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aBsTraCT

The aqueous solutlon chemlstry of methylmercury
and, the binding of methylmetrcury- by th“ amino group
of fourteen selected amlnocarboxyllc ac1ds has been

_lnvestggated by the pH- tltratlon method. Equlllbrlum

‘

constants for the reactlon of CH3Hg w1th hydrox1de

ion to -form CH3HgOH and with CH HgOH to form

(CH Hg) OH were. determined from pH—tltratlon'data.
Previous studies usingvnucleat magnetic_resonance
spectroscopy have shown that'methylmefcurf binds'b
‘to the carboxylate group of am1noca1bo<y1;c acids
at pH less than 5, and to the amlno'group at pH
greater than 9. From pH—t;tration data obtained
‘at pH gteatef-than;Q, the'fotmation constants for
. the binding of-CH3Hg+ by thebahino group of'the'

aminocarboxylic acids were determined: The logarithm

s

of the formati@n oonstants is‘in the‘range 7.4 to
é.4.' The magnltude of the formatlon constants for
coordlnatlon of CH3Hg 'by the amlno dentate of an
amlnocarboxyllc ac1d is found to be dependent on.
%he number of carboxylate groups in the aminoca;—
boxy%io acid,'thé’degree of substitution on the
nitfoéen atom and theTbasicity,ofithe nitrogen
Aatom;r Use&of nltrllotllacetlc acid as a thera—

'peutlc reagent for treatlng methylmercury p01son1ng

7

1s dlscussed ‘ ‘ : Lo -

9}
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...~ INTRODUCTION *  , = -

Mercury Poisoning - , R e
. b AN v - . . .
SR . o

‘It 1s well known that mercury aﬁd 1ts compounds e
.are 901§onous‘to ‘man and other an;mals #‘The toxig o
propertles of\mercury and itg compounds result'from -
. the1;>ab111ty to blnd to protelnj 'As a)result T
they cfn, gnactlvate tnzymes and dlsruptmcell mem—
branesi_leadlnq to@cellular death and destructlon,.
,¢:Of any tlssue w1th\wh3ch . they come 1nto contact

-

»

R

in.suff1c1ent concentratlon.:yMercury po&sonlngwcan “F

’

]

“result from the 1nhaiatlon of mercury vapor, from

long term admlnlstratlon of mercury drugs, by con-
W ’

tlnued exposure in industrie€s that utlllze mercury

)or its saLts, and from,ingestion of.mercury contam-—

inated ﬁoodstuffs,l . o
§ 'Mercury and its compounds are, often classified
as‘inorganiC’mercury ard organic mercury;ztﬂInorganic;*

-mercury 1ncludes the elemental ﬁorm and -the salts A

‘ of mercurous and mercurlc ions. Compounds in whlch

O ‘
‘mercury'ls coValently bonded to carbon are organo‘L _Lf
'mercurlals and mercury in thlS state of cor Lnation ;

‘is descrlbed as- organlc mercury. Table I summarizes

DI

jsome of ~the’ dlfferent forms of mercury » -



TABLE 1

Inorganic and Organic Ferme of Mercury

,  INORGANIC MERCURY

0 1+ ++

Hg Hg, S Hg
ELEMENTAL MERCUROUS ION // . MERCURIC ION
, » . )
. % ) N
¢ '~ ORGANIC MERCURY ] - A
. i ‘ . . +
6 5 q H3C Hg
PHENYLMERCURIC TON METHYLMERCURIC ION
+ . ’ v : -
H,CCH  Hg CH3HgCH3.

ETHYLMERCURIC ION DIMETHYLMERCURY

All of the forms of mercury shown in Table I
. w . .

are toxic.  However, both the toxicity and the

symptoms cf poisoning-by.the'differehtvforms are
different. Methylmercury is the most toxic form.
Its propensity for the nervous system,dlts long \
retentlon within the body;, and its effects oh |
developing tissue cose a particularly'serious
problem.l Ih two outbreaks of mercury p01sonlng -in
Japan, the mercury was 1dent1f1ed as methylmercury

Y
The first of’ these 0ccurred in Mlnlmata where there

e |



were 121 cases with 46 deaths reported as of 1970.

e

e

it )

The second occurred in the‘rié&g;ide villages of
the Agano River in‘Niigata prefecture whe -« %ﬁ
9as§§“ﬁith 6 deatls were reported through ‘970.4

Both incidents were traced back to consumption of

fish contaminated with methylmeréufy. Mercury vapor
and shorf éhain alkyl mercuriais affect the central
netvoué system but in a completely‘different way.

Of particular signifiéance is the fact that the
sylnptoms of alkylmercurial poisoning are irré;ersible.
Littlé is known about the chronic toxicity of mercuric

salts to humans.l

Sources of. Methylmercury in the Environment

Most of the mercury discharged into the environ-

ment is in the form of inorganic salts or the metal a-

itself. Until several years:ago, the major source
of alkylmercury'compouan'in'the environment was

thought tc.be seed treatments used to protect against

fungus; for example, methylmercury dicyanodiamide

(Panogen)n5 Recently/-hoWewerQ it has been discovered
that inorganic mercury can be converted directly
or indirectly to methylmercury or dimeﬁhylmercury

. . . -
by microorganisms in ¢ - environment. It has been

o m—



reperted by Kurland that inorganic mercury issued

with - 7 “fluent into the sea may be alkylated
. [
by p. . .. . other marine life.6 Jensen and
Jernlc 'Jsggdted‘that microbial methylation of
. t T

mefcuric chloride to both methyl- and dimethylmercury
occurs 1in cultures from aquaria sediments and from
decaying'fish;7‘ They postulated that these reactions

could occur by the following two reaction paths.

a) Hg ——» {(CH

) + ’ '
J / 3)2Hg/ ~CH3fg  + XCHj oz
2R—CH3 X .
2+ +
b) Hg » CH_Hg —~ (CH.) .Hg
3 / 3’2
R—CH3 R~CH3

In 1968, using cell extracts of a methano-
genic bacteria, Wood et gl‘were able to provfae
some support for a combination of bothvg and'b.8
They also feported the formation of methylmercury
and dir -~ylmercury from Hg2+’by transfe; ofna
 methyl group from methylcébélamin, a commoﬁ co-

eﬁzyme‘in both anaerobic. and aerobic bactéria;g
:Significant quantities of this coenzyme are présent
iﬁ,éédiments 10 aepending on the microbial population
_of the sediments. Any microorganism which.igéca able

of synthesizing methylcobalamin will have the potential

A\

p



to methylate mercury. This group also showed thét
the reactivn mechanism can be both enzymatic'ahd
non—enzymétic.li In the non-enzymatic reaction,
the mechanism proceeds by electrophilic attack12
(proved by using a'spin—label—to determine the valency
bf the cobalt atom during catalysisl3) by Hg2+
én méthylcobalamin as follows:
’ H H
CHy. o ' \o/

\|/+3 2+ X \ l+{

5”§§: /ﬁg\ .+ Hg ¢///r, - /SF\ _ + CH, HgX

- !
X = anion

»

under anaerobic conditions ng is reduced to Hgo

and, depending on the concentration Of-HgO, methyl-

4

mercury and dimethylmercury are formed as products.

Studies of theseAreactions with radioactive isotopesl4
. ) ’ . /'fl
and with spin-labeled methylcobinam’ide13 indicate .

that methyl groups are transferred as radic:ls. &l
The. following general,enzymatic,reaction occurs:

{

CH |
“\l/+3 | o <400 to -700 mv | \l_é2
Co + Hg - —_— (CH3)2Hg + 2. Co

/N | O /N

From these studies on the methylation pf inorganic



mercury, the following scheme for the synthesis

of ;methylmercury in the environment has résulted.

0 g s L2 o S 2+
J Enzyme . chemical
transfer (CHé-) : “transfer CH.
_ 3
) _H o pH 4.5 S CH.H +
(9H3 »Hg — ////////—-‘\\\\\\\R\\E* 7 349
,{_ PO . - ) ‘_ ’ ] . ]
, R o' - CH,
CH,Hg : o S , :

3

Recently,’Deéiméne has shown that inorganic
mercury‘salts‘are meghylated in_aquééus,solution§b§‘
trimeth?lsilyi salts commonly used'as‘nmr reference
compounds.15 This sugéééts that'an.additional

“pathway fdr(;hé’formatioh of‘methyimercury in‘thé_
eﬁvironment might be by reactibanith naturally |

occurripg-methylsilyl compounds.

Methylmercury in Foodstufﬁs

Fish has been shown to be the mbstcimportant
SOEyce of methylmercury'in_foodstuffs, although
it has also been\}dentified in avvafiety 6f-other.
foods. Westoo found\£hat 89 i 6%, 94 i 6%, 80 * éJ

14

and g2 1 4% of the mercury in sqmplés of the muscle

&

-
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 tissue of perch, pike, haddock and cod respecfivély

" were methylmercury.” She also foundf92%, 73%, 73’i,5%,

70 £ 5%, and 89,1-13% of the mercury in samples

of ox, hen, ﬁig livérc égg yolk, and eggIWQﬁte
respectively to be hethylmefcury.l6 Bache, Gutan-
mann, and Lisk found the émount of méfhylmercﬁry
and the relative pr?bortion éf methylmercﬁry to
total mercu{y in lake trout of precisely knowﬁ‘

ages to increase with age. Reiétivé proportions

of methylmercury var;ed between 30 —80%,17 Thus;
it has been demonstrated tﬂat mercury:is preseﬂt in
the food chain as methylmefcury,_presumably entering.
the fobdvchain after conversion to tﬁis form from

metailic mercury and inorganic mercury by micro-

organisms in the environment.

Coordination Chemistry of Methylmercﬁ}y

In general, the coordination chemistry of methyl-

ﬁercufy has not:been quantit&tively characterized.

Such,information is potentiﬁlly-useful for an under-
standing of the behavior of methylmeréury iﬁ the
environment and in biological systems aﬁé in the
design-gf'thérapeutic agents for treating metﬂylﬁefcury'

A
poisoning. A variety of therapeutic reagents have



been&tested on rats, for example, Britisn Anti
Lewisite (BAL), penicillamine, ethylenediamine
tetraaoetic acid (EDTA), polythiol[resins,l pyridox-~
ine S—thioll8 and‘nitrilotriaceticlacid (NTA),19~2O
with the most successful ones being those that con-
' tain at least one thiol group. It is known that
‘methylmercury binds strongiy to the sulfhydryl |
group of amino_acids, peptfdes and proteins?‘_l_23
and this reaction forms'the basis for the use of

methylmercury as a titrant for free sulfhydryl

groups 1n purified enzyme and as an enzyme inhibitor

to establish the 1nvolvement of sulfur at .the catalytic

@
51te of the enzyme. Furthermore, w1th a detalled

knowledge of the coordination chemistry of methyl—~
mercury, _t may be possible to understand at the
moleculay level why a diet containéng selenium in
tuna decreases_thevtoxicity oﬁ methylmercury“to'

. panese guail and rats,,24

Solubility studies,zsﬂcrystal structure. deter-

. minations®® ana spectroscopic invéstigations 2/ 28 of

methylmercury compounds have shown that the principal

coordination. number of methylmercury is onegf
Schwarzenbach and Schellenberg determined (/e for-

: matlon constants of the methylmercury comp exes of
J
several 1norgan1c llgands u51ng the pH- o

titration technlque for measurlng formatlon

3



‘constants.25 Their observation t@at methylmercury

+-

reacts with hydroxide to form CH HgQH and (CHBHg)ZOH,

3

as described by equation (1) and (Zf,uis‘of particular

importance to an understanding of the solution

chemistry of methylmefcuryc

+ .
CH,Hg  + OH 2 CH,HgOH

R ) ’

- [CH ;HgOH] - 9 S )

Ky = + -- = 2.34 x 10~ (1)
[CH3Hg ] [OH ]

+ b +
CHjHg  + CH HgOH I (CH,Hg) ,OH

I

{(CHBHg)on*l - 5
K, = . = 2.34 x 10 (2)
[CH,Hg" ] [CH,HgOH] o |

Waters of solvation\haVe Been omitted from ;he.reactions
vfor the;sake of simplicity. Simpson nepofted the
~association constants of methylmereury‘with'compounds.
containing fungkional groups common in proteins,
including acetate, ammonia,‘imidazole,.the amino .' !
group of his idine, the imidazole groﬁp}of histidine
and the sulfhydryl group of cysteine.23» In evaluatihg‘
"these fprmatiOn eonstant54 however, he did not 7
take into account the formation of (CH

. 3

and thus, the validity of his results is questienable.

Hg) ,OH"

‘
’

|
I
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Recently, nuclear magnetlc resonance spectroscopy

has been used to evaluate the formatlon constants

of methylmercury complexes of seleCEed carboxylic

acidsfz? amines, and amino-aCids?Ovand to elucidate

the bindihg:of methylmefcury,by'sdifur containing

amino acids and by glutathione.31 |
" The nuclear magnetic resonance 'studies w1th

model compounds have shown that the functlonal group

to whlchnethylmercury binds in amino a01ds contalnlng

Vonly amino and carboxyllc aéld functlonal groups is

highly pH—dependent.30 To illustrate the fractional

concentrations of methylmercuryIcontainingAspecies

a solution cohtaining 6.200 M_methylmeréury and

'0:200 m‘acetic acid are shown as a function of‘pH

in the upper half of Figuré 1. For comparisgﬁ; £he

fractiénal cdnceﬂtrations of methylmercury containing

speciés in a solution éontaining 0.200 M_méthylmercury

and 0,200.m methyiamine are shown in the bottom

half of Figure 1. The formation of the methylmercury

compliérof acetic acid is described by equation (3),

| N .
CH3Hg + CH3COO o CH3Hg02CCH3
[CH.HgO,CCH. ] | ‘ |
K, = 22 3 - 3.2x10° (3)
'CH Hg ] [CH,C00" ]

and that of the meghylmercﬁry amine cbmplex"by



Figure 1: Upper half: Fractional concentrations
of the methylmercgry_containing species in an

aqueous solution containing 0.200 M methylmercury

and 0.200 M acetic acid as a function of pH. \\\\w

Bottom half: Fraétiénal concentratiéns of the
methylmercury;containing species in an aquéous
solution containing 0.200 M methylmercury and 0.200
‘M methylamine as a function of pH. Fractional
concentrations were'calculafed froﬁ'previously

reported COnstants.29n30

-
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'equaticﬁ (4).
t “cH.Hg + CH.NH. 7 cH.H (NH.cH.) T
3t 3702 ¢ E3RI IR,

w Rt

) o
3.7 x 107 (4) -

il

Qualitatively, tﬁe data in Figure_l showslchat the
methylmercury complexes of acetic acid and methyl-
amine form’at.intermediate PH values. In acidic

solution, protons ccmpete with CH3

that is, the complex is dissociated due to protonation

Hg+ for the ligand,

.

of the ligand.

o

N

. + ° ‘ “.
CH,HGX + H' 7 CH,HG + HX : L

In basic solution, hydroxide ion competes with the
- 7
ligand for CH3Hg+

5

P

CH HgX + OH 2 CH HGOH + X 3 ‘ ' |

Acetic acid is apprOXimately Six orders of magnitude
more aCidic than methylamine, however, so that the

PH range over whlch the above reactions take place

L is different for carboxylic acid complexes and .for
amine complexes.v These results indicate that, in
multidentate ligands containing amino and carboxylate

donor groups, the site to which coordlnation occurs



- carboxylate compig

&

o

wiLlidepend‘on the solution pH. - This has-been found
to be the'cqse iﬁ'the nmr studies of h@hding of

CH3ﬁg+ by aminocarboxyiic' acids.30' These studies
» . 5’,:?

have shown that, in geheral, the methylmercury-

/

.| . b
X 1s the major species at prS less

~

than 5 whereas at*ﬁH's greater than 9 the amino greupy

is the main site of interaction with methylmercury.

. . \ , _ o
»In the pH region 5 to 9, the methylmercury is shifting

from the'darboxylate group to the amino group.

The Pr@sent Study

. *
[ i N
l

The nmr studles have deflned the pH reglon over

which the amino group is the predomlnant blndlng

site in the methylmercury complexes of amlnocarboxyiic

acids.30 Fornétion conetantS'for these complexes
w1th several amlnocarboxyllc acids havye also been
determlned by nm:r. Because~of the high concentrations
necessafy in the nmr experiment, however; the ionic.
strengﬁh is high anc Jifficult to control. :: ?’7
' In‘the preEent study, the formatlon constants
for the blndlng of methylmercury by'the -amino - grohﬁ
of fourteen different_aminocarboxylic acids were
‘determined using the pH—ﬁitration techniquel Thg

aminocashgxylic acids and their structures are given .

14
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Py .
'r

ir T#ble II. | {
. i _ O\ : _
The advantage of the pH-titration method is

that measurements can be made at lower concentration

[y

and at well-defined ionic stréngths: The method

~

can be used, however, only when the exact nature of

the complexation reaction is known, as it is in i b

-

this case from the nmr studies, since the measure-
ment 1s of a macroscopic property which does not

provide 'definitive information at the molecular level.
.5 o o
: . _ -

v



TABLE IT

Names and Stfuctures of the Aminocarboxylic Acids Studied

“Ligand

Glycine
afAlanine'
DL-Valine-
L-Leucine
L—Iséleucine
L—Pﬂenylalanine
Aspartic écid
Gluéamic-acid
S—Meth&lmercury cysteiné
N—Methyl glycine
Iminodiacetic acid
Methylimidodiébepic acid
'.Nitrilotriaceéic acid

Ethylenediaminetetra-
acetic ‘acid

+
NH

™~

Structure

+ . -
NH,CH} €O’

CH (CH3) CO

-3 2

+ . ) _
NH3CH [CH ('CHB) 2] C02

2]co2
]Co2

+
NH.,CH [CH2 CH (CH3)

3

NH.~ CH[CH(CH.)C_H

3 3’725
N, CH(CH, C H;)CO,
CO,)COo,
Co,1co

*NH CH (CI1,

3

2

tNH_oCHI (cH.)

3 2’2 ‘
+ : .
"NH, CH(CH,-S-EgCil,)CO

2

+ .
NH2 (CH3) CH

2 CO2

o -~
TNH, (CH, CO))

—

+NH(CH 3 (CH

23 2
"nulcH, col)
i )

+
H

v02)2 .

3

-— 1‘—L , H
(CH-2C02)2N ‘(CHZ)ZI\H (C

2

€Oyl
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CHAPTER II
\
,\EXPERIMENTAL
\

L2

Chemicals

Glycine, a-alanine, L—léUCine; L-glutamic
acid, disodium e’ 1ylenediamine tetraacetic acid
(Fischer Scientific Company), DL-valine, aspartic
acid (Eastman Orgénic Chémicals), L-isoleucine
(Aldrich$Chemlcal Company) , L~phenylalanine (Nu-"
tritional Biochemicals Corp.), ethylenediamine-
tetraacétic acid (J. T. Baker Chemical Co.),
N;methyl glycine, iminodiacetic acid, mefhyl—
iminodiécétic acid, énd nitrilotriacetic acid 
(K & K Labératories Inc.) were used without fufther
purification° vasteine‘(Nugritional Biochemicals
Corp.) was recrystallizedAfrom water as the free

base. Methylmercuric hydroxide (Alfa Inorganics)
was purified as described below.
All other chemicals were reagent grade and

were used without further purification.

Purification of Methylmercuric Hydroxide

The methylmercuric hydroxide contained an

racetate impurity,zg as indicated by a singlet in

Y
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the proton magnetic resonance spectrum at:l.26

ppm upéield from Ehe centéal resonance of the triplet
for the tetramethylammonium ion, and an insoluble
material. The methylmercuric hydroxide was purifiéd
by first passiné an approxiﬁatély O,4‘M.solﬁtion

in triply distilled water through a 0.2 ﬁiéron
ﬁembrane filter two or three times to remove the
»insoluble fraction, The filtrate was then passedA
,through an anion exch?nge columr (Dowex‘l—XB) in

the hydroxide form to remove the acetate ions.

The acetate. impurity in the meﬁhylmercuric/hydroxide
presumably was éod%um acetate.

r

Standardization of tHe Methylmercuric.Hydroxide Solution

I

~

" The methylmeréuric hydroxide solution prepared
above was . standardized by. several methods%‘

The first method was a titration with sodium

\,
; ) S
thiosulfate in which the end point was located by
' : ' ’ 29 ,
nuclear magnetic resonance spectroscopy. A -

value of 0.432 * 0.012 M was obtained for the
concehtration»by this method. V

| ‘Becauéejthe nmrtitration procedure is time
consuming, two poten£iometrid methods for‘sﬁandard—'

izing the solution we: . investigated The first of



these involved adding a small excess of sodium

thiosulfate to displace the hydroxide from the methyl-

mercuric hydroxide.

o

2=~ CH\HgSzo— + OH

CH,HgOH + S,05" 7 CH, 3

3

The hydroxide was then titrated with standard nitric.
aéia; the end poiﬁt.was‘locéted by meaSuring ﬁhe ”
pH.throughout’the titration. This method yiéids
accurate results only @f the soyﬁtion contains

no cation other than Cﬁ3Hgf. By flame photometry,

it was found that a stock! solution containing’”

\../

0.342 M CH3HgOH (as determined by the nmr titration)
also contained 0.030 Na+. Since the methylmércurié
hydroxide hsed in the present'wérk was frém g?e same
,source, the-stock solution pfepared for use in this
work presumably also was a mixture of methylmercuric
hydroxide and sodium hydroxide after being‘paséed
throﬁghthe icn éxchange.column. The pH-titration
method yielded a cgncentration of 0.366 M for the
above stock solution, confirming by comparison

with the nmr results that the presence of sodium

. causes high resﬁlts.. Consequently, this metgod was
not investigated further.

The second potentiometric method investigated

involved titration with standard sodium chloride

. 19



and is based on the reactlon of chlorlde with

methylmercuric ion to form methylmércuﬁio chloride.
Ly .
CH Hg  + Cl° 2 CH,HgCl

[CH, HGC1] 25

K¢ = 1.78 x 10 | &

n[CHéHg+][Cl—]

The end point was determined potentiometrically using
-an Ag/AgCl indicating elestrode and a saturated
Acalomel reference electrode To minimize the
‘Pompetltion of hydrox1de w1th tltrant for CH3Hg ’

the titration was performed in dCldlC solution.

Under these conditions the major fraction of methYl-
mercury exists as the hydrated cation, the actual
distribution'between species‘depending on'the‘total
methylmercury concentration and the pH729 Initially,
the tltratlon was attempted at pPH 2 in aqueous
'solutlon, yielding the titration curve shown in
Figure 2. The‘titration curve for these conditions
is drawn out because/of the small formation constant
ifor the CH,HgCl complex, making it difficult to
~obtain precise end points To‘inCrease the formatlon
constant, and thus the sharpness of. the break at

the end point, the titration was performed in 80%

ethanol by“volume.' A typical titration curve. for
)

20
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Figure 2: Potentiometric titration curve for 5.00 ml
of methylmercury stock solution diluted to 100 ml
with distilled water. pH was adjusted to 2 with
concentrated nitric acid. The titrant was 0.1024 M

&

sodium chloride. A
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Figure 3: Potentiometric titration curve for 5.00
ml of methylmercury stock solution diluted to 100 ml
by the addition of 80 ml of 95% ethanol and 15 ml
of 0.3 M nitric acid. The titrant was 0.1024 M ‘
sodium chloride. : . - ?

R

22



these condig\ons is shown in Figure 3. 1In this
titration, tﬁé potential changed by 0.194 Vv dn
going from 1% before ﬁo 1% after the end poiﬁt.-
The procedure involved pipet£ing 5 ml of methyl-
mercuric hydroxide. stock solution into a 150 ml
beaker aﬁd adding to“it‘lS ml of 0.3 M nitric acid
to reduce the pH to approximétely 2. 80 ml of 95%
ethanol were then added and the solutibn titrated

with 0.1024 M sodium chloride. The concentration

of the stock solution was found to be 0.4463'% 0.0005 M.

pP-a2paration of Other>Solgtions ' - . -

An approximately 093  g solution of nitric |
acid was prepared by dilﬁting 19.5 ml of concentrated
nitric acid to 1 liter. Thié solution was standardized
with primary sﬁanaard mercurié oxide. The procedure
involved weighing accurately about 0.2 gm of
Omercufic oxide into an erlenmeyer flask'énd then
addiﬁg about 1.5 gm of potassium ibdide thch‘héd
.been dissolved in a small volume of water; The
iodide reacts with the mercuric oxide to displace

an equivalent amount of hydroxide according to the

following reaction.

2

4 + 20H

HgO + 41 + H.O 2 HqI

23



24

The nitric acid solution was found to have a
concentration of 0.2937 * 0.0004 M by titration of
~hydroxide to a phenolphthalein end‘péint. |

A stock solution bf sodium hydroxide prepared
from a saturated carbonate free sodium hydrox1de
solution was standardized by titration agalnst the
standard nitricvécid. The concentration was found
to be 0.1017 * 0.0001 M. e

A'stock-SOIution of ammonia was ﬁfepafea from :
concentrated ammonium hydro#ide. The solution Qas
standardized by titration with standard nitricﬁdéia;i;l‘w
the end point in the titrétion was locatéd'fromylhé.ﬁ
‘pH titration curve{ The concentratlon was found to‘

be 0.0840 T 0.0001 M. ThlS solutlon was used

SOV )

tt

1mmed1ately after standarﬁlzatlon to av01d any chanqe

in concentratlon due to evaporatlon.

Equipment ' T TRV

All pH measurements were made at 25°C with adﬁylfﬁ
Orion Model 801 pH-meter equipped with a standard v
'glassig;ectrode and a fiber-junction saturated,

calomel reference electrode. ,Saturated‘potassiumu‘

acid tartrate, 0.050 M phosphate, and 0.01 M.

sodium ﬁetraborate solutions, pH values 3.56, 7.00,



and 9.18 at 25°C were used to standardize the

pH-meter.

Procedure

The-acid ionization consténts of the amino-
carboxylic acids were_determined at‘an ionic strength
of 0.15 M by titration of a 0.0100 M solution of
the ligand with the standardized sodium hydroxide
solution. The ionic strength'was adjusted to 0.15 M

with KNO,;. Stirring of the solutions was accomplished

using & magnetic stirrer.

-The formation constants were'determined.by |
titration of a solntidn containing 0.0100 M methyl-
mercuric hydroxide and 0.0100 M aminocarboxylic
acid in>the deprotOnated form with standardized
nitric acid. Standard sodlum hydroxide was added

to convert the aminocarboxylic acid to the fully
ionised forn. For example, in the determination

of the formation constants of the methylmetcury
complex of,an'aminqcargoxylic acid~containing’one
amino group and one carboxyllc acid group, 10.00

ml of 0. lO]7 M NaOH was added. to tltrate the acidic
. proton of the carboxyllc acid group. In the

'detq;mlnatlon of the formation constants of the
%< ' uvwf"’)

L.
&
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,
complex of an amiﬁocarboxylic acid containing »

two carboxylic acid groups, 20.00 ml of 0.1017 M

sodium hydroxide was added. In the calculation o”

the formation cdnstantsf the excess amount of sodium -
'hydroxide added to the soluﬁidn and sodium hydroxide
formed from passing the methylﬁircury solution

th:ough the anion exchange column were accountéd

for. The concentration of sodium hydroxide in a

0.0100 M methylmercu:ic hydroxide solution

prepared from the 0.4463 M stock solution was foﬁnd

~to be 0.0006 M by pH-titration with standardized

.nitric acid. In the formation cohstdnt titrations,

the initial volume of solution was 100 mli Although
chemical eqdilibrium LS reaéhed vefy rapidly, at

least two minUfes were allowed between addition of

the acid and measurement of the pH in order to permit

thorough stirring and temperature equilibrium.



CHAPTER III
RESULTS AND DISCUSSION

'Determination of the Equilibrium Constants- of CH.

3HgOH

+
andv(CH3 OH

2

The equilibrium constants for the formation of
CH3HgOH and (CH.4Hg), OH+ from CHBHg+ and OH , defined

by equatlon (7) and - (8), were determined from pH-

tltratlon data for the experimental condltlons used

in this work.

CH.Hg® +.0H 7 cH

3 HgOH

3

[CH3HgOH] : .

Kl = + - ~ (7)
[CH,Hg ] [OH ] ' b

+ - > +
CHHg' + CHJHgOH I (CH,Hg),OH

- -+ .
‘K, = [(CH3Hg)2OH : \\\ - : (8)
2 +
[CH3Hg ][CH3HgOHL¥' - : @

The titration curve obtalned for the tltratlon
\

of 0.0100 M methyl mercuric hydrox1de|w1th nitric acid
'is shown in'Figure 4° The initial pH is high due to

the NaOH formed upon passing the‘CH3HgOH—NaOAc solution |
thfough the ion'exchangeicolumn. When nitrie acid 4is

added; the sodium hydroxide is titrated first, and then

the pH decreases rapidly to that of 0.0100 M methYI:f

27
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0 ; -2 “ | ‘4 6 8
ml of HNO; added

s

" Figure 4: pH-titration curve for the titration .

%', of 100 ml of 0.0100 M methylmercuric hydroxide
& @ with 0.2937 M nitric acid.  Ionic strength
B adjusted to 0:15 M with potassium nitrate.

- Coa
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mercuric hydroxide solution. Using a;value 2.34.x'109

for K 25
1

the pH of aro.QlOO M CH HgOH' solution is pre-
dictgd to be 8.35. After titrationﬁof.the éodium ’
hydroxide, the shape of th? reméinder*of the titration
curve 1is governed by thé equilibria rebrésented gy
- equation, (7) and (8).
| K, and K, were evaluated from the pH-titration
data by-relgti£g‘the pH at each point on the titfation

curve ‘to Kl.and KZ.' The mass balance equation for

“the methylmercury species is _ - . -
[CH Hl]r = [CH.Hg'] + [CH.AgOH] + 2[(CH,Hg) ou']
399 ¢ 379 LA 3R
‘ | (9)
and the charge balance exéression is ' 7
»

[CHyHG" ]+ [H'h + [(CHyHg) OH') = [OH™] + [NO3]

SR - B | (10)
A ] . v

Substituting equation (7) and (8) into'equatidn £9),
.equation (11) is obtained.

-

‘ . ety _ + - . +.2
[CH3Hg]§ = [CHBHg ] + Kl[CH3Hg {[OH ] +_;K1K2[CH3Hg 17 [0OH ]-

VL -

‘ 11
L (11)
'h,\

- Substituting equation (7) and (8) into equation™(10),
equation (12) is obtained. . )
, s

{CH3Hg+]L+ (H7] + Klgz[cH3Hg+]2[0H‘y IQH;] + [NO3]

(12) ;;:.
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) . +.2
Equation 12 can be solved for [CH3Hg ]

- - + + .
OH NO,}l .- [H - [CH,H
o g1 = [OH™] + NO3] - [H'] - [CHyHg")

(13)
K K, [0H ]

Similarly, equation,(ll) can be rearranged to give

[CH3Hg+]2_ [CH3Hg]t - [CHBHg ] - Kl[CHBHg ] [OH ]

(14)
2K1K2[OH']

K

By equatlng equatlon(l3) and equatlon (14), colleéting_

terms, and solv1ng for [CH3Hg 1, equation (15)

is obtalned.

y +]' [CHyHgT - 27[0H)] -[NOJ] - [B']}
CH,Hg = b
3 .

— (15)
¥, :C)}iv ] - 1

In th; region where the equilibria represented
by edquation(7) and (8) govern'the.pH, the pH is 7
“or less so that [OH ] << [NOS].

[CH3Hg]t.— 2[NO3] + 2[? )

[CH Hg ] = . (16)
- Kl[OH ] -1

The equilibrium® constants were evaluated by
|

choosing a value for Kl close to the literature value

K
N o
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+
3H9

at each point on the titration curve using equation

and then calculatinjy the concentration of CH

(l6) . The concentration of other methylmercury
species at each experimental point were then calculated

using equation (7) and (9), from Which a value for K2

was calculated at each point. ﬁ{‘was then varied”
. slightly and the entire calculation was repeated.

By 1is method, best values were obta.inedv_for‘Kl

and K2, as judged by the sm¢ lest standdrd_deviation

o

in KZ,‘ This metho@ yielded Ky = 2.00 x lO9 and
K= (2.11 #i0.45) x“1020 FOr.comparison, Schwar-
zenbach and Schellenberg reported Ky, = 2.34 x 10°
égd K2 = 2.34 x lO2 at 20°C and an ionic strength
of 0.1 M KNO3.25 Rabeﬁstein and Libiéh reported‘
K, = 2.00 x 10° and K, = 2.34 x 10% at 25°C and an

1 2
Do : - a 29
ionic strength of 0.2 M. :

°

+
3

Determination of the Formationh Constant of CH3HgNH

The methYlmercury—ammoﬁia complex waslcoﬁéidered
to be the simplesﬁ model system with which to dévelopv
the-pHvtitration method for evaluafing_thé»formation
constants for the binding.of CH3Hgf'by the aminb,»
group of aminocarboxylic acidg. In this section,

the determination of the formation constant for the
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c

CHBHgNH; complex is described.

-

The formation of CHSHgNH; is represented by

ecaation (17)

+

CH,Hg' + NH. 2 cH HgNH |

3 3 3
+
[CH, HgNH]]

K. = : | (17)
£ +
[CH3Hg ][NH3]

Y
The dissociation of the ammonium ion is given by

-equation (18)

+ 5+ '
NH4 +~ H + NH3

e . . i
KA = . | ¢ (18)
[NH4]
'The mass balance expression for methylm=—-cury species

is

+ +
[CH3Hth = [CH3Hg 1+ [CHBHgOH] + 2[(CH3Hg)20H ]
et .
-+ [CH3H9NH3] | (19)
and for the ligand species is
_ + o+ ‘
[NHBJt = [NH,] + [NH,] + [CH ;HgNH ] (20)

°

The charge balance expression is /



5o

(5"

o+ ' .+ + - +.
J + [CH3Hg 1+ [(CH3Hg)2QH ] + [NH4] + [?H3HgNH3]

fOﬁ‘] + [NO3] T (21

By substituting equation (7), ¥8), and (20) into

equation (19), equation (22) is obtained

3 172

[CH,Hg] = [CH 5

-

~

:SolvgﬁgAeguat;On (18) for [NHZ]; followed by sub-

U

ustitutiOn.pf the resv .inc eguvation into’eqdétibn ”

(22) and then rearring. ., ‘oua. oA (23) is.obtaiged.

K . i _
INHG) = {———§4—§{ICH§H9‘1 -yl H3Hg+][OH ]
K ' o

+

I

o - +.,2 ‘
+ 2K1K2[OH I[CH3Hg 17+ INHB]tL_ [CH3Hg]t} (23)

*,By substituting equation (7), (8), and (20) ‘into

.eqquation (21),:equation'124) isﬁobtainéd

e o+ v _ 2= o
[mJB] = [H ] + [chHg ] o+ KlKQ[CH3Hg ]_[OH ]f—[NH3]t
- [OH ] - [No;]_- (24)

By equating equation (23) and‘(243 and rearianéing

+
Hg ,

all the terms accdrding to the power of CH3

/%/3§?[NH31t CEYS I A (22)° 4.

33

3Hg+] + Kl[CH3H~f][OH’1+-2K K [cniﬁg+]2[oH“]

‘., : 4‘. N



equation (25) is obtained.

K. [OH ] - K.K

+.2 S o
K KK, 1 2Kw}[CH3Hg 19 + (KK, [OH ] ~ [H ]}

[CH3H9+]'— K, ([CHyHg] _ + mt] - [ou”] - [NO3T)

+ +. -
- [\ J{H] + [NHl, - [NOSI} + K (25)

where K = [H'][OK 1.

The only uhknown‘iﬁ eqﬁation (25) 1is the concén-
t;ationvof CH3Hg+. Using equation (25), the concen-
tration of CH3H§+‘can be calculated at each pbint

~on the titration curve for a solution containing

CH_HgOH 'and NH Hg+

3 3°

at a particular point, the concentration of CH

From the concentration of CH3

3Hg_OH

can then be calculated from the pﬁ at that point
using equation (7). The éoncentraﬁién of (CH3Hg)20H+
can:then be'calcﬁlated from the concentration of .
CH3HgQH using equation (8), and finally the concen-
tration of the complex CHBHgNH; can be éalculated
by differéhce”from the mass balance expression
[eQuatian (l?}j; The sum of the Canéhﬁfétions of
NH 3 ’

* and NH, are then obtained by di%feﬁpﬁgg;using‘
equation (20), ffomehich'the conCeﬁEratioﬂEOf'NH

3

and of NHZ"can be obtained using equation (18).

, . Y +
When the concentrations so obtained for CH Hg ,

3
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CH3HgNH§ and NH3 are substituted into equation (17),3-
they vield a value for the formation constant. 1In
this way a value'for Kf‘can oe obtained from each
point on the titration, curve.

The titration curme'for:a solution Containing equi- |
molar concentration of NH3,and Cﬁ3HgOH is shown in Figure
5. The usable portion of this curve is from 0.5 ml of
titrant to 6.75 ml of titrant; at less than 0.5 ml of
titrant the NaOH in the CH,HgOH solution'is beingé
titrated while at titrant volume greater than 6.75 mi,_
both the ammonla and the CHBHgOH have been titrated.

This corresponds to’ the pH range fégﬁmabout 10.7 to 2.8.
The logarlthms of formatlon constants calculated from @
the tltratlon curve shown in Figure 5 are listed in
Table I1T. In the reglon of the tltratlon curve where
vthe pH changes rapidly with t;e addition of nitric d
a01d, the formatlon d%nstants show‘large random
variationsland are not listed'in Table Ill. The, average
'valuebfor thedlogarithm df tne formation constant cal-

\ .
culated from the results llsted in Table II is 7.33 w1th

&
‘a standard devratlon of 0. lO For comparison, Slmpson
reported the log Kf value- to be 8. 4 at 25 C.23 The

ionic strength at which hlS measurements were made ‘was not
"glven, and, aS‘mentloned in the 1ntroductlon, he dld not

\ . L o _
consider the formation of the (CHng)ZOH+ species.
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2 _
0 2 4 6
ml of HNO; added
Figure 5 gH titration curve for the titration
of 100 ml of a solution contalnlng 0.010 M

methylmercury and 0.010 M ammonia with 0.2937
nitric acid. Ionic strength adjusted to 0.15
M Wlth potassium nitrate. .



TABLE III.
pH Titration Data for Determination of the

"ormation Constant of the Methylmercury-Ammonia Complex

pPH ml of HNO log K

3 £
10.685 - 0.500 7.24
10.611 © 0.610 7.24
10.540 : ©0.700 7.27
10.474 ~ 0.805 7.29
70.404 0.900 o, 17.29
10.349 _1.00 17.32
10.276 ~1.100 ' 7.32
10.195 e  .1.205 7.31
10.138 1.300 | 7.32
10.061 1. 400 ) 7.31
9.853 | 1.700 7.31
9.631 - 2.010 7.31
9.461 2.200 7.28
9.213 2.420 7.20
8.967 2.600 . 7.11
5.107 : | 3.500 » 7.55
4.840 3.750 . 7.48
4.601 4.000 . 7.46
4.402 ‘ . 4.250 - 7.44
4.236 i 4.500 _ 7.40
4.029 O 4.750 S 7.45
3.860 | | 5.000 7.44
3.709 5,250 7.42
3.527 5.505 L 7.44
3.364 - 5.750 o 7.44
©3.209 ' 6.000 - 7.42
2.912 o 6.500 | 7.35

03,798 , 6.750 , ' 7.19
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Thus the accuraey of his value is questionable.
Schwarzenbach and Schellenberg reported the value.
to be 7.60 at 20°C end-an ionic etrength'of 0.1
g.zs Rabenstein and coworkers reported the value
to be 7.25 % 0.05 at 25°C and an ionic strength of
approx1mately 0.2 M. 30

The results in Table III demonstrate that the
pH-titration method 1is applicablevto the study of -
"the bindiné of methylmercury by the aminQ group of és?”‘
aminocarboxylic'acid/ligands. |

/

Determination of the Acid Ionization Constants for

the Amino Groups of the Aminocarboxylic Acids

-

In order to determine_the formation constants
for the binding of methylmercury by the amino group
" of aminocarboxylic acids, the acid ionization constants
for the emino groups must be kQOWn at the appropriate
ionic strehgths, The acid ioﬁization constants
for.the carboxylic:acid‘groupe are not ﬁeeded in
the present work; the formation constants are de-
termined in basic solutions\yhere the carboxylic
acid groups are coﬁpletely 1onlzed and blndlng of
'CH Hg by the carboxyllc acid group is not a competlng

‘reactlon. The ac1d 1onlzatlon constants for each
. w)



of the amlnocarboxyllc acids. listed in Table IV
were determined by the pH-titration technique.
The derivations of the equations used)in the
evaluatlon of the ac1d ionization cdnstants from
the pH—tltratlon data follow. These deri&ations
are generalized accérding to the number of amino
and carboxylic acidvgréups in the ligand.

>The dissociation of the ammonium proton of‘an

amlnocarboxyllc acid contalnlng one amino group’ and

one carboxyllc acid group can be ES presedted by

equation (26) e
H NHRCOZ 7 HY + H_NCHRCO™:
3 2 oNCHRCO,;
+ a
[H") [H,NCHRCO] ]
K, = | (26)

[H3§CHRC02]

The mass balance expression for the ligand species
is

Lt =.HL + L . o (27)

and the charge balance expression is

Na” + H = o + 1 _(28)

Combining equation (26), (27), and (28) leads to.
/ -

T 1mat + 5t - on) ,
K. = — — ‘ (29)
A [, - Na© + H' -o0H7]

39
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(a)

(b)

(c)

(@)

Acid Ionization Constants: for the Amino Groups

40

TABLE 1V -

&

of the Aminocarboxylic Acids

PK,

Ligand i this work (a) literature (b)
Glycine & 9.68 9.70
o-Alanine . 9.79 . 9.86
DL-Valine ‘ 9.62 9.65
L-Leucine . 9.69  9.69
L-Isoleucine - - 9.70 9.69
L-Phenylalanine ... & 6? *9.16 9.15
Aspartic acid .. 9.75  9.63
Glutamic acid 9.61 9.64
S—Methylmercuryfcysteine - 9.07 9;05c
N-Methylglycine R 10.13 10.20
Iminodiacctic acid 9.42 9.33
Methyliminodiacetic acid 9.68 . 9.65
Nitrilotriacetic acid . 9.73 9.73
Disodiumethylenediamine— >pK3 = 6.15 - 6.16

tetraacetate pK4 = 10.19d 10.23

Pctentiometrically determined constants at ionic

strength = 0.15 M, T = 25°C, unless otherwise

vindicated:

From L. G. Sillen and A. E. Martell, "Stability 5

>CQnstants of Metélron Complexes," The Chemical

Society, London, 1964, unless otherwise indicated.

D. L. Rabenstein and M. T. Fairhurst, submitted for
. o O

publication.

Determined by nmr.
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Using equation (299, KA can be calculated

from each point on‘theftitration cﬁrve_where the
amino proton is beinéktitratedf ‘For ekémple,

the titration cﬁrve_for_glycine*is presented in
Figure 6..'The amino pro£oh is being,titrated‘in
the regidh from.0.0 ml to 6.75 miféf the £i£rant.
In the calculation, the conéehtration of n ' is
obtained from the PH at that point ané the concen- -

. + ’ ' . B ~ !
tration. of Na . from the volume of NaOH added.

i ¢
SETS

. '%; The acid ionization constants for glycine,

d%alanine, DL-valine, L-leucine, L-isoleucine,

L-phenylalanine, NFmethylxglycine, andlsfméthylmercury,'

cysteine were calculated. from pH-titration data

(

in Tabléd IV. To illustrate the precision of the

using equation (29). The results are summarized

K, values so obtained, the X

A values calculated

A

at each point of the titration curve for glycine
. ' L - Y _
‘are listed in Table V.

The dissociation of the ammonium proton of an:
aminocarboxylic acid containing one amino group

and two carboxylic acid éro?ps can be represented by

- = +
HLS 2L + H ; _
‘ Py

_ Tyt | |

K (30)
-[HL]

A

o
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Figure
0of 100
sodium
O.lé;g

2 4 & 8 =10

‘ml of NaOH added -

~ e

6: pH-titration curve for the titration
ml of 0.0100 M glycine with 0.1017 M
hydroxide. 1Ionic strength adjusted to
with potassium nitrate.

o .



TABLE V

pH Titration Data for Determination of the

&

Acid Ionization Constant for the Amino Group of Glycine

\\\§}017

9.075
9.129
9.181
9.273
9.317
9.370
9.442
9.467

©9.514
9.556
9.596
9.635

9.671

9.716
9.758

9.800

9.840
9.883
9.924
9.970

N

3

1.800

2.000
2.200
2.400

12.8Q0

3.000 .

3.250 .
3.500
3.750
-~ 4.000
4.250
4.500
4.750
© 5.000
5.250"
5.550
5.750
6.000-
6.250
6.500 -
6.750 .

\

.ml of NaOH

2.11
2.11
2.10

2.09

2.08
2.07

2.06

2.05
2.06

2.05

2.07
2.09
2.11
2.15

=

MR X OX X X X oD

2.14

' 2.14

2.15

2.18

2.19
2.21

2.20

%x 10

10710
10-10
10~ 10
10710
1o-10
10-10
10710
10-10
10710
xin—lO
bie lO—10
x 10710
X 10—10
x 10~
x 10
x 10
x-10
x 10~
x 10710

x 10 10
~10

ho
(4]

10

10

10-

10.
10
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From equations similar to'those‘outlihed‘above,

. EImaT + H o+ L - OH ) |
K, = . (31) . "
A + + - M ' W e
[2L, - Na' - H - OH 1] _ Ry
) . /,” B
Using equation (31), K, can be calculated at ygj w

4 each point on the titration curve where the ammonium’ -
\\ . . N f”/

» proton _is being titrated. For example, K, can bgﬁﬁ

. alculated at each point in the region from l%';“y/'
) ")‘\‘\;z.
ml to 15-ml of titrant in the titration of asp ic |

i

podi

acid shown in Figure 7. %

. . . A

The acid jionization constants for aspﬁrtlc
B .

acié, glutémic acid, im;nodiacetic acid, and methyl-
./iminodiacétic acid were calculated from pH—titration
"data usiné équation (31). The results are summa;ized
in Table'IV;
‘The§dis$ociatioﬁ of the ammonium proton of NTA

can be régiésented by equation (32).

n?” > vV o+ 137 :

w1 | o
S - - (32)
A (HL27 ] o o

From equations analogous to those presented above, -
;equatioﬁ (33)twas derived for theAevaluation of

KA for NTA.

44



pH

| _'1}1 I R
0 4 8 12 16 20

ml of NaOH added

_Figure 7: pH-titration curve for the. titration
of 100 ml of 0.0100 M aspartic acid with 0.1017
M sodium hydroxide. Tonic strength adjusted to
0.15 M with potassium nitrate. '
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'y mNat ¢+ v - on” + 2L.] ,
K, = — (33)
A (31, - Nat - ut + on7]

The acid ionization constant of"NTAvwas calculated
from each ndint+on the titration curve where the
ammonium proton is being titrated. The result isJ
listed in Table 1IV.

The -acid dissociations represented by equations
(34) and (35) are important in‘the EDTA ligand system

in the region of interest.

H,LT T H + a3
ST SR
K3 |H ][Hi ] (34) -
[H,L ]
I L
by 4 |
H L )
K, =211 1 (35)
PR 0: 4
Kﬁ.hgg meé;ur%ggd;rectly from the titration
. s EPR N R SU ' _ _
curve for EDTA at the point where [HL™ ] = [H2L2 1.

'The'acid ionization constant K4 can.be'obtainedzfrom o

4-—-

pH-titration data in the region where HL " and L
are present using eguation (36) . -
AH ] [Na -+ H - 3Lt - OH ]

K, = . — - — ‘ : - (36)
4 (4L, - Na&| = H" 4 oH7)

46
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The valhe so obtaineg/fromlﬁhe titration pfzb.OlOQ g
a2H2EDTA with standard NaOH(was'9.90,'somewhat

less than the' value of 10.23 reported. for similar

conditions.33\ This Qae fouhd to be due to_the

reaction of sodium ions with'HLB_ ae descfibed byh

equation (37), causing ;he hH,to be displaced to

lower values.

Na* + HL®T > nar?T 4wt _ : (37

-

Thus, the value ortfa_-ed for'K from the tltratlon

,V
of Na2H2EDTA is i- e Tor due to the ermatlon of

the Na-EDTA complex. o ¢

To avoid thi? _nterference, K4 was determined
by nmr by a procecure described prev1ously 34'”A

solution contalnlng 0.15 M,KNO3 and Q.OlOO M

H,EDTA was titrated with KOH.‘ The chemical shifts

-0f the carbon bonded‘protons of‘EDTA were measured

at several pH's in Lhe pH reglon where HL3 is -

being titrated to L4“; The nmr tltratlon curves f;fﬁé?f
, & AR

o

are given in Figure 8, The value obtalned for K4

from the & . in Flgure 8 1s lO 19 * O 01.
Liter > values for the.ac1d 1onlzatloh Con4¢
stants33 are also llsted 1n Table Iv for comparlson

with the results of the pH tltratlon Studlés. S



Figufe 8: pH—&épendence of the chemical

shift of the_mefhylene protons of 0.010 M : ﬂ
EﬁTAlin aﬁﬁaqueous solution. pH adjustea bf the
addizion of potassium hydroxide. Curve A
ropreseotsjthe protons of the‘methylene groups’

y

bq;%een~tho nitrogen atoms of EDTA. Curve B ‘\

A\,
\

represents the protons of the methylene groups \

bonded to' the carboxylate dentate of EDTA.
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.

'carboxyllc ac1d group Flgurevl 1ndL¢ates 3

,aéid group is represented by equation (38).

50

Determination of the Formation Constants for the

Binding of Methylmercury by the Amino Group of

Aminocarboxylic Acids

The formation constants for the binding of

+ i .
CH3Hg by the amino group of aminocarboxylic acids

were determined from pH-titration curves for

solutions containing methylmercury and aminocarhoxylic

acid. The titration curves, in general, are similar

to that shown in Figure 5 for the CHBHgNH; system.

The formation constants were evaluated from data
at pH values greater than pH 9.5 to elimihate errors

due to the blndlng of some methylmercury bylthe

f\la' -]

Tas i ST g :

1at binding
; La

\V 2

to the carboxyllé&aeid group would occur |t pHm

less than 9 and this has been conflrmed 1ﬁ‘;ﬁr
studies on the blndlng of methylmercury by several
aminocarboxyliq acids.30 The method used 1n“the

evaluation of the formation constants Qill be

ST
-y

described according to the number of am;nqngpquga
‘ Cgta
and carboxylic acid groups in the ligand.
The reaction describing the formation of the

methylmercury complex of an aminocarboxylic acid

containing one amino group and one carboxylic
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+ _
CHjHg + L e CH3HgL ;
.[CH;HgL] -
Ke = - — {38)
[CH3HG ] [L7]
The mass balance expression for methylmercury
species is:
CH.H 1. = [CH_Hg] + 2[(CH.Hq) oH'] + [CH,HgOH]
[CH3Hg T 3191+ 2[(CH3Hg) 0 3H9
+ 1CH3Hgﬁ] (39)
and for the ligand species is:
L], = [HL] + [L7] + [CH,HGL] (40)

The charge balance expression is:

7
nat1 + [m7] + [CH3Hg+] + [(cHEHg)20H+]';

[OH ] + [L7] + [No;]

By making substitutions similar to those

made in the derivation of lequation (25) for the

ammonia system, equation (7), (8), (26), (38)-(41),- °

*

-were combined to yield equation (42).

. - v . . +
{KleKAOH - KlKZKW}{CHBHg‘} + {K{K,OH - H HCHHg )
+ - - +. + -
-~ KA{CH3Hgt + H - OH - NO3} - H {pt + H - N0,
+ gw =0 (42)

-9

$
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]
At each pqtq{/en the_titration’cutve; the
eoncentratieh Qf’CH3Hg+‘can be calculated using
equation (42) ftom which the eencentrations of other
species in solution can be calculated as described
in the determination ef Kf for CﬁgHgNH; complex;

From these concernitrations Ky can then be calculated.

at each poiht Qthhe titration curve. The forﬁation'
constants obtained in this way for the binding of |
CH3Hg+by the"amino grbub of glycine; e—alanine,
DL~valine, L—leucine;‘L—isoleucine,‘L—phenylalanine
and N—methyl glycine”and the structures of thet
complexes are glven 1n Table VI'. To iilustrate

the prec1qlon of the formatlon constants obtained
in this wevy, the formatlon constants calculated
froﬁ each point on the titration‘eurve at pH greater
than 9.5 in the glycine syetem are listed in Table VII.
Fer,comparisqn;.Rahenstein and coworkers reported

1

the value of 7.88 at 25°C and an ioni“‘strength

of 0.2 M for the 1ogar1thm of the forma gpn coﬁﬁtant _

of the glyc1ne complex and the value Oﬁm7 444¥6% *
& -
the same conditions for the DL- vallne co?plex.

These are the only llterature values)avallable”for
comparison with the fbrmation constants determined.

in this work for the binding of methylmercury b;j

the amino group of amlnocarboxyllc acids.
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TABLE VII
pH Titration Data for Determination of the Formation

Constant of the MethylmerCury~Glycine Complex /
. /

X

pH ‘ml of HNO3 lpg L
10.798 ' 0.900 7.56
10.750 . . 1.000 | : 7.55
10.703 1.100 7.56
10.651 ' .~ 1.200 - , 7.58
10.614 1.300 7.59
10.545 1.400 7.62

1 10.496 _ 1.500 7.60
10. 443 | . 1.600 7.61
10.386 ~1.700 7.61
10.334 , 1.800 7:53
10.278 1.900 7.62
10.215 | 2.005 7.62
10.161 2.100 - 7.6l
10.110 | . 2.200 7.61
10.048 S 2.310 . - 7.62

9.979 2.400 b 7.63

9.929 2 2.500 - 7.60

9.858 ¢ ', 2.600 . 7.61
9.774 2.700 R S

5.685 2.815 | 7.58

9.613 o 2.900 - 7.57

(3

9.521 . 3.015 . 7.55
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The reéction describing the formation of the
| methylmercury complex of an aminocarboxylic acid
coﬁtainiﬁg one amino gfqup and two éarboxylic acid
vgroﬁps is represented by ‘equation (43).

-

. + N -
CHyHg™ + L~ I CH,HgL

[CH3HgL‘] : S
CKp = — , (43)
‘ [CH3Hg ] L] | ¢

The mass balance expression for methylmercury species
is:
[chugl. = [cH.Hg'] + 2[(CH,Hg).0H'] + [CH.HgOH]
[CH3Hgl, "= [CH3Hg 3H9) 00 L+ [CH;Hg
. >
+ [CH3HgL-] ‘ S (44)

" S
and for the ligand species is:

'fL]£ = [L=].+>[CH3HgL_] + [HL' ] . (45)

and ,the charge balance expression is:

"
e

‘ 2 ~ﬁ+. o+ : +
S[Na 1+, [R'] + [CH3Hg ] + [(CH3Hg) ,0H' ] =
[OH 1% 2[L7] + [NOJ) + [CH3HgL=j + [HL™] (46)
o L ing substitutions similar to those m;de

in the derivation of equafidn (25) for the ammopia
. ,

system, equations (7), (8), (30), (43)-(46) when

combined also yield equation (42). - _—
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Using equatién (42), the formation constants
for the binding of CHBHQFby the amino group of
aspartic acid, glutamié acid, iminodiacetic acid
and methyl iminodiacetic_acid were calculated |
by a procedure similar to that described for the
determination of K¢ for CHBHgNng The results are
listed in Table.Vi. There are no literature valﬁes
available for comparison with these formation constanté,

The reacﬁion describing the formation of the
methylmercury complex of an aminocarboxylic acid
containing one amino group and three carboxylic

groups is represented by equation (47).

Hg' + L= 2 CH.HgL™

CH 3

3

4 [CH,HGL™ ] | :

Keg = ¥ oo= (47)
[CH, Hg™ ] [L™] . |

The mass balance expression for methylmercury

species iszy
[CH.Hg],_ = [CH,Hg"] + [CH,HGOH] + 2[(CH.Hg).OH']
3790 T IMHEHY 379 37975
+ [CH HgL™ ) - . (48) .
and for the ligand species is:

(L1, = [L5] + [CHHGLT] + [HLT] (49)
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The charge balance expression is:
i

(Na¥] + [HT] + [cH

.
4 .

+. : .
sH9"] + [(CH3HG) J0H'] =

[0H=] + 3[LF] + 2[CH3HgL=] + [NOL) + 2[H: (50)

B§'making substitutions similar to thoze medie
in thé detivation of equation (25) for the dmmonia- e
systém, equation (7), (8), (32), (47)-(50) were
combined to yield once agafin equation (42). The;
fs;mation constants .for the binding sf,CH3H§+Dy
the amino group of NTA was calculated ﬁsing equatisn
(42). The resu’5t is_listed in Table VI;
Tﬁe reaction describing the formation of
the‘methylmercuryycompiex oL S—methylmettur'—cysteine

is represented by equatidn(Sl);,

CH Hg-S-CH

+ _A_ P - - T -
JHg" + CHHg-S-CH,-CH-COO™ 2 CHy 2,?H Coo
. . +'
Ny . THz ;
| b v
. CH3

® .
[ (CH,Hg) ,L] ,
Ke = P ' (51)
[CH3H9 ][CH3HgL 1 : -

]

i

The acid dissociation reaction for the ammonium group i5:
. - + ' N i -
CHéHg—S—CH -CH-COO T H + CH3Hg—S-CH2—CH—COO
N _ .
NH, | , :NHZ\,

2



[cH HgL ] [H']
KA = (52)
[CH,HgHL] :

The mass balance expression for meﬁhylmercury

species is:

_ + _ + :
[CH4Hg], = ;CH3Hg 1 + 2[(CH;Hg) ,0H ] + [CH,HgOH]

+ |CH,HgHL] +“[CH3HgLf] + 2[(CH
: B

3Hg)2L] (53)

and for the 'ligand species is:

[L]twé [CH3HgHLJ + {CH3HgL"] - 3H3Hg)2L] 1(545
Thé cﬁarge Balanée expreésion is: .\“P
NaT1 4+ [H+] A- [CHng+j + [(CH3H§7;;ﬁ;} =

[OH™} + [NOL] + {CH3HgL'j ~(55)

By making substitutions similar to thos%s
described earlier, equations (7), (8), (51)-(55)

were combined to yield e@uatioﬁ (55).

3 [ - - f 2, * - utyrcn g
{KIKQKAOH KleKw}LCH3Hg 1T 4 {KlKAOH_ : 4 5Hg
+ KA(Lt - CH3Hgt + OH + NO3 + H } o+ Kw

o, _ 4 _ _ ,
+ H{NOD - H' - L_} = 0 - (56)

3 t

At-each.point on the titration curve,. the

58
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cqndéntration of CH3Hg+ was calculaﬁgd”gsing equation -
(56) from which the concénprationS'éf'other species
in solution were éalcﬁlated as described earlier.
From these concentrations the formatioﬂ constant
for the binding of CH3Q§Fby the amino’grpup of
Smmeghylmeréury cysteine»was calculated at each:
point on the titration curve.‘ The wvalue SQIbbtained
is listéduin Table VI;

| 'EDT; is thr st complicated ligand studied; -
it has two nitrbgenhgtoms which makes possible the

following complexation reactions:

CHBHg+ + 147 2 CHﬁHgL3—
; 3= R
[CH3HgL ] o
Ke = - 4 ) , (57)
71 [cHgHGH] LT ]
CH3Hg+ + HL3T = CH3HgHL2"
. 5 .
. [CH HgHL " .
Kl = - ;; T 3= . '(58)
72 [CHjHg ] [HL™T] :
. 3= . . g
»CHBHg + CH3HgL - (CH3Hg)2L i
. - 2- : T e
1 (CH3Hg)2L ] :

- + .
£3 [CHyHG' ) [CH HGL™ ]

Bh o i
In the present work, conditions were maintained

i



Tol

o, = 4 I +/HL77] + [CHJHGBL "] + [CH_HgHL®T] ‘(61)
. - \.vluv«}', | . . : )
. The chargeﬂbalance expression is:
Ty e rengugt) + [(CHHg),0H'1 + [Na'] = [om).
oT1 ¢ 3En3T] 4 4wl + 3fcH HgL3 7]
e tNO3 | : 3
f ;1, .ol N .
4 Z[CH HGHL ] : , (62)

1

so that the complex (CH 5Hg) LZM could béfneglerted,
Con51der1ng the equ1l1br1a represented by
quatlon(7) (8), (34) (35), (57), and (58), the

mass - balance exptes51on for methylﬁercury species

- o
1Ss:, ¢ R A
ST Sl a2

{CH3Hg] [CH Hg ] + [CH HgOHJ + 2[CH Hg) OH ]

+_{CH3HgL?_] + [CH3HgHL2—] (60)

]

Sy

»and for ligand species‘@s: - \

B
<4

g 3- 2

*By the procedure described previously, equatlon (63) .

(

and equation (64)<§¢re derived from these equations.
The values listed in Table VI for Kfl and Kf2 were
evaluated from the pH-titration data u51ng these

equations.

60
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|
/

2K1K2Kf2Kw[CH3Hg 17+ {Klesz K1K2K4[OH ]
+. +.2 + =
+ Kfz[H I + KR K HCHRHG 17 + {{H'] - K K, [OH ]
+ _ + ' + .
+ Kf2[H ][L]t Kfz[H IICHBHg]t};CH3Hg ]

+ K4{[H+] - [oH ] - [No;] + [CH3Hg]£} ﬁi[H+]{1H+]§
+ [L]t - [OH ] - [No3]} =0 . B (63)

'
H

-y +.3 : ' b -
2K1K2KflK3K4[OH ][CH3Hg 17 + {K132K3Kw + 3Kl§@K3K4[OH ]
+ K. K ﬁ + K. K,K,K [OH;] - K,K_K H+}[%H H +]2A

£1°3°4 £1°3%471 1720w TE3TY

. . 4 : - %
b {Klg Kw + K_K 2K_K K [OH ] + K. K,K [L;t

3 374 37471 £1°374

3 +.2 + -
_KflK3K4[CH3Hg]t - [H' ] ][CH3Hg»]fAK3K4{[O§ ]

N ,
- + +
+V[NO3] - [H'] - 2[CH Hg], } + K, (K, »,HV[L]t
: +.2 +, - +, ' b2 -~
- [H 17 + [H7] [NOS]. f.[%p][CH3Hgt]&f [H,Iw{INO3]
+JOH] - 21L], - [H')} = o, e (64)
. . =

- One purpoge of the present étudy waévté determine
. 1f any relationship exists between the magnitudes

of the formation constants of'methylmercury amino-
cérboxylic acid complexes and the basicity of the

nitrogen, as reflected by the magnitude of the

61



‘acid ionization constant of the amino group.

Rabenstein and Libich have rep01ted a correlation
between the formation cons’ int of the methylmercury
complexes of selected carboxylic acids and the acid

ionization constants of the acids. The formation

‘COnstant of the methylmercury7complexes'of simple

carboxylic acids increase linearly as_ the acid

’
ionization constantsldecrease according to the
relationship pKA =vl.73 log Ke - 1. 05.29 ~The pKA S
fc:s the amino groups of aminocarboxylic acids

cont%ining one amino group and one carboxylic acid
group listed in Table III are of Similar pKA

ranging from 9.6 to 9.8 except for- phenylalanine
"Whichlis 9.16. .The logarithm of the formation
_constants for.the codrdination to the amino group’
of these ligands is in the range’7.4 Eo 7.6 except
for phenylalanine which is 8;00. pKA valnes

increase in the order pKA, phenylalanine <'pKA,

valine < pK,,leucine < pK_, isoleucine < pK_,
‘ iy A A a

glycine <'pK alanine, whereas : ‘log Kf values increase

in the order log Kf,'valine <. log Kf, 1soleuCinev <
log Ke, glxc1ne < log Kf,alanine < log Kfs» leucine <

Suitﬁ suggest that

log Kf phenylalanine; These %@

the magnitude of the formatiaﬂQCQnsgants for- co-

ordination of methylmercury cation by amino dentates

Y : ’
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of‘aminocarboxYlic acid complexes containing one
amlno group ang one carboxylic acid group is
governed not onl;iby the'basicity_of the nitrogen
atom but“also by: the nature of”the snbstituent on
the alpha‘carbon, Thls is-particularly true in
the case of the L phenylalanlne complex a
The pK values for the ammonlum group of
IDA, MIDA and NTA determined in this work are
9.;2, 9.67w and\9b73. The.nltrogen’of MIbA is
more basic than that of IDA('presumably:because
of the inductive'effects of_thetmethyl group in
MIDA. The increase in the baslclty of NTA over
the ba51c1ty of MIDA and IDA may result from the

hlgher charge on the NTAL ThlS may,also;account

for the NTA complex Wlth methylmercury belng

more-stable than correspondlng MIDA and IDA com-
plexes, Interestlngly, the 1ncreased baslc1ty of
MIDA over IDA does not result in a larger

formatlon constant" for the CH3Hg MIDA complex. This

is llkely due to the 1ncreased substltutlon at

the nltrogen atom in MIDA. S;mllar results have,

been observed for the formation constantS'of
methylamine, dimethylamine and trimethylamine.sp

The effects of NTA on the tox1c1ty of methyl—

mercury ‘to rats has been investigated. 19- 20 From



studies in which rats were given doses of tri-

sédium nitrilotriacetate (Na,NTA) and methyl-

3

mercuric chléride in their drinking water, it was
concluded that NTA has no effect on the toxicity

Qf methylmeréury. Tﬁe results obtained in thé

present work would prédict thié.to be the case,

sincelthe NTchomplex of methylmercury is relativély

'weék compared'to the sulfhydryl complex. The‘

“logarithm ofithe formation constant for binding

6f methylmercury by the sulfhydryl group of.

-cysteiné.has been reported to be 15;7,23 as

compared to the value of .8.33 for the logarithm

of the formation constant of the NTA complex. Thus,

the binding of methylmercury by NTA and the other
ligands studied in this work is too weak for these’
ligands to beueffective as thefapeutic reagents

against methylmercdry poisoning.
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