown, the reaction pathway necessarily involves the forme
ation of a free radical intermediate. Hence, this informate-
ion eliminates the aforementioned mechaniesm as reasonable.

Kustin et glcijhave established that the silver(Il) ion
in nitric acid media consists primarily of the Ag2’ and-Agmog
spaclies. In perchloric acld solutlion the AsOH* apecies ha&.
been indicated as important. The value of K; (i.e. for
equilibrium 1 )} which was obtained im this study is
3.8 £ 0.7 M?g vwhareas the previously reported value is
~ Q.94 Mf1°'3 A four fold difference betwaen aquilibrium values
is not umncommon nor unreasonable. For example, Baker, ﬁewton
and Kahn!?%pave obtained a velue of K=12M, for the first
hydrolyasis comstant of cerium (IV), while Offner and 8koogi37
found that K«0.2M. This represente & slxty fold difference
in reported equilibrium constants for the same reaction.

It 1s moteworthy that intermediate metal ion-formate ion
complexes similer to that presented in thies work have been
previously proposed for Mn(III)97797GGs(IVD81”Beand Gr(VI)eaj
Additionally, evidence for the existence of me%al lon-formic
acld complexes hee &also been raported°74°77”78°82

The inhibitory effect of the nitrate lom is attributed

to 1ts competition with the formete ion for a coordination

gite on the aquometel cation AgQ* ¢ theraefore, as the nitrate
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ion concentration increases the actual concentration of
A55602+ decreases and the observed rate of reaction decreases,
The inhibitory effect of the nitrate ion also precludes
songlderation of the N03° free radical species as a posslble
reactive intermedlate in the reaction pathwayo47 It is 1inter-
esting that where the mnltrate ion was found to participate

in other reactions it had an enhaneing effect rather than

an inhibiting effoct.>!

Thompzon and SulllvanSSEave reported that the oxldat-
lon of formiec acid by naeptunium(VII) proceeds at a rate mors
rapid than that of any analogous aystem studied (notet up to
1972). These researchers indicated that this fact was con-
slstent with the idea that an increase in oxidation pot-
ential of the metal ion couple negessarily meant an increase
in the reaction rate. The Np(VII)/Np(VI) couple is ~2.0V138 in
aqueous: perchloric acid., A comparison of the rate conatants
for the formic acid = neptunium(VII) reaction to those for
the formic acid = silver(II) reaction indicate that the latter
reaction is considerably faster. Thia means that a slimple
correlation batween the. rate comnstant and the oxidation
potential of a metal lon speclas, for the oxidation of. formic
acid, is not generally possible,

Attempts to monitor any free radical specles produced
in the reaction using contlnuous flow techniques in con-
Junction with the e.s.r. spectrometer were unsuccessful,

Reasons for this fallure to detect & free radical epecies

via 8.8.r. technigquea will be discussed later., A series of
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experiments were conducted which indlecated that a free
radlcal specles was produced in the reaction. Acrylamlde,
a free radical acavenger, vwas used to detect the presence
of free radical intermediates., The experimente undertaken
to datermine the stolchiometry via the Gas Buret Anslyzer
Apparatus were repeated excapt that now acrylamide was
added to the formic acid solutioms. In the presence of
acrylamide the mole ratio of GO, ¢ Ag(IX) should decrease
if a free radlcal specles, such as HCO,® , 1= praaent¢115°1'6
The results in Table (IX) confirm the presence of a frae
radical intermediate. The data 1a plotted in Fige ( 7).

A study of the lonic strength effect ( Table ( X) )
on this reaction is not conclusive but is indicative, since
the concentrations used were far outslde the range considered
by the Debye - Huckel limiting law.'2?? For a three fold
change in the ionic strength there is a comparative small
change in the observed rate constant ( which may be caused
by other medium effects). Aa the lonic atrength increases
the observed rate of reactlion increases. Thlas indicates
that the reactive specles may be characterized as an ion
and a neutral molacule or two molecules which have formed

a polar intermediateotao

II. THE QXALIC ACID = SILVER(II)
For clarity of presentation, the rate determining
stepe (ro@o.m.) of & mechanism consistent with the resultis

are presented { 1.6. steps 87, 88, 89 and 90). The detailed
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mechanism and mathematical treatment are given in Appendix I-B
Ag®t + HO,0F; — Ag* + HGy0° kg oTedese (87)
Agnc% + HC,0p — Ag™ + HG,0,°+ mo; kggoTsdeso (88)
Aget + GéO%“-—————)Ag* + 00,7 kggsTredeso {89)
+ < .*. pt 0- L)

AgHOB‘ + czoi —> Ag™ + 0204 + NO3 kgo,r.d.se (90)
The binoxalate radical specles, HG204° » and the oxalate
radlcal iom, GC,0,°" , produced react with silver(Il) to
form the reaction products. The following equilibria are

also imvolwved in the reaction mechanism,

HyG0,0, &= HG,0 + H* Ko (95)
- 2= +
HG,0, F= 00, + H K96 (96}

Appropriate combination of the reaction steps ( Appendix I-B)
including equilibria 95 and 96 yield the following rate léw.

k k
-+ a[betazl] / av = { Lo7 "5 89 Kisz“% batzn) E20004) g
[H ] [H] (XKIII)
This rate law predlcts all the dependencles previously

noted and found. The term [Hy0,0,)p( =[H,C,0, |+ HC,0] J+
[?éoqu]) representa the total oxallc acld concentratidn.

The total silver('IL) cmncentration, [Ag@lli]a in nitric
acid solution is expreassed in equation { XXIV ).

[ag(11)] = Bg?-'*] ¥ Exgm;] (XXIV)
Additional silver(lI) species, such as silver(Il)-oxalate
complex ion intermediates, have been omltted since thia
would predict a nitrate ion dependency which was not founde
In the mechanism presented AgS¥ and Agm03¢ have similar, Af
not identiecal, reactivities, This iz reasonable and expected

if the reaction is diffusion controllad‘“'(ioee & product is
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formed as a result of each collision) with respect to both
silver(Il) specles., This would also imply that the rate con=
atants would be independent of the nitrate lon concentration,
as was found. The participation of silver(III) has been ruled
out by the fact that silver(I) has no measurable effaect on
the rate constant. ( Table (XV) )

It may now be seen that ké%sp » daefined by equation ( VI )
is

“ay %95 , o Xos “95} Oy lp o (XXV)
kopsn = { [H+]5 9[8 o [Bo6004 1o

The value of kj , & second-order rate constant, is given by

equation ( XXVI ).

/
ky = 2{1%7 Ko . kgokos Kgs) = koBsD (XXVI)
(8+] ]2 (2000, 5

/
The constants k’ and k 'praaented in equation ( XI ) vere

found to have the following values ( sae Figo(is) Yo

- b cge=! ~‘
x'= kg }95 = 1,22 x 10 6 (XXVII)
1= k89 Eys Kgg = 4.65 = 10° M sec™ (XXVIII)
Darken's value for K95 = El"’] [_—HGQOZ‘] is ©,0541 and Harned
EXXN
and Fallon"s value for Kgg (: Ei"j [G?_O?j 18 5.82107°M at
[Ee,0,~]

250(2 and 50 G, x"aex..psac:‘t,i.vely'e.’5‘%2””‘!'3 The calculated value of

k87 18 1.2 £ 0.3 x 10° u~sec~! and the value of kgg 18

5.3 £ 2,7 x 10'! M='ueo='. These values were calculatead using

the wvalues: for K95 and K96 determinad experimentally(Appendix IV).
(The values presented will be discussed in the General Dig= |

cusslion Section).
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The mechanism presented is most consistent with all the data,

The magnitude of the rate constant k89 and the low heat of act- .

ivation are indicative of a diffusion controlled reaction pathway.
It 1s difficult to concelve of any mechanistic scheme

for the reactlonm which would be kineticeally indistingulshe

able, If one conasidered the AgOH™ species in the rsaction

pathway a nitrate lom dependence would be found in the

derived rate law. If one consldered an equilibrium between

Ag?* and AgNOs* with the appropriate oxallc acid specles,

again a nitrate lon dependence would ba observed in the

derived rate law, however, as previously mentioned, no

nitrate lon effect was found experimentally.
The complex acidity depemdence given in equation ( XI )

indicatea that the reactive oxallc acld speclea are the

binoxalate ion, HG?OQ° , end the oxalate dianionm, 02042' °

It should be noted that equation ( XI ) may actually have

the form,
s

ky = k +_[—]:i7:7+ 2 ° (XXIx)
There is no way to determine if k is slgnificant from
graphlical methods..

Various attempts to detect any free radical inter-
mediate(s) produced in this reaction using continuous flou
techniques in conjunction with the e.a.r. apectrometer vere
unsuccessful., However, acrylamide was used to detect the
preaence of the free radical gpecieas producsed -in the_“alaW’

steps 87, 88, 89 and 90, As is shown in Appendix I-B

thess free redicals are consumed in steps 91,92,93 and 94.

o7
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Ag was found in the formic acid - silver(II) reaction the
mole ratio of €0, & Ag(II) decreased significantly in the
presance. of acrylamide. The data is presented in Table (XXI)
and plotted in Fige (16) o This information is supportative
of a free radlical reaction pathway,

The lomic strengths used in this kinetic inveastigation
were far outside the Debye - Huckel limiting law. As the
ionic strength increases the observed rate of reaction
decreases. The results of the loniec strength atudy are
again indlcative, rather than conclusive, that the react-

ive specles are of opposite charges. ( Table (XXII) )
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GENERAL DISCUSSION

The oxidatiom of organlc substrates by silver(II)
has been neglected by all but one group of researchers.42
The mechanism for the oxidation of two carboxyllic aclids by
sllver('II) has been praesented in this thesis. It 1s the intent
of this sectlion to make a comparison of the reaction pathe
ways studled, notling slmilarities and differences. This
section will also attempt to provide Jjustifications for
some of the mechanlatic interpretations presented in thils
thesis.
Similaritiesl Formic acid reacted with the Ag®* species and

oxalic acid reacted with both the Ag®™

and AgN03+ speclas, in
neither study was there evidence to show that AgOHY or sil-
ver(IIl) participated in the reaction scheme. It is inter-
esting to polnt out that although the Ag®* ion and the A5N03+
ion have different net charges their oxidatlion potentliels

12,40 It was found that the reaction

are almost identical.
mechanism for both organic aclds proceeded via two one=
electron tranafer staeps to yield carbon dioxide and silver{Il).
It is noteworthy thaet the valuss for the rate constants |

for the reaction pathways involving the binoxalate ion

epacles and the formate ion specles are almoat ldentical

( Le0o 1,2 x 10° M=1gec™! and 3,9 x 107 M'laec“l respectively).
This indicates that these specles have almost ldentical
reactivities with silver(Il). Unfortunately, the heat of
activation could not be obtained for the reactlon pathway

involving the bimoxalate 1on specles, nor could a possible
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nitrate ion dependence be detected because of the rapldity
of the reaction of silver(II) with the oxalate dianion.

The. effect of acrylamide,in both the formic acid
and oxalic acid reactioms with silver(IIl), proves that a
free radlcal intermediate must have been produced. It should
be noted that the mole ratio of 002 ¢t Ag(II) lavels off at
a value other than zero in the presence of acrylamide( i.s.
for the formic acid - silver(Il) reaction the GO, & Ag(IlI)
mole ratio levels off at about 0.2 and for the oxalic acid -
silver(IIl) reaction at about O.4). Hasan and Rosek! 150116
found that the 002 ¢ Cr(VI) ratio.did not go to zero in
the bresenca of acrylamlde but were unable to explain thls
observation,

The e.8.rs @xperiments performed to detect the presence
of a free radical intermediate(s) were unsuccessful because
a). the steady state coneentration of the free radical(s)
spacles was below the detection limits of the e.8.r.
apparatus or b). there was no free radical specias present.
However, the acrylamlde experiments have ruled out the latter
poasibility. This is conslatent with the proposed mechanisms.
Differencaeass A significant difference in the oxidative pathe-
ways for the two carboxylic aclds 1s the presence of a
nitrate ion dependency in the formlc acld = silver(II}
rsaction while thies is not the case for the oxallec acld -
silver(Il) reaction. This is attributed to competition between
the rate of complexation and the rate of electron tranasfer,

In the case of the formic acid = silver(Il) reaction complex-
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atlon seems to be more rapid than the actual electron
transfer process. Whereas, in the oxalic acid - ailver(II)
reaction the actual electron transfer process le much more
rapld than any complexation reaction. It 1ls significant to
point out that the preponderance of reactions involving
oxallc acid indicate that complexation in solution is
common, If, for axample, the oxalate dianion is involved in
the reaction a stable five coordinate intermediate cauld be
formed.

Additional insight as to why the eleetron transfer
reaction is more rapid for oxalic acid than for formlie acld

with silver(II) may be seen from a comparison of thelir

half-call oxidatlon potential&o144
5002H('aq.)> — o, + oHT + 28° .:m% = 0,20V (97)
\ + - -
523204(‘*%)/—"2302, + 2H" + 2a By = 0,49V (98)

@n the basis of these half-cell potentlals oxallec acid

is thermodynamically favored over formic acid to be oxid-
1zed( via a two electron transfer step }. However, this
does not necessarily indicate that oxalic acid would

have to be more rapldly oxldized than formic acid by other
oxidants. The extreme rapldity of the oxalic acid - silver
(II), reaction, compared to the formic acid - silver(II)
reaction, 1s supported both by its large rate conastanta
(see equations( XHVIL) and ( XXVIII) ) and the low heat

of activation ( i.,e. about three Kcael/mole } . A heat
of activation around 2 « 3 Kcal/mola is usually indlcative

of a diffusion controlled reactibn»141
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It should be pointed out that the rate constant for the
diffusion controlled reaction pathways, 1l.e. k89 and k90’ is at
the high end of the typlecal diffusion controlled reactlion
(1.0s typleally the second-order rate constants are in the
range of about 109 to 1011). This result may be explained if
one conslders that there are 1arge instrumental errors in
obtaining data for very fast reactions.‘hsAlao, if the equllie-
brium constants are in significant error this would contribute
to the value for the rate constant. Eigen146 has shown that
there are reactions which may proceed more rapldly than a
diffusion controlled reaction, namely by way.of . an electron
'tunnelling' effect (a non-classicel electron jump through a

potential bérrier)o As an 1llustration, kigen discusses the

reaction of the proton with the hydroxyl ion at 25°G and at

Taec™! at

25°G, however in ice the rate constant is‘~10'3M"‘sec°'e This

1ce temperature. The rate conatant 1s ~1.4 x 101‘M"

latter value 1s significantly larger than classical theory on
diffusion controlled reactions would allow»‘47

Further studies involving the silver(II) oxidation of
other mono- and dicarboxylic acida (as well as othar organic
substrates) could a). inveatigate similarities and differances
in mechanistic pathways and relative reactivities and b).

attempt to develop a linear free energy relation(s) for a

saeries of these reactions with different functional groups.
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APPENDIX I=A
KINETIC EQUATIONS FOR.
THE FORMIC AQGID-SILVER(II) REACTION
The loss of silver(II) oaﬁ'be repreéented as
-a[ag(11)]/ at = kg [pgHcO$]+ Kog [Ageﬂ[acoee] o (XXX)
This can be slmplified,using feaction T7, to yleld

~a[hs(11)] / at = kgkyy [ae2*[1005] + kpg[ae?[Ho0 p00x1)

In order to solve for HQGO,* one may apply the steédy-state
assumption as follows,

-a [He0p¢] / at = +a[HCO,e)/ at . (XXXII)
The loss of the formyl free radlical with time 1is
 -afieo,?]/ at = xpg[ag?[neoye) . (XXXIII)
The galin of the formyl free radical wlth time isa

+a [H00, %] / at = kg [agHGO} ], (XXXIV)
Setting equation (XXXII) equal to equation (XXXIV) results
in a solution for the .@0029’] °

[ic0, )= (75 By / 2cyg)fHo0s ] (xx)
Equation (XXXI) now simplifies to

-afag(11)) / at = 2k,g K, (A2l ] . (XXX V1)

Solving equation (XIV) in terms ofﬂhgef]yields the follow=
ing equation.

4 - [ag(11)] , v
et - {1 TE T+ iy @coenjm} v
R

Substituting equation (XXXVII) and the relatlionship in
equation (XXXVIII),

(o3 ] = Egq[HooH]g / [HY], (XXXVIII)

into equation (XXXVI) ylelde the rate law given in
equation (XIIL). Equation (XIII) can be simplified to
yleld the observed rate law,
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APPENDIX I-B
KINETIC EQUATIONS FOR
THE QXALIC ACID-SILVER(II) REACTION

The detalled mechanism for the reactién of oxalic acid
with silver(II) is as follows,

Agl*t + Hcgo',; —> Ag” + HCL0,° kgo (87)
AgNO] + HCyOF — Ag’ + HCH0,° + NO3 kgg (88)
Aget 4 Gzoi- —>ag” + C,0,° k89 (89)
AgNOY + G057 —vag® + C,04° + NOj kg, (90)
Ag®* + HCY0,° ——ag” + 200, + H' kg, (91)
AgNOy + HO,0," —>Ag” + 200, + NO3 + B kg, (92)
A52+ + CEOZ‘ —ag” + 2c0, l k93 (93)
AGNO + GpOj° —ag + 200, + NO; kg, (94)

Steps 87,88,89 and 90 are the rate determining steps. The
loss of silver(II) can be represented as

-a(ag(11)]/ at = k87[A52*]EiczoZ]+ Itgq [Agmoﬂﬁiceoﬂ

+ kBQ[AgaﬂE,'Qoi'L kgq {Agmo;]@eoi'] + kQ‘{Aggﬂ Eiceoﬂ

+ x [aenozle,0, « xgy [1e2T[o 074 + xq,, [aeno} Je 07l
(XXX IX)

In order to solve for [H0204°] and [G 0};{’ one may apply the
steady=state approximation to thesg gspecles,; 1.0,

~a[H6,04°) / at = +a[He,0,°]/ at ana (XL)

~a[c,05°] / at = +afe,05°] / at . (XLI)
The loss of[ﬁﬂgoa{]can be expressed as

-a [He,0,°] / at = kgingeﬂﬁz%%{h kgp Eagmoﬂﬁmaod,(xr.n)
The gain of[ﬁceou{]ean be expressed as |

+d [HC,0,4°] / at = ks.?.[Ag?ﬂ@wzozL kgg E&gNOﬂ@QzOZ]Q(/xLIII)

Setting equati (XLII) equal to equation (XLIII) and 80l-
ving for[HGC, OA%Iyields .
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kg ';1\52'16%020;14- kgg [aexot]fic,0; ]
o BT rog ) °

Since égere is no nitrate ion effect on the reaction rate

the Ag®' and AgNOx' specles must have the same reactivities
with the approprifte oxalate specles. It follows that :
kgy = kggs kgg = kggs kgy = Kgp 8nd kg, = kg, Equation (XLIV)

(XL1V)

[re,0,°)=

may now be simplified to yleld

[6,0,5] = (15g, /i5gy ) [18,0,7 ] (XLV)
Similarly, the loss of [GEOZ"]may be expressed as

-a[6,05°]/ at = kgy [ae2¥)[c,05¢] + kg, [aenoille,0ze) «xevi)
The gain ofleOZ{]can be expressed asg |

+a [0y07°]/ at = ksnggzﬂ@Qoﬁ‘]+ koo [aen03 e, ] (xevin)
Satting aquation>€xLV%f equal to equation (XLVII) yields -

[6,05+] =—82 [ASZ (65057 kgoggmc’;]@a"l&eﬂ . {xLvIII)

k93E%3 :’ + k94 Etgﬂ%] S

Equation (XLVIII) can be simplified, noting that k8 =k 0
and kgs=kg,, to. yleld 99

- o
[e,05°)= (g / 193) [6057]e (XLIX)
The rate law in equation (XXXIX) may now be rewritten as
follows,

-a[ag(11)] / at = 21:87[Ag23510204”]+ 21:87&@0;]&%0;]
+ 21:89[Ag2ﬂ[c20ﬁ'] + 2kgg [Agnog][égoﬁ']o
(L)
Substituting equation (LI), obtained from reaction 1,
Genct] = x, (e 5] )

into the rate‘expression (L) yields the following equation.

-dES(IID / dt = 2{1{87 [AgeﬂﬁiGQOZj+ kBQEASQﬂ[G‘?Oi.]}
v % E + K [NQ;]} (LII)

The total silver(IIl) concentration, [Ag(II)] s frog,
equation (XXIV) can be expressed in terms of [Ag J,
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na24] - EAg((IIﬂ
[+ ] . K,[Nog]}

Substituting equation (LIII) into the rate equation (LII)
yields, . -

-a[ag(11)]/ at = 2{1:87 [HC,07 ]+ kgg [caoﬁ‘]}Ag(n) (LIV)

The squilibria in reac&; ns 95 and 96 can be uaed to sol#é

(LIII)

for the [HC,0; Jand [¢,0,“ |ylelding
_ [B,0.0,])¢
[3%04] = 395[2%2 ‘J (LV)
and | Ko [B,0,0, ]
[6,057] = -l A%E;?f 4T (LVI)

Substituting the values for Hcéo; and Gzoﬁh into equation (LIV)

ylelds the observed rgte law (XXIII)., The observed rate law
indicates that the Ag“* and AgNO3+ ions must have identical
reactivities with the binoxalate” lon and the oxalate dlanion
species.
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APPENDIX I
DUAL BURET GAS
ANALYSIS APPARATUS

A Dual Buret Gas Analyier Apparatus‘4§shown in Fig. (22),
was used to determine the stolchliometry of the reactlions
studied. It allows one to mix the two reactants to any desir-
ed ratio and then to collect the carbon dioxide evolved at
a known pressure and temperature in order to determine the
number of moles of gas liberated. A welghed amount of silver
(‘II) oxide on an aluminum pan is placed in flask A, The formic
acid solution or oxaelic acid solution ( both run without and
with acrylamide present) is contained in buret B. With stop-
cocks #3 and #4 open and stopcock #! closed, helium was then
allowed to flow through stopcock #2 into flask A and the entire
system. This procedure purges the apparatus of air and re-
places it with helium at atmospheric pressure. After purging,
stopcock #4 was turned to permit the gas buret, @G, to commun-
icate with flask A and stopcocks #2 and #3 remalned closed,
The hellum was then adjusted to atmospheric pressure by match-
ing the heights of the liquid in the gas buret, G, and the
leveling bulb,H. The contents of buret B were admitted into
flask A through stopcock #1. If no carbon dloxide was evolved
the volume of liquid entering flask A would displace an equi-
valent volume of gas back into buret B and the liquid level in
the gas buret G would remain unchanged. The liquid level in
buret G would change only if gas was ovolved in the reaction. In
this manner the volume of gas liberated at constant temperature

and pressure vas determined,
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Fig.22 Dual Buret Gas Analysis Apparatus
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APPENDIX III
DETERMINATION OF
THERMODYNAMIC PARAMETERS
Analysis of the effect of temperature on the rate of
reaction was made 1n terms of the Eyring equation.149

opsp = (& T / h) exp(as¥/ R)vexp«-AHf/ Rm)'“ (LYII)

For the fbrmie:acid-silver(ll) reaction and for the

k

oxalic acid-silver(Il) reaction the effect of temperature

(= 1 K
on ks (_k78K77) and k89 were studied, respectively.

3
For the formic acid-silver(II) reaction plots of

kH,N versus 1 /[hﬁ]were determined at varlous temperatures.

At each temperathre a value for k wasg calculated.

83
kgs = (k T / h) axp(’AS$/ R) axp("-dﬂ’&/ RT) (LVIII)
Equation (LVIIL) can be rearranged to yleld -
kgzh) .. & &
in — = AR/ RD +AS"/ R (LIX)

A plot of 1n( kg h / kT);veraus(i / T)is linear with &
slope of -ﬂﬁt/ R and an intercept of AS*/ Ro (See Fige 17)e
Similarly, for the oxalic acid=silver(II) reaction plots
of kw[a+] versus 1 /[H']were dstermined at various temperatures.
At eaoh:temparatura a value for k89 wag calculated.
kgg = (kT / h) exp(As*/ R)exp(-pAH¥/ RT) (LX)
Equation GLx)vcan be rearranged to yiéld g form identlcal to

koo b
equation(LIX). A plet of 1n (—89——-) varsus (l / T)i@ linear
.. : k7T

, £
with e slops of aAH§7 R and an intercept of AS / R. (See

Figo 18)% (notes R = 1.987 cal/ mola °K)

#alH*and ASTare the enthalpy of aetivation and the entropy of
activation, respectively. The other symbole have thelr usual
meanings.
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APPENDIX IV
THE DETERMINATION OF THE EQUILIBRIUM

CONSTANTS FOR QXALIC AGID
A method to calculate the lonization constants of di-
basle aclds from titration curves has been described by
Noyes’soand Brltton.'S‘ The detalls of the complete deri=
vatlon are contained in these papers, only the important
equations and definition actually used willl be preasented.
A dibasic acld, namely oxalic acld, will be denoted as

HéR. The H2R specles ionlzes 1n aqueous medium as follovs.

e prefe
HbR H* + HR™ KHER
; Des -
HR™ v___.H, + R KHR

Let [G] = the total concentration of of oxallc acid

being titrated

(notes [C] = % R]+ [ER"]+ [(R¥])

ILet|B] = the total concentration of sodium hydroxide added

Let [(H] = the total concentration of hydrogen ions in
solution (determined from pH measurements)

The followin elationships are of importance:s

Let X, = ﬁf + [H“':’l!fz‘_ (u+], [ ], (LXI)
poy i 2hl 3! 3 (LXII)
Lot Zp = fbﬁ"" ?[B]h 1n) (LXIII)

The subscript n refers to the data taken from apecific poihts
on the titration curve. Hence, by taking any palr of readings
selected from opposite sides of the inflection point ( or

mid-point) of the titration curves whose parameters are x,,

Yy, 24y and X2, Y2, 229 the values of Kﬂéa>and KHR can be
calculated using the following equations.
KR = ( %2, = ¥2,) / (% Y, = X¥4) (’mc;V)
Kp = ( Xy2, = XpZ )Y/ ( Y2, = ¥, z,) - {Lxv)

Thafcalculated values for the equilibrium constants are'
Kgg = 0,051 % 0,013M and Kgg = 802 & 401 x 10™°M. The date

18 plotted in Fig.(23).
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Pig, 23 Titratlion curve for oxalic acid. Titration of
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