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ABSTRACT, «

‘ Part 1 \

The aqueous solution chemistfy of the methylmer-
|

= ’ . . . 3 ' 6
cury complexes of selected inorganic anions has been

investigafed by proton magnetic resonance spectroscopy.

Formapion constants were determined for the sulfate,

selenate, sulfite, selenite, hydrogen ?Flenite, thio- ‘\

~cyanate, and selenocyanate complexes from the pH depend—\

ence of the chemical shift and the 1°%Hg-lH spin-spin

. : *j N
. .coupling constant of the methyl group of methylmepéu:y in
solutions containing both methylmercury and the ligand.

199Hg—1H spin-spin coupf@na\’

The chemical shift and the
constant of the methYlmercury in each of the complexes
were also obtained from the same.measurements. NMR
_parameters were measured for several complexes with sul-
fide and selenide. The ligand donor atom in each of the
complexes was identified usiné the formation constants,
.the 199Hg-1H spin—spin-coupling constant of the.complexed
méthylmercury, and in some cases, Raman spectral ‘data.

It is of particular interest that seleniée, which can act
as a}protecting agent against methylmercury poisoning in
animhls; does not form a particularly strong complex with
métﬁylﬁercury. a

Ky

ERN
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] Part II

‘The‘hydratedwpf(III) and Ep(III) cations and the
ethylenediaminetetraacetic‘acid, the N-(2-hydroxyethyl)- -
ethylenediaminetriacetic acid, and the cyclohexanediamine-
tetraacgtié acid chelates of Pr(III) have been investig-

. ated as potential NMR shift réagents £5r generalluse in
-aqueous solution. Pr(III) and Eu(III) were usefui oﬁly

at low pH values, bec#use of their precipitation as.
hydroxides at pH greater than,cd, 6.5. Pf(III) ihdﬁced
shifts were more suféable.than Bu(III) induced shifts in
agueous solution,-aﬁd the effec£ of the counterion of the
fr(III) salt on the induced shifts was studied. The |
interaction of thi\varlous shift reagents with monofunc-
vtlonal molecules contalnlng carboxyllc acid, amino,
'1m1dazole, sulfhydryl, and sulfonic ac1d‘functlonal groups
was studied. Pr(III) complexes oﬁly the,éarboxYléEe and
sulfonate groups. The Pr (III) chelates of the aminopoly—
'c;iboxyllc acids were found to: functlon as Shlft reagents
over the entire pH range 1 to 12. They interact_with the
carboxylate, amino, imidazole, and sulfonate function;1'
'groupé. The~pH‘dependencé of'thé,induceq-shifts_indicates
that these shift reagents complex the deprotonated -
carboxylate and sulfonate groups, and form ion pairs y}th

-

the protonated a@ind'and imidazole groups.
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“Part I

METHYLMERCURY COMPLEXES OF SELECTED INORGANIC ANIONS




CHAPTER I

INTRODUCTION

The coordination chemistry of the methylmercury
cation, CH3Hg+; has‘been the subject of much research;
'At is an essentially un1funct10na1 metallic species (1)

nd, the 51mplest soft acid known (2).' The apparent
absénce from_chelating effects with methylmercury renders

is cation an excellent probe for studies of heavy metal
- binding (3). | |

Methylmercu:y has a strong affinity for sulfur and
it has been used asba highly selective reagent for pro-
tein sulfhydryl groups for some time (4). Tne fotmation
constants of‘methyimercnry complexes‘of amino acids (5),
.nucleoeides (6), and.inorganic anions (15 have been meas-
; ured potentiometricaliy ‘Formation constants (7, 8 10),

51tes of binding (8~10) and ligand exchange kinetics. (10)
have been studied for a variety of methylmercury com-
plexes of amino acids by nuclear)magnetic reaonance teché
niques. | |

Part I of thlS thesis reports nuclear magnetlc
zresonance and Raman spectroscoplc studles of the aqueous
‘solutlon chemistry of methylmercury complexes of a variety

of inorganicyanions, including_some'whioh have oxygen,

sulfur, or selwnium as potential donor atoms. These

studies are of particular interest ianiew,of'thevrole of



' enzymatlc pathways. The highly tox1c methylmercury is

ﬁu

AU w - » J
'methylmercury in environmental pollution‘by mercury ¢om-
pounds}' Methylmercury has been shown to be the speCies
‘1nvolved ‘in several mercury p01son1ng incidents (11) 1n,
which there was irreversible ﬂamage to the central ner-
vous systems of the victims. .

The present widespread concern over mercury in
the envlrcnment'is a consequence of the discovery that
metallic and incrganic mercury, both of which are highly
insolublé and therefore reasonably harmlessvto the
‘env1ronment, can be methylated by m1croorganisms present
" in nature to form methylmercury (12— 14) This methyla—
tion can take place anaeroblcally via enzymatlc and non)\
water- soluble and blologlcally moblle."It is'capable of
vleav1ng the bottom sediments of rlvers and'lakes, entering;
the aquatlc system, and concentratlng 1n the food chaln.
Thus, a detalled knowledge of the coordlnatlon chemlstry
-of methylmercury with inorganic anlons is of 1nterest to
cur'understanding of the behavior of methylmercury in
natural water systems. A‘ ‘ . -

'The complexatlon of methylmercury by 1norgan1c
»anlons is also of interest in v;gw of recent studies on
antldotes for methylmercury p01sonmng | The usual heavy
,metal polsonlng antldotes such as Brltlsh Anti Lew151te

(BAL), sodium ethylened1am1netetrads§tate, ‘and pen1c1ll—

imlne are*lneffectlve for methylmercﬂry po;abnlng (15).

> 24



4 .
However,'it has been reported recently that sodium sel-

enite decreased the toxicity of methylmercury added to
the diet of rats (16,17). Related to this are the findings
that selenium and mercury'tend to accumulate together in.

fish (12), and that dietary tuna fish decreased the

toxicity of qgghélmercury administered to quail (16).

A. The qu, us Solution Chemistry of Methylmefcqu
The first investigation of the aqﬁeous solution
..phemiStry of methylmercury was reported in 1955 by
Waugh, Waiton, and Laswick (18). By:the potentiometric
‘__‘\”/,,:fﬁtation of meﬁhylmercﬁric hydroxide with nitric and
perchloric acids, they determined the formatiog constant
"of methylmercuric hydroxide, as described by Equations -

1 and 2, to be 3.1 x 10?. This method is based on the
CHyHgOH," + OH 3 CH3HGOH (1)

o I [CH3HgOH] -
‘ Kl = . - "+ : — - (2)
[CH;HgOH,, 1[05 ] ,

'assumpt;ons that the onlyrmethylmercu;y species are the
hydrated cétidn CH3Hg0ﬁ2+ and methylmercuric hydroxide
CH3HgOH; éﬁd_that the:e is no associatioq between metﬁyl—
‘ mercuryfénd the nitrate or perchlorate dnions.

In 1965, SchwarzenbaCh and  Schellenberg (1)



developed a model for the aqueous solution chemistry of d/
methylmercury which included a third methylmercury species,

a dinuclear complex with two methylmercury cations coor-
dinated to the same hydroxide ion, (CHBHg)20H+. This

more complete model is described by Equations 1-4. By

v

HgoH,* 2 (Cu3ﬂg)2onf + H.O (3)

CH,HgOH + CH ) H,

"3 3

: ' +
~ [ (CH3Hg) ,0H ']
Ky = T . (4)
[CH,HgOH] [CH3HgOH, ] o

potentiometric titration, the values 2.34 x 109 and
2.34 x 102 were obtained for K; and K, (l)
In a study of the solution chemlstry of methyl-

mercury not referenced by 5chwarzenbach an&‘Schellenberg,

Grdenic and Zzado (19) ‘reported that trlsmethylmercurlox--

onium perchlorate, [(CH3Hg) 0]C104, prec1p1tates from

concentrated methylmercurlc hydroxlde solutlons titrated

w1th perchlorlc acid. On the ta51s of these results,

,.the completeness of the model proposed by Schwarzenbach

and Schellenberg has been questloned by Green (20) and

‘by Toblas and coworkers (21), who sugge t that (CH Hg) ot

should be 1nc1uded 1n the aqueous solution model of

methylmercury. It should be mentioned, however, that a

number of the conclusions drawn by Grdenic and Zado are

not in accord with current knowledge of the solution



chemistry of methylmercury. For example, Grdenic and

Zado concluded_that methylmercuric hydroxide

does not exist except in dilute aqueous solution

as the dissociation product of [(CH3Hg)30]OH. Further-

more, they claimed to have prepared [(CH3Hg)3O]OH by a

reactlon between [ (CH Hg) O]Clo and KOH in nethanol.

They also concluded from conductance data, that (CH Hg) ot

is stable in alkalin methanol solution and that the

compound oreviously‘thought to be CH3HgOH is actually

[ (CH Hg) O]OH or its dehydratlon product.

In Chapter III of this thesis, the agueous solu-

tion models of methylmercury are con51dered further and.

z//the Schwarzenbach and Schellenberg model is modified to

“include the trlsmethylmercurloxonlum ion.

L

:B. The Coordinatlon ChemiStry othethylmercury
The coordlnatlon chem1stry of the methylmercury

cation is characterlzed by its unlfunctlona nature (1),
the tendency to linear two-coordlnatlon typlcal of di-
valent mercury being greatly accentuated when one llgand
‘is an organlc radical. The non—lablllty of the mercury-
carbon bond of methylmercury is proven by the presence
of satelllte resonances in the NMR sgecﬁra of methylmer-'
cury complexes (22). These satellites arise from spin-
spin coupling between the 16.9% of mercury atoms hav1ng

| nuclear spln one-half ( Hg) and the protons of the

methyl groups attached to these mercury atoms. The

A s
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type L™ > CH

satellite resonances would be very broad or undetectablée

in methylmercury spectra if there were dissociation of

the mercury-carbon bond on the NMR time scale.

In early NMR studies of methylmercury COmpoundS'
some confusion existed as ﬁo the lability of the.mercury-
carbon bond.because the satellite resonances are broadeﬁed
in the iodo- and bromo- methylmercury complexes (23). In
1967 it was shown that this broadening is not a result

of~é;Ehange of labile methyl groups, but father is due to
guadrupole interactions between the l99Hg and the bromine
or the iodine (24).

The uncomplexed methylmercury cation, CH3Hg+, is
never observed in aqueous solution (25). Stoichiometric-
ally, it resembles the proton in complex.formation.(l).
In équeous solutiqn c?ntaining>on1y methylmercury it
exists as CH3HgOH2+ at pH < 2, ahalogous‘gbathé‘hydrohium
ion. At higher pH, methylmercury cbmpleXes<to hydroxide,

existing entirely as CH,HgOH at pH > 9 (26) . Methylmer-

cury shows a strong tendency for higher complex fd;mation N

4

-and many polynuc1ea:’complexes éré‘knéwh. Series of the

3

l1-n ' : 2-n i " . 3-n '
| HGL' ™" - (CH3Hg) ;LT » (CHgHg) ;177" have
been studied for a vari&ty of ligands, similar to the

series L. -+ HL +-H2L - H3L. For example, methylmercury .

- forms the oxide complexes (CH3HgOH, (CH3Hg)2OH+,

(CH3Hg)30+)'in‘water. This series is discussed in detail
in Chapter III. ~Analogous methylmercury’complexés of

"



Ve
sulfur (1,27), nitrogen. (28), phosphorous (29), selen-

jum (30), and arsenic (31) have also been'reportéd
although they exist in slightly different forms due to
the weaker acidity of oxygen-bound protons. For example,
Schwarzenbach and Scheilenberg (1) reported thé complexes

3
agueous methylmercury-sulfidefsystem.

CH HgS_,A(CH3Hg)2S, (CH3Hg)3S+ to be present in the -

Although the methylmercury cation most frequéntly

adés just one.ligénd, a<co§rdination number of four is

often cha:adteristic'of'ﬂng (32). Therefore, the possib-

ility of further complexation to methylmercury must be

considered. Complexes of the type CH3HgL21_2n and

1-3n
3 3

studiés, but fhey have been found in non-aqueous solution

CH.,HgL rarely have been detected in aqueous solution.
and in the solid state (33-34). Plazzoéna #nd'coworkérs .
(33) repérted a-fpfmation cbnstant>of‘1,00‘x 103 for
CH3HgC12—~in';cetonitrile solution. This constant was
determined by a spectrophotometric mgthod which measured
the free chloride cdﬁéeﬁtrétion by its effect on the
ionization of (C635)3CC1. Canty and Marker (34) reported
the formation of three-coordinate methylmercury in com-
plexes of neutral donor ligands (pyridine and‘pyridihe
derivatives) in the solid state and in methanol solu;ion.
‘The solid state qomplexes were studied by infrared spec-
troscopy and x-ray cryétallography while thé solution

A .

complexes were studied by MMR SpectrQSCOpy.

3
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. Schwarzenbach and Schellenberg (1) measured the
tegzénéy of CH3Bg+’toward higher complexatior in agueous
solution by a éolubilipy study of methylmercuric iodide
in potassium nitrateland ip potassium iodide. They ob-

-3

served solubilities of 1.67 x 10 -~ moles/l. in 0.1 M KI

and 1.41 x 10-3 moles/1l. in 0:1 M KNO3. This difference
was attributed to thevformation of CH3Hg12_ in excess
iodide solution. Thef calculated the formation cqnstant
of CH3H912' to be -2 compared to 4 x 108 for‘th; CH,HgT
complex. Similér results were obtained in the s?udy of
CH,Hg (CN)Z’ and cn3ug(scuzcnzon)2', .suggesting that
methylmercury has little tendency for complexing more
than one ligand.’

The same conclusion Qas'reqched by Siméson (5) -
from his studies of the methylmercuric cyanide complex by
solute distribution expeii%eﬁts in toluene and water, and
by Goggin ahd wOodward (35) who were unable to detect
' CHéHg(CN)nl- type complexes by Raman spectroscopy

-Sytsma and Kline (36) reported an NMR study of -
ﬁetthmércury compiéxesrof_sbme potentially;chelatingi'
thiophenols. They oﬁservéd mercury-proton coupling cdn—
‘stants typlcal of methylmercury coordinated to one ligand
and not of methylmercury bound to two or three ligands,
.and;concluded that thiophenol binds as a monodentate
iigand to methylmércury.' 4 | . '

Barbieri and Bjerrum (37),vhowever,\found evidence
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for three and four-coordinate mercury in the ethylmercury-
 thiocyanate and -iodate systems which‘theyvstuéied by
polarography. They determined’the formation constants of
C,HgHg (SCN),~ and C2H5Hg(SC-N),32_‘. to be 0.80 and 1.6 res-
pectiveiy and the fdrmation constants of the corréépohding
iodate domplexes to be 0.22 and 5.6. These results are
consistent with the conclusion of Schwarzenbach (1) that
.only one-coordinate methylmercury chplexes are importantA'»
in aqueous solution. | ,

Relf, Cooney and Hennicke (38) studied the me;hyl—
mercdry—thiocyanate system by NMR .and vibrational spec~
troscopy.. They‘monitored the meréury-;roton coupling
constant in the« NMR spécﬁrum.and the ﬂg-slstretc;ing fre-
quenéy in the Raman spectrum ag}a function of_the thio»
cyanate to methylmercury ratiq.' heither»thelcouplihé
‘constant nor the Hg—s strétdhing ixéquency'éhégéed
apprec1aﬁiy from an equlmolar methylmercury-th1ocyanate
solution to a solutlon conta1n1ng~a “sixteen fold excess -
of 11gand. "These results were taken to indicate that no
"appreciable change in the hybrxdlzatlon of the mercury
occurred and, therefore, that only éne thiocyante iigand
.binds qovalently to the methylmércury.'iThe formation'qf
'aﬁ ion-dipo;e comﬁlex, CH3Hg(SCN)2',waé not eliﬁinated
by these studies.‘ | ‘ ' k

Ionic interactionsuresultipg ;n,effectiye mefcury

coordination numbers of three and four have been observed

.
H
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in solid state studles of methylmercury complexes of amino.

‘aclds-(39—40).\ In the x- ray study of the 2:1 methylmer-
‘cury-penicillamlne&complex (39), Carty and_coworkers re-
port the formation of a zwltterion complex with the
'dianion of'penicillamine. In this‘complex) one'methyl—
mercury . iSVbound to the deprotonated sulthdrYl group and
the second methylmercury to the amino and Carboxylate -
bgroups, thh a p051t1ve charge locallzed on the amlno

_ group and a” negative charge on the carboxyl group In_a

'vseparate x-ray study (40), Carty investigated the methyl-

mercury complexes of L—cystelne and methlonlne._ In each

case, strong-covalent 1nteractlon between the methylmer—

cury and one functlonal group (the deprotonated sulfhydryl'

h of cystelne and the amlno of methlonlne) was ev1dent.
»‘But in both cases, addltlonal weak 1on1c 1nteract10n w1th
the carboxyl group was 1nd1cated by a Hg-O dlstance
shorter than the sum of the Van der Waals radll. B

These methylmercu Y complexes of pen1C1llam1ne,
cvsteine, and methlonln "have, been stud1ed 1n aqueous
_ solutxon by nuclear magnetlc resonance spectroscopy (8 10) .
"In all cases, there ‘was no ev1dence of methylmercury belng
more than one—coordlnate ‘in aqueous solutlon. These re—'
sults are consistent w1th a predomlnant coordlnatlon

number of one Qor CH3Hg and 1nd1cate that complexes of

hlgher coordlnatlon number cannot form w1thout the advan—

o

tages that.the»soISd_state'or'non-aqueous solvents~offe§;‘
. ) N * B . ’ . I .

1

T TR



In methylmercury complexes, the mercury-ligand

bond is quite 1abile resulting in exchangerof~the~ligand

among the methylmercury ions. This exchange is usually

fast on the NMR time scale, however, in ‘some 1nstances
the rate of exchange is slow enough to be measurable by‘”b
NMR line broadening techniques; In 1967, Slmpson (22)

studled the dlsphﬁsement of hydroxlde ion from methylmer-

curic hydrox1de by the cyanide 1on. Thls reactlon appears'

to proceed v1a an associative mechanlsm rather than the'
dissociative mechanism characterrstlc of mOst other metal
;complexation reactions (41) ‘ Simpson) ﬁopkins, andr
,Hague (9) have reported klnetlc data for the hlndlng of :
methylmercurlc chloride by N—acetyl-L-cystelne. They |

concluded that the exchange of peptlde between the free

' and complexed forms 1s by a flrst order d155001at1ve mech?
anism: Their study is suspect however, because the rate.

constant predlcted for the reactlon of methylmercury and L

N-acetyl-L-cyste:ue from thelr results and the formation
constant of methylmercurlc cystelne (5) 1s several orders
of magnltude larger than that for a. dlffu91on—controlled
blmolecular reactlon.‘ Recently, NMR studles of the |

klnetlcs of -the methylmercury—methylamlne (42) and’the

\

methylmercury-glutath1one (10) systems have been reported

‘In the methylamlne system, flrst order d;ssoc1atlon of

the complex ‘was found to be the 51gn1f1cant contrlbutor

. to the methylamlne exchange For the glutathlone system,'

12



the major pathway for ligand exchange was found to be pH
deoendent: below pHv2,‘a.proton-assisted‘dissociation of
the complex is 1mportant, while above pH 2, ligand dis-
placement pathways are domlnant

For most methylmercury systems, except the methyl-

amine and glutathlone systems dlscussed above, exchange

. averaged NMR spectra were observed, 1nd1cat1ng that ligand

’and,methylmercury exchange is.fast on the NMR time scale,

even when very strong complexes are formed '~ This has’
been attrlbuted to two types of reactlons (42), represented
by Eqﬁhtlons 5 and 6 which have the effect of labilizing

: cn3ngx +,ca3ng ;-A(CH3H9)ZX T (5)

o * T B T
emgon + X omuex’ ex @

" the mercury-ligand bond.  The first of these reactions,'
Equation 5, is known to be 1mportant because of the

'abillty of methylmercury to form polynuclear complexes.

The second reactlon, Equatlon 6 is lmportant because of

the ablllty of methylmercury to react with excess llgand.

Earller 1n thls chapter, it was poznted out that 2:1

"methylmercury-llgand complexes form only in small amounts,'

but these small concentratlons are apparently klnetlcally

.jlmportant (10)

Some quantltatlve work has been reported on the

13



complexation of methylmercury by inorganic anions.  Wood-
'ward and coworkers have'determined the degree of dissoci-
ation of methylmercuric salts in aqueoug solutlon-by- |
Raman spectroscop .(25'43 44). They reported that methYl-b
mercuric per orate is completely dlssoc1ated in concen—
trated agueous solution (25), while methylmercurlc nltrate
.ais only'partly dlssociated (25%. "By 1nten91ty measurements
. on the nitrate bands:in»themRaman'speCtra'of concentrated |
'methvlmetcutic:nitrate solutions,'they‘estimated the
degree‘of dissociation of methvlmercuric nitrate'to be . :

similar. to the*degree‘of dissociati6n°of nitric acid (43).

. similar 1nvestlgatlons on the methylmercury complexes of

fmethanesulfonate and sulfate showed that these salts also
: are only partlally dlssoc1ated in. aqueous solutlon (444
\\*~”’f;\1961, Sxmpson {5). reported a polarographlc»

.'study of the. bandlng of methylmercury by a varlety of a

. -
b

_ llgands."Formatlon constants were caleulated for methylrf
. . A".:

lmercurlc hydroxlde, chlorlde, acetate and thiocYanate 2

and for several amlno ac1d complexes of methylmercury.-'

‘fThese results were evaluated in terms of the aquéous solu--

VItlon model of Waugh Walton, and Lasw1ck (18) which as
”hmentloned above dld not 1nclude .the methylmercury dlmer
:(CH Hg) OH or trlmer (CH Hg) 0 f Nevertheless, he ob—

'ltained seml-quantltatlve 1nformat10n about the complexa—

'ﬂ‘tlon behav1or bf methylmercury.f Slmpson concluded from

jathese studles that, of the potentlal s1tes for the blndlng

14



of methylmercury to proteins, the sulfhydryl group is the
most important‘folloWed;by the imidazole nitrogen and the-
amino group. | | - | »

In a separate study, Simpson (6) investigated the
hinding of methylmercury by nucleosides. From absorptlon
spectroscopy %Qta, ‘he eva_lua‘ted formation constants- for
the methylmercr ylnucleoside complexes and deternined the
nitrogen sites involved in-the hinding of methylmercury.>
Recently, Toblas and coworkers have: reported studles of
the blndlng of methylmercury by pyrlmldlne nuc1e051des

and nucleotldes (45) and by purlne nucle051des and

nucleotldes (3) ' U51ng Raman dlfference spectrOscoplc

data,_they concluded that the methylmercury blnds prefer-'
_entlally to one of fhe deprotonated rlng nltrogens rather»
' than to an oxygen site. ‘ | ‘: “
A In 1965_ Schwarzenbach and Schellenberg (l) re— :

' ported a st\dy of the methylmercury complexes of a w1de
'rvarlety f'organlc and 1norgan1c llgands. From potentlo-“;
_metrlc tltratlon data,_they calculated formatlon constants
Al;for a number of complexes, those whlch are of: 1nterest to
'cth1s the51s are llsted 1n Table l.‘ The results they |
obtalned are con51stent w1th the unlfunctlonal soft~acidd

' _theory of methylmercury wh1ch predlcts strongest methyl- e

l,;mercury complexatlon to sulfur-blndlng llgands, followed

by nltrOgen and then oxygen-blndlng llgands. It was

-'p01nted out by Schwarzenbach and " Schellenberg that,

°



Formation Constantsjof Methylmercury CQmplexes'

TABLE 1

of Selected Ligands

-

 f\?H3Hg§_ -

(CH3Hg),S

HO-CH,=CH)=5"

2-S—HgCH

oty

 >éN

'

a) » Reference 1..

-

‘ log KF

6.62
8.60

O a.670

'.21;2.

7 16.3

©16.12

. 6.27

141

L 7.60
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although'the methylmeICUry cation has been compared to
the proton in the simple stoichiometry'of its reactions,
the,tendencY for complexation with various ligands is
different because the proton is a hard acid, preferring
oxygen to<sulfur—binding lioands. |

" The blndlng of methylmercury by carboxyllc acids |

(46), amlnes n, sulfhydryl—contalnlng amlno ac1ds (8-

‘10), and glutathlone (10) has been quantltatlvely charac-l

terlzed in- aqueous solutlon by nuclear magnetlc resonanceq

'.spectroscopy The condltlonal formatlon constants

ycalculated for these complexes (42), show that the sulf- :

-f hydryl group always blnds methylmercury most strongly.
_At low pH the carquyl group and HZO compete more ’
feffectlvely than the amlno group for the methylmercury,
' wh11e at hlgh pH the methylmercury prefers the amino

""group o"\hydrox1de to. the carboxyl 51te. -

c ,overmew_..of P_art I

As 1nd1cated at the beglnnlng of thls chapter, }‘

'Ahllttle beyond formatlon constants has been reported for

o b o
.a.the complexatlon of methylmercury by 1norgan1c anlons 1n -

'aqueous solutlon.' It was dec1ded to attempt to obtaln
more 1nformatlon about these systems at the molecular

»level Nuclear magnetlc resonance spectroscopy was chosen

-as the technlque for thls study. ‘1t can ‘monitor the C

behav1or of the methylmercury at the molecular level, pro-"

v1d1ng information about both the structure and stablllty

17
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-~ of the complex, in contrast to potentiometric tltration

ethods which only can provxde formatlon constants. ‘NMR
has proven useful in other studies of methylmercury.com-
plexes, in which formation constants (7,8, 10),vllgand

exchanqe klnEthS (10) and 11gand blndlng 51tes (8 -10)

»have ‘been determined.

The proton NMR spectrum of methylmercury con31sts

of a methyl 51nglet flanked symmetrlcally by two less

‘1ntense satelllte peaks._ The 51nglet 1s due to the pro-

. tons of methyl groups bound to mercury atoms havrng a o

SR

7_nuclear spln of zero,}whlle the satellltes are due to
'1protons of methyl groups bound to the 16. 9% of mercury
"hav1ng nuclear spln one—half ( Hg)._ Both the chemlcal

- Shlft of ‘the methyl 51nglet and the mercury—proton spln—'

spln coupllng constant of QH HgX are dependent on the

'e'f nature of the llgand, X, coordlnated to the methylmercury.

An early study by Hatton et al (23) of methyl—i

\

Amercury complexes of cyanlde, acetate, hydroxlde, chlorlde,.
,_nltrate, and perchlorate suggested that the magnltude of
‘2:the spln—spln coupllng constant decreases as the substl-

h.tuent is made more electronegatlve. A llnear relatlon-'f-3
A.;Shlp between the spln—sprn coupllng constant of complexed
'methylmercury and the pK of ' the 1lgand has been observed

'rAln several 1nstances._: ytsma and Kllne (36) reported

Msuch a relatlonshlp 1n methylmercury complexes of organlc

_ac1ds.. They attrlbuted it to the fact that both the

18
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spin-spin coupling constant and the pKa are related to
the'polarizability of .the basic site to Which the proton
or the.methylmercury is bonded. Similar‘relationships

of the spin-spin coupling constantpof‘methylmercury‘
carboxylates in chloroform solution'(47) and in'aqueous
solution (46) to the pK of the Carboxylicfacid have been
reported Goggln and coworkers (48) also found that the .

spin- Spln coupllng constant depends on he llgand in

_methylmercury.complexes, ooncludlng that the coupllng

constant g;ves a measure of the metal- llgand bond strength

or at least the s-orbltal contribution to 1t.r Scheffold
(49) reported a - llnear relatlonshlp between the spin-spin
coupllng‘constants and the formation constants Of'meth 1-
mercury'complenes’of cyanidef thioSulfate; and,thed,a {\\\

R

The spln-spln coupling constants of a number of

methylmercury complexes reported in: the llterature are |

,given in Table 2 ‘This data 1ndicates that thlS coupllng '

: constant depends on the nature of the metal-ligand bond i

“and that 1ts magnxtude can be correlated to the: donor

'atOm of the llgand.: Because of thls dependence, it would

" .seem that the llgand to whlch methylmercury is bonded in

\natural and bxologlcal systems could posslbly be identx— L

,.—

‘fied from the magnxtude of the coupllng constant of

methylmercury in these systems.~

In Chapter IV, the nature of the binding -

»
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TABLE 2

The Mercury-Proton Coupling Constant of Methylmercury

in Selected Methylmercury Complexes

CH

. Donor Atom. JCH H a
© Complex - of Ligand 379
CH3HgCN C | - 178.0°
A
CH4HgCl S a . 215.2€
+ S . . . . d i
CH3HgOH, - 0o - 260.07
S . ' 0 aC
CH3HgN03. o 227.0°
3Hg0,CCHy L 1233.3
CHHGNH CH : o8 2L
 Glutathione® . s . . 170.0%
i .
a) Hz |
}b) . 02CCH¢H2CF:¢NHTHCNHCHZCOZ' .
wu + . .CHx '
NEgt -I?HZ- \
. 'SH
C)”:PYiiaiﬁe éolutidﬁ: Réferén¢e'23}”j'
d) Aqueous’SOIution;fReference'46;'

e) Aqueous ‘solution; Reference 7.
[f).'Aqueoﬁs-SOlution;jReferenceflo.

d.

20



of methylmercury by selected inorganic anions

is characterized by nuclear magnetic resonance spectros-
copy. The spin-spin eodpling constants of these methyl-
mercury complexes is of interest because of the sensi-
tivity of its magnitude to the‘nature of the ligand. The
selenite complex of methylmercury was studied because of
the reported protectlng ab111ty of the selenite anion
‘against methylmercury.' The sulfite comﬂlex was studied
because of the similarity of the sulfite and selenite
anions,f Other selenium andbsulfur complekes of methyl-
mercury were-sthdied to provide'more iﬁformation about
"meﬁhylmergury-selenium aﬁd methylmercury-sulfur complexes.
Where possible, fermetion constants have been_determined
1for the complexatlon reactlons. In seVeral complexes, -

¥

estructural 1nformat10n has been obtalned from Raman

pectroscoplc studles to support the COHClUSlonS from the-

N NMRAstqdles.
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CHAPTER II

EXPERIMENTAL

A. Chemicals

Sodium sulfite (Shawinigan Chemicals), sodium
bisulfite (British Drug Houses), sodium sulfate (Allied
Chemicals), sodium selenide (Alfa Inorganics), potessidm
selenocyanate (Alfa Inorganics),bpotassinm.thioeyanete_
(Baker Chemicdls), and t~butanol (Fisher Scientific |
%Cempany) were used as'received and, -if ﬂecesséry,ktheir
solutions were standardized as described below. Sodium
selenite (Alfa Inorganics),fsodium sulfide (Bekef .
.ChemicaIS),'sodium selenate (Alfa Inorganics),.anﬁ methyl-
mercuric hydroxide (Alfa Inorganics)'wereAptrified"befere
their solutlons were standardlzed Purlfxcatlon and stand-~-
bardlzatlon procedures are descrlbed below. v D

bv"rAll other chemlcals were of the hlghesfﬂgradev
;commerc1a11y avallable and were used wlthout further

purlflcatlon.

B.. Preparatlon and. Standardlzatlon of Methylmercurlc

_ggroxlde SOIutlons

. The commercial methyimetcuric hydroxide contained
“1nsoluble ‘material and an acetate 1mpur1ty.-*The'écetate'
_1mpur1ty was lndxcated by a. sxnglet in the protSh magnetlc
resonance spectrum at 1.91 ppm downfxeld from the methyl

'resonance of sodlum 2 2-dlmethy1 2-sxlapentane-5—sulfon1c A

22
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ac1d (DSS). §o remove the insoluble fractlon, an approx-
1mately O 4 M~solut10n of methylmercuric hydroxlde in
trlply-dlstllled water was passed through a 0.2 micron
.hembrane filter three times, or until the eolution re-
‘mained clear. The filtrate was then passed through an
anion exchange column (Dowex 1-X8) in the hydroxlde form,
vto replgge the acetate ions' by hydrox1de ions. The
acetate could have been present as CHBHgOAc or as some
other acetate salt. The catlon of the acetate 1mpur1ty
was determlned by analyzlng the stock methylmercury
solution, Q%

Fitst, the total hydroxide.CQDCent:ation of the
solution was determinedhby'adding'e3Smeilvexce53 of
sodium thlosulfate to dlsplace the hydrox1de from the
‘ methylmercurlc hydrox;de, accordlng to Equatlon 7. The
"hydrox1de was then determined by potentiometrlc~t1tratioh '

»

2- L. L
CHyHGOH + §,03°7 3 CHjHgs 03" + OB - (1)

2
withfstahdard nitric“acid} ThlS total hydroxlde concen—
tratlon would be equal to the methylmercury concentration
only if no other catlons were present 1n the solutlon |
.The presence of Sedlum was 1nd1cated and 1ts concentratlon
'evwas determined by flame photometry.v The methylmer:ury

’concentratlon of the same solutlon was determlned by the

sodlum chlorlde tltratlon method descrlbed below. .The‘e
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results of these analyses showed that the total hydroxlde
concentratlon was equal to the 'sum of the methylmercury k
concentratlon and the sodium ﬁ?n concentratlon.v Thls in-
dicated that the methylmercury stock solution conta1ned
methylmercuric hydroxide and sodium hydroxlde- . The
sodium hydroxide was formed'whgnﬁthe sodium acetate orig-

. '
inally present in the commercial‘reagent'wasapaesed
through the anion exchange columa. - o

, The stock solutlon of methylmercurlc hydroxlde
was standardxzed by a potentxometrlc tltratlon w1th
standard sodium chlor1de solution, wh;ch was prepared by

‘welghlng drled reagent sodlum chlorlde as a prlhary' '
istandard. Thls methylmercury standardizatxon procedure
1s based on’ the reactlon of chloride lOﬂS w1th the L
methylmercury catlon to form methylmercurlc chlorlde.;

This equlllbrlum is descrlbed by Equatlons 8 and 9. ) hei'

formatlon constant of methylmercurlc chlorlde 1n aqueous o

CHyHgOH,” + C17 3 CHJHGCL +.H0 .. (8) oo
[CH3H9C1] S
K = e

[CH HgOH2 }[Cl ]

solutlon is l 78 x 105 (1) To minlmlze competltxon be-’
tween hydroxlde and txtrant for Cﬂ3ﬂg ,‘tbe tltratlon was .

performed at pH 2 where the major fractlon of methyl- ij_@



."/)

'hercury exists as the‘hydrated Cation." The titrationvwas
carried out in an ethanol—water solvent system to 1ncrease
the formation constant of the methylmercuric chloride.
compfex, and thus 1ncrease the sharpness of the break in
the titration curve at the endp01nt An 80% ethanol by
volume solvent system was adopted as the optimum titratlon
medium ' The endp01nt was determined potentiometrically
.dsing a Silver/Silver chloride 1ndicat1ng electrode and

‘_a saturated ca10mel reference electrode. In the 80%

'ethanol by volume titration medium, the potential changed

approximately . 200 mv on g01ng from 1ls before to l% after

- the endpoint, The concentration of a typ1ca1 stock solu-i"

tion was found after four such titrations to be 0. 4303 L

0. 0004 M methylmercury

c. Pregaratlon and Standardization of Ligand Solutions

'Sodium Sulfate and sodium selenate were used as.

_the source of the sulfate and selenate ligands. The"
_ AR

.sod:%m selenate was recrystallized from ammonlacal solu-

'tion to remove traces of acetate which co-preCipitated
h

rfrbm water., Stock shlutions of about 0.4 M sodigm sul-'

fate or 0 4 M sodium seleaate in triply—distilled\water

'rwere standardized by aﬂpre01p1tation titration w1th
standard lead nitrate 1n acidic 80% acetone medium (50).
*Dithizone was used to locate the endp01nt The lead

Y
. n1trate ‘was standardized by‘pa551ng aliquots of the stock
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- solution through a cation exchange column (Dowex SOW—XB)

“in the hydrOgen form to replace the lead ions by protons.v‘

The number of moles of ac1d in the effluent, equal to

twice the number of . moles of lead 1on 1n the allquot was

.selenrte In trlply-dlstllled water were prepared frOm the_b

"_then determlned by tltratlon w1th standard sodrum hydroxlde

':to a methyl red endpoint

A solutlon of sodlum selenlte, the source of the

selenlte llgand was purlfled by flrst fllterlng off the

‘1nsoluble materlals. The sodlum selenlte then was

I

llsolated ‘from water soluble 1mpur1t1es By recrystalllza- h

tlon. Stock solutlons of approxlmately 0.4 M sodlum 3

'purlfled solld and were standardlzed by potentlometrlc

w

tltratlon w;th standard nltric ac1d.

Sodlum Sulflte or sodlum blsulflte was used as the

source of the sulfrte-llgand The sollds were analyzed

‘by oxldatlon w1th excess 1od1ne followed by back-tltratlon o

”,with standard thlosulfate, accordlng to the equlllbrla

- t

represented by Equatlons 10 and ll The_standard‘thlo-_f

P

803 * I+ M0 3 SO 4zH-+2T L (10)
T+ 25057 1 21 +5,08 - Bt

sulfate solutlon was prepared by welghlng the anhydrous

s reagent as a prlmary standard and the resultant solutlon

26



“1pr1mary standard pota551um hydrogen phthalate.'

@

was used to standardize the iodine.solntion; Starch was
used to locate the endnoint; | | | |

' Approximateiy 0.4 M stock soiutions of potassium ‘
thiocyanate in.trrpiy:distilled watEr.were»standard;zed
by'a Volhard.titration with-silverdnitrate usingvferric:'

aluh to locate the-endnoint~f51i‘ xTﬁenstandard siivérf

vnltrate was prepared by welghlng the reagent as a prlmary _
,standard and d15501V1ng 1t 1n chlorlde free dlstllled o

' water.

Nltrlc ac1d solutlons were prepared by dllutlng

concentrated nitric ac1d and were. standardlzed against h

fprlmary standard mercurlc oxlde (52) : Accurately weighed

.gsamples of dry mercurlc ox1de plus a flve-fold excess of

potassxum lodlde were dlssolved 1n water.. The mercurlc

oxlde reacts w1th the 1od1de to form two equlvalents of

,hydroxxde;;accordlng to‘Equatlon-l2.uvThe=n1trrc.ac1d

*

'ﬁ§0'+ 41-14-3 o ‘+7-H¢i-é’43zbnfls.f.J;T}(lgyvf"
20 3 ey vEOR. o GA

'_solutlon was standard;zed by tltratlon of the hydroxlde' »

-~to a phenolphthaleln endp01ntL

Standard solutlons of base were prepared by dllu—

- tlon of saturated, carbonate-free sodlum hydroxxde wlth

carbon ledee free dlstllled water. These solutlons
',were standardlzed either. by titratlon w1th standard

“nltrlc acld “or by tltratlon aga1nst known amounts of :

.
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Df:_pﬂ'ﬂeasurenents'
prmeasureménts were carried out at 25 ; l;C with
an Orion ﬁodel 891 pH meter equlpped with a standard '
glass electrode and a flbre junction saturated calomel
.'»reference electrode. ”Flsher Certlfled:standard-solutlons5.
bvhav1ng pH.values of 4. 00 '7.00 and 10. 005at';S°C |
',(pota351um blphthalate, potassxum phosphate, and sodlum :_‘
,borate, reSpectively) were used to standardlze the pH |
meter.u : | - |
pH measurements were converted to hydrogen 1on..'
f.concentratlons us1ng act1v1ty coeff1c1ents calculated by
'the Davies Equation  (53),. Equatlon 13. The. Davies N

'»equatlon estlmates the act1v1ty coeff1c1ent y of an ion,

“logy; o 511(1)’* \ o (13)
L = 021
g 1+l 5(1)" SRR
- f”",‘ S ;lrv' _5?2’

»euijaOprbargs;ziﬁftém;the;ionic&strepgth;_;y of the solu--

'”E Solutlons for Nuclear Magnetlc Resonance and Raman »

Spectroscoplc Measurements

glﬂ‘ NMR Experlments SR
' Solutlons used in the nuclear magnetlc resonance
jb~mt-:asurements were prepared 1n trlply—dlstllled water from

pipetted amounts‘of stock methylmercurlc hydroxlde solutxon o
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and weighed or plpetted amounts of thebligand. 'TQbutanoh
was added for an internal chemical shift reference _
-at ‘an approx1mate concentratlon of one third the methyl—
mercury concentratlon.. These solutlons were, typically,
O.l M in methylmercury. The sulfite, selenocyanate, and
selenide 1igands.are Sensitlve'to air, and solutions con-
taining'these anions were prepared in an'argon or nitrogen
Jatmosphere;fusing.an appropriate.amount‘of the crfstalline
‘salt of the llgand and spectra were ohtainedhimmediately‘
"after sample preparatlon.e

‘For chemical Shlft or sp1n-sp1n coupling constant
measurements as a functlon of pH, solutlons of methyl-
'mercury to llgand ratlos varylng from one-quarter to four
- were prepared. Inltlally, the solutlon was ac1d1f1ed to
-about pH 1. Then base was - added and samples were w1th— |

drawn at approxlmately 0. 4 pH unit 1ntervals untll about

-pH 12. Typlcally, twenty to thlrty 0.4 ml samples were"

‘l'requlred 'to cover the pH. range 1- 12 ~In thlS way, the -

'solutlon 1on1c strength remalns almost constant throughout
B the experxment._ For example,‘a solutlon containlng -

0. 0538 M methylmercury and 0. 201.M sodlum sulfate was
‘ac;dlfied w1th nltrlc acxd before samples were w1thdrawn.
-'051ng the formatxon coﬁstant of methylmercurlc sulfate
.calculated 1n Chapter v and the K 's of the llgand the .
‘ concentratlon of each solutlon specles, and thus the

flonlc strength of the solutaon can ‘be calculated at. any pH.-
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'The ionic strength of this solutlon varled from 0 55 to
0. 74 on golng from pH l to pH 5, the data.reglon used for‘?%\
calculatlng formation constants of thls system. Concen- '
-trated nitric ac1d and pota551um hydrox1de solutlons were
used to adjust.the pH.~ Sodium hydrox1de was used rather
than pota551um hydroxlde 1f the solution: contalned the
perchlorate anion. In some experlments 0 3 M potaSSLum
nitrate or sodium'perchlorate was added to maintain a
high.but.constant ionic strength. -

-. For mole ratio experiments performed at‘constant
'pﬂakthe requisite amount of 1lgand and methylmercury were:
.mlxed the PH adjusted and a sample w1thdrawn. More "'
llgand or methylmercury was added to the solutlon and the
same procedure followed for adjustlng the pH and with- ,
draw1ng the sample. The concentratlons of llgand and |
methylmercury were corrected for the changlng solutlon
volume, but because of the hlgh concentratlons necessary
lfor‘NMR experiments (greater than 0. 05 M methylmercury
to observe the satelllte resonances),’no attempt was made
Jto control the 1on1c strength whlch therefore varies
‘ more 1n mole ratio experlments than 1n pH varlatlon':

experlments.

2. Raman Experiments.

Solutlons used in the Raman spectroscopy : L
measurements were prepared in. dlstllled water from the <_

'requ151te amounts of methylmercurlc_hydroxxdepsolutlon

&



_and llgand. Solutlons contalnlng the sulflte llgand were
;prepared 1n.an argon atmosphere to minimize aY¥ oxldatlon.
The methylmercury to llgand ratios and solutlon pH s
‘_chosen were those whlch based on calculatlons u51ng the
formatlon constants derlved from the NMR experlments,
contalned a maximum concentratlon of the de31red methyl—
_mercury spec1es. ‘The samples were sealed into glass
capillaries (o.d. 1 5 mm)

For experlments 1n which quantltatlve information
- was obtained from:the 1nten51ty of selected Raman bands,'
Athebmethylmercuryesolutioh:was titrated with standard p
perchloric acid, while withdrawinglsamples at apprQXimately
0.5 pH unit intervals.- The known amountbof perchlorate
~ ion present in each sample served ‘as an 1nternal inten-

slty standard for the measurement of each spectrum

F. .Proton Magnetic”Resonance'Measurements

Proton magnetlc resonance spectra were obtalned
'on a Var1an~A60-D spectrometer at a probe temperature of
.25 + 1°C. The temperature of the probe was determlned
..by measurlng the potentlal of a copper vs.. constantan

’<thezmoczuple 1nserted in the probe.

pectra were recorded -at sweep rates of 0. l Hz/sec e

for the chemlcal shlft measurements and 0. 5 Hz/sec for
'f_;the spln-spln coupllng measurements., Reported data are

“the average of at 1east three scans. Chem1ca1 shlfts were

[
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: meaeured relative to the t—butyl'resohgﬁoe of internal
t-butanol but are reported reietive to the methyl resonance
of sodium 2}2Fdimethy;—2-eilapentane—sééulfonio acid (DsS).
Positive shifts correspond to:reeonénoes'of.protone'lees’“
-shielded than those.of the'reference,"The't—butyl
tresonanoe of t‘butaﬁol is 1;24 ppm*downfield from the
methyl resonance of DSS | - .‘ |

The sweep widths of the NMR recorder were calib-
rated b sideband procedure. A Hewlett-Packard, Model
~200AB audio osc1ll§tor was used to provxde 51deband sig-
" nals of a TMS resonance in a chloroform sample.' The fre~
| quency of the sideband was coMn:gd w1th a Hewlett-Packard
"Model 5307A High Resolution Counter. For recorder callb—
ration, the shift of the sideband from the main sighal,
as indicateo by the oalibretiongmarkinge of,the'recoﬁﬁen
- paper, was matched to the counted frequehoyrgeﬁerated by |
the audio oscillator. ..Q,' ‘é} f - t :”-‘ . o |

7

G. . Raman Spectroscopic Measurements

Raman'5pectra were excited QithAthe 4880 g line

of a Coherent Radlatlon Model ;2 Ar laser, which pro-
? duced ca. 200 mw at the sample.‘ The Raman: scatterlng :

- was’ dlspersed w1th a Spex 1401 double monochromator and
‘detected w1th an RCA C31034 photomultlpller tube. Ramqp t .
'o spectra were recorded throughout the range Av #_56jei'f:ﬂ>4

‘j4on.cm },"-:’



o pected to be small relatlve to ‘the uncertalntles 1ntro—“5

. before and after running each spectrum and the 1nten51t1es

To. obta1n 1nten51ty measurements on selected ‘Raman

bands, the vl of the perchlorate ion (at 929 cm ) was -

used as an 1nternal 1nten81ty standard It was recorded

averaged. . The intensity of the 504 cm -1 band of CH3HgOH,

relatlve to the. 1nten51ty of the perchlorate vl, was

determlned by addlng sodium perchlorate to a standard

methylmercurlc hydroxlde solution. Because of the

-_approxlmatlons necessary in the use of 1ntens1ty -data, .

",-by Equatlons 14 ‘and 15, where L is the. llgand and CH3HgL

:fills the cdﬁ%&ex. e _' o ' u\ o

the observed Raman 1ntensrt1es were not corrected for'

dlfference in refractlve 1ndex, such correctlons are ex-

duced by the approxlmatlons (44).

H. Determination of Formation Constants by NMR

Spectrosdopx

The formatlon constants of the methylmercury com-

.

plexes descrlbed 1n Part I of thls thesxs were calculated'f' -

from the chemlcal Shlft and the mercery-proton coupllng

constant of the mcthyl protons of methylmercury in solu-’

tlons “of known pH and known methylgercury ‘and’ llgand

'concentratlons. Formatlon constants of methylmercury

-complexatlon reactlons, represented by KF are deflned fd

L4
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.HgOH

CH3

+ | | o ' L
s  * L FH3HgL + HZO : (14)

_ [cﬁ3nng
Ke = s , (15)
| ,[CH3HgOhZ ][L]< ’

In labile systems such as those studied in this
thesis, the methylmercury is exchanging between its
various free’andbcomplexed-forms. The‘rate of this ex-
change is’fast on the NMR time scale, that is, the inverse

; of the lifetime of the free and complered.forms is some-
- what greater than 2nA6 where AS§ represents the separation
'1n Hz of the resonances of the free and complexed forms.

+ When this’ exchange is fast, an exc hange-averaged resonance
A“ulS observed for the methylmercury The observed chemlcal
Shlft, and srmllarly the sp1n~sp1n coupllng constant, 1s
‘a weighted average of the chem1cal shlfts of the varlous '
i«_methylmercury'forms,' The observed chemlcal Shlft Gobs’h-

"is.described.hv-Egﬁatlonuldgwhere 6f represents'the
ape = PeletRS, a6
'_:chemlcal Shlft of the free methylmercury and 6 that of
the complexed methylmercury. ' fzand P are the fractlonsll
*of methylmercury in the free and complexed forms, such .

that Pf + P 571; 051ng thls relatlonshlp, Equatlon 16
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can be rearranged'to-Equation 17 which shows that the

fraction of methylmercury in the complexed forﬁ can be

. pc‘. = ey o (17)

calculated from the'obServed chemical shift and the chem-

ical'Shifts of the free and complexed methylmercury.

. Thus, for each data point, the concentration of complex

is equal to P, times the total methylmercury concentration -

and the free ligand concentrationmis equal to the total .
llgand concentratlon mlnus the complex concentratlon. The
formatlon constant of the complex was calculated for each

data p01nt from Equatlon 18 ‘and the total methylmercury

P [CH3Hg Jtotal

— - .(18).
[C*‘a’*g ] “{“‘]total - P [CH;Hg ]total}

‘and llgand concentratlons, [CH Hg ]total and [L]total'-'

o a represents the fractlon of llgand in the form avallable

for complexatlon and depends only on pH [CH Hg ] is -"

dependent on the total concentratlon of free methylmer— -

cury and is calculated from the formatlon constants of

the hydroxlde and dlmerlc methylmercury 5pec1es.__
Por the systems studied in thlS the31s, P and Pf

vary between zero "and one as the pPH is changed.~ This 1s

due to competlng equllbrla, at low pH, protons and the

35



-methylmercury cation are competing for the ligand, while
at high pH; hydroxide and ligand are competing for the

methylmercury. In order to determine accurate formation

constants by the method described above, it is necessary

to adjust solution conditions to ensure a significant ‘

fraction of methylmercury in each form, usually at least

ten percent. When this is the case, § generally

obs
differs significantly from both §_ and &,

formation constant can be calculatéd from Equations 17

and 18.

and the P, .and
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. CHAPTER ITI

METHYLMERCURY SPECIES AND'EQUILrBRIA IN AQUEOUS SOLUTiON

A. Introduction

The aqueous solution model usually used in'methyle-
mercury complexation studies' is that’repoftediih 1965 by
Schwarzeribach and Schellenberqg . (1). From'potentiohetric

titfetion data for solutions of.tdtal methylmercury,conf‘

-4 -2

centration ranging from 5 85 x 10~ M to 2.19 x 10 © M,

they found ev1dence for three methylmercury species:

CH HgOH (éh 4Hg), ont and CH3HgOH. The equ111brl&f

3
relatlng these three spec1es are descrlbed by Equatlons

19-22. Schwarzenbach and Schellenberg obtalned values'

V?H339°H2. + OH 2 CHjHGOH + Hy0 (19)

: [CH3HgOH1 o o %
d - y - —_— - : (20)
- ICH3H90H2 ][OH ]

R

T S S NN
| CHJHGOH," + CHyHgOH 3 (CHjHg) 0" + B0 - (21)

.. [{CHgHg),0H'). .1 . ..
B T Yo Sy
ICH3HQOF2.][CH359031 AR

”“,fof 2 34 x 109 and 2. 34 x 102 for Kl and Kz respectlvely,

‘"Tfrom thelr potentlometric tltratlon data.' Accordlng to

. z..-.

Y
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the Schwarzenbach model, methylmerdﬁry exists as a
hydrated catlon, CH3HgOH2 ' at low pH. At high pH the
methylmercury catlon reacts with hydroxlde to form |

ethylmercurlc hydroxide, CH3H90H. At lntermedlate pH

both these species are present, as well as the methylmer-‘.

cury’ dlmer, (CH Hg) on* ' formed by reactlon of the

_methylmercury cation w1th methylmercurlc hydroxlde.

wOodward and coworkers (54) 1dent1f1ed the specles'f

CH3HgOH in agqueous solutlonvby Raman spectroscopy. They '

[ N

also a551gned a band in the Raman spectra of methylmer—

cury solutions at neutral pH to the specles (CH Hg) ont

'(43)._ Thls asslgnment of the Raman bands of CH3HgOH ‘and 7':

‘(CH3Hg) OH has been cr1t1c12ed by Green (20) on- the.'a ‘

ba51s of the report by Grdenlc and Zado (19) that CH HgOH;'

~does not exJ.stl except 1n dilute. solutlon as: the dlssoc—"”

iatlon product of l(CH Hg) O]OH., Grdenlc and Zado clalmed

‘ijto have prepared [(CH3Hg)BOIOH by a react;on between‘

;[(CH3Hg)3O]C104 and KOH in- methanol They concluded from )

'»conductance data that (CH3Hg) ot is stable in alkallne
methanol solutlon and thus, that the compound prevlously f
thought to be CHBHgOH is. actually [(CH Hg) O]OH or 1ts

' *dehydratlon product. Lorbeth and Weller (55) have shown'

" that the compound reported to be [(CH.Hg) O]OH by Grdenlcf,~
l,jand ‘2ado is a- hydrate of (CH ng) o, HoweVer, Grdenlc and'fr

‘1Zado dia observe the prec;pltatlon of a small amount of

'v'[(CH3Hg)3O]C104 from a concentrated aqueous solution of Lo

a

?)', \ .
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methylmercurlc hydrox1de tltrated with perchlorlc acxd

‘which 1nd1cates tégi ‘some trlsmethylmerourloxonium 1on

must be present in aqueous solutlon.' Thus, to fully

~describe the chemlstrx of agueous methylmercury solutlons

»
more concentrated than those of Schwarzenbach and
\

Schellenberg, 1t may be necessary to include the spec1es

'(CH Hg) 0 , the formatlon of whlch is represented’ by

tEquatlons 23.and_24,<

s ‘ ' e
A + R -y
CH,HQOH + (CHgHg) OH 3 (CHyHg) ;07 + H,0 (.23.). |

' ok o o
I‘CH3H9)30 ] ]
Ky = . —— - — . . (24)
Yo :IQH3HgQBl[(CH3Hg)20§ ] ,

C

2

In thls chapter, NMR and Raman results are reported

. for the aqueous solutlon chemlstry of methylmercury (26)

These results %xdlcate that the SChwarZenbach and

'Schéllenberg model accounts for most of the . methylmercury d

1n solutlon, except at hlgh methylmercury concentratlons o

in whzch some trlsmethylmercurloxonlum ion forms in the

.neutggl pH reglon. -The chemlcal Shlft and the spln—spln

OUpllng constant of the catlonlc, hydroxlde, and dlmerlc

'Spec1es>of methylmercury in aqueous 901ution are aIso

: reported

? .
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'B. Results and”DiscuSSion‘

A ‘ectrum of methylmercurlc hydroxlde in

aqueous solutlon at pH 12 0. is shown in Flgure 1. The»
central resOnahce 1s due to the protons of methyl groups v
‘bonded to 1sotopes of mercury hav1ng nuclear spln of zero,

’,

‘whlle the satelllte resonances are due to protons of

methyl groups ‘bonded to }99Hg, the 1sotope hav1ng nuclear‘ ‘;.
p1n one—half (16 9% natural abundance) It. was p01nted -
out in Chapter I that both the chemlcal Shlft of the

;-methyl resonance and the mercury-proton coupllng.constantf‘
'(the separatlon between the satelllte resonances) are
-dependent-en the nature “of the lmgand coordlnated to the..i~'
\methylmercury | ‘ o p» _ .

) The chem1cal shlft of the methyl resonance and the A
'spln—spln coupllng constant of methylmercury in a solu-‘.b
vdtlon contalnlng no coordlnatlng lxgand other than wateri
‘are pH dependent. !he‘chemlcal Shlft of methylmercury ,”'z;.,:;
in.a 0. 190 M aqueous methylmercury solution is presented E

'bas a functlon of pH in: Flgure 2., The coupllng constant

~i'of methylmercury in the same solutlon 1s presented as a

.functlon of pH in Figure 3 These chemlcal shlft and
.vcoupllng constant trtratlon curves can be explalned 1n
terms of the model representedvby Equations 19-24 whlch
't-descrlbes th!.aqerus solutlon chemistry of methylmercury.r
Accordzng to thia model the fract10na1 concentratlons of.

each methylmercury species ath glven pH will be dependent o
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CHEMICAL SHIFT, ppm vs T™MA

209F

;.. 205

225+
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1pﬁgdé§endénce§of‘£hé chemical shift of the
methyl protons of methylmercury in an agueous

solptioﬁchntainingv0.190-M"mqthylmercury.

~_The chemical shift is reported relative
to the central resonance of the tetra-

o méthYlammoniunyion'(TMA)’triplet;

XY

a2



260 |

»

SN
N
o.

i

'COUPLING CONSTANT, Hz
»
-

P3

r 4l

¢ ' ! . . e V¢ . -

I R &

_methylmercury. '

1 : ; '
0 30 50 70 90 10 130
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‘spin couplingiconStant’of’methylmercuryzin‘“
an aqueous solution containing 0.190 M

v

43



44

on the ‘total methylmercury concentratlon, due to the un-
symmetrlcal nature of the equillbrla describlng the form-

ation of (CH Hg) on’ and (cH Hg)30 . Addltlonal chemical

. shift data, shown in Flgure 4 for total methylmercury

L methylmercury and 0. 25 M

.concentratlons ranglng from 0\245 M to 0. 213 g 1nd1cates

fthat the predlcted concentratlon dependence is observed o
< in aqueous methylmercury solutlons. | |

o The aqueoustolutlon model for methylmercurf also
'predlcts ‘that the: spec1es dlstributlon ‘will" be pH depeni
',:dent, w1th CH3HgQH2‘ predomlnant at lon PH, a mlxture oﬁ;ﬂ
all spec1es at 1ntermed1ate .pH,. and CH3Hg0H predomlnatlng
fat hrgh pH.s The methylmercury ‘chemical Bhlft and coupllng
constant data presented in Flgures 2 and 3 show- that the
'Achemlcal shlft ‘and the coupling constant change by 0 273
ppm and 57 0 Hz, respectrvely, as the pH is 1ncreased
1from 0. 26 to ~9 and then remaln constant as the pﬁ is-
plncreased further. Other experlments have shown that,
' at pH greater than 9, the chem1ca1 shlft remains constant

-3

;for solutlons ranglng from 4 37 X 10 M to 0 45 M methyl-:‘

‘ fmercury, Also, [ (CH; Hg) O]CIO4 does not prec1p1tate'f._ p

from'a pH 12 s containing 0. 43 M methylmercury

”aha'o 49 fNaC164g‘wherea' it will form in a 0.51 M~
aClO solutaon at neutral pH
:suggestlng that the concentratlon ‘of (CH Hg) 0 is lessl
.:ln ba31c solutlon than at neutral pH. * These results

indlcate that CH3HgOH is the predomlnant specles at pH -

g
N
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CHEMICAL SHIFT, ppm vs TMA

235
231
227

219

-2l

o7l

23t

25k

pH dependence of the chemical shift of the
~methyl protons of methylmercury:in aqueous
. solutions containing 0.0451 M methylmer- -
- cury (half-open points), :0.0901 M methyl~. . . -
_mercury (open points), and 0.213"M methyl- .
“mercury (solid points). The chemical o

shift. is reported relative to the central’
resonance of the tetramethylammonium o

..;ion (TMA).trip1e£;f :

- A
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showed bands at 63, 134 -550, 562 and 919 em

greater thap 9 at these, and lower total methylnercury
concentratlons; as’ predlcted by the Schwarzenbach and
_ASchellenberg model (1)'. ‘ | _

| The'non-sigmoidal,nature of.the'chemical shift
titration curves, presented in'Figure 4,'confirms that
specieslin additionhto CH3HgOﬁ and CH3HgOHZ+ are present

in the pH region 1 to 8. It is not possible to observe

_ the different species directly by NMR since time-aVeraéed.

‘spectra are observed for rapldly ‘exchanging systems such

as methylmercury. However, Raman spectroscopy is capableA

of establlshlng the presence of p0351ble methylmerdury
' spec1es in solutlon if bands specxfxc to the 1nd1v1dual

‘spec1es ‘are observable.

. wOodward and coworkers have reporte the posxtlon

"of Raman bands spec1flc to the spec1es CH HgOH (54),

-_(CH Hg) OB (43), and CH3HgOH (25, 48), and the Raman ‘

| spectrum of the (CH, Hg) O ion (56) In collaboratlon o

‘.;w1th Dr.. C A. Evans, Raman and’ 1nfrared spectra of
",crystalline [(CH3Hg)30]C104, prepared by the method of
'Grdenlc and Zado (19), were recorded to determlne the

fbands characterlstlc of (CH Hg) 0 The Raman spectrum
1

""the c1o bands. Except for solvent bands, the Raman3

4.

t.lspectrum of methanol and nltromethane solutlons of

:[(CH3Hg) 0C10 ] are 51m11ar to those of the SOlld whlch

: 1nd1cates that the trls spec;es 1s undlssoclated in these,

. .

Ty excludlng'

. 46
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solvents.' However, the spectrum of:a saturated aqueous
solutlon of [(CH3Hg) O]ClO4 shows only oneuintensevband_,p‘

in the reglon 500-600 cm 1, and some weak bands in the

reoion 400-500,om;1. These changes in the Raman spectrum~
. can be interpreted in terms of hydrolysiSKof_the:eation;‘*
T'Grdenic and Zado (19) concluded from conductimetric
titrations of methanolic solutions of trismethYlmercurif"
-oxonium salts with methanolichOH that (CH3ﬁg)36+ is
'undissociated‘in alkallne methanol solution./~To deter-
mine if this is the case, the chemlcal shlft and mercuryl
proton coupllng constant of methylmercury were - monltored"
"as methanol solutlons of [(CH Hg) O]C104,were titrated
.Wlth methanollc KOH A 31m11ar experlment was performed
.1n aqueous solutlon. The chemlcal Shlft results, whlch
.are presented 1n Flgure S,ﬁﬁndlcate that (CH Hg) 6s 1s
lnot stable 1n elther alkallne methanol or alkallne '
‘;aqueous solutlon. The Raman results descrlbed above,
and’ the stoichlometry of the t1trat10n suggest that, 1n
_aqueous solutlon, (CH3Hg)30 hydrolyzes to form CH3HgOH
~ and (cu Hg‘)'20H . When base is added, the (cn Hg)zoﬂ
n*‘then reacts to form CHBHgOH. In. methanol, undlssoc1ated
'(CH Hg) O reacts W1th hydroxlde, probably to form- i

"CH HgOH and (CH Hg) 0. These results are conSLStent w1th

3

'.fthe report of Lorbeth and Weller (55), that the substance

hclalmed to be. [(CH Hg) OIOH (19) is actually the hydrated

- Odee, (CH Hgkzgjxﬂ 20+

~



CHEMICAL SHIFT, ppm.vs TMA
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C-. 000 050 o 1000 1507 - 200 .
L moles KOHImoIes (CH3Hg)30ClO4 '
f?iéhre;sa NMR. chemlcal shift tltratlon curves for the‘

. titration of 0.076- g of [(CH,Hg)301010~ in

- 80 ml of water with 1.0 M aqueous KOH (open
‘points) ‘and for: ‘the titration .of 0. 076: g of:

- ‘[ (CH,Hg) 30]C10, in 80 ml of methanol with
1.0M methanollc 'KOH (solid points). The

~ chemical shift is reported relative to =
‘the central resonance of the. tetramethyl—»'

‘:A ammOn1um ion (Tﬁé) trlplet
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,
" Thus, the Raman spectrum of a saturated solution
of.[(CH3Hg)3O]ClO4 indicates that there is very little

+ . o [3
(CH Hg)30 present in aqueous solution, even when the

3
solution is saturated. Therefore Kl and Kz,‘the formation
constants of the methylmercuric hydroxide and methylmer-

cury dimer species (Equations’19-22).were calculated from

>:,Hg)30 was present

»c‘--'

Then K3; the formation, cpnst'% .’”trls spec1es,_
' ‘—. 'A - i A - . N
emepnts.” The

b8 that this assump-

.;al_,

LA

. tion was Justlfleds
The values of Kl and Kz, the formatlon constants
of methylmercuric hydroxlde and the methylmercury dimer, .
were obtaxned from a nonllnear 1east squares fit of the
NMR tltratlon curve data. It was necessary flrst to L
evaluate.the NMR parameters for each of the methylmercury
spec1es detectable in an- NMR experlment. The chemlcal |
Bhlft of each methylmercury spec1es was obtalned from'
| the chem1ca1 shxﬁt t1trat10n curve data shown 1n Flgure 4.
. The Spln-spzn coupllng constants were obtalned from the;” n
coupling constant tltratlon curve data shown in Flgure 3
e'The chem1ca1 Shlft and couplrng constant of the catlonlc
'spec1es, CH3Hg0H2 have been taken as the 11m1t1ng Shlfts ,
Aand the 11m1t1ng coupllng constant at the ac1d1c end of

v‘the titratlon curves." Thxs is- dependent on the assumptlon o

,that all the methylmercury ls dzssocmated 1n thlS pH
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' data.»"
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. region and does not exist as CnaagONO . Clarke and

2
Woodward (43) determined by Raman spectroscopy that the

dégree'of‘diSsOciatioh‘of CH3HgON02 is similar to that

‘of.nitrio acid,“Or that the degree‘of dissooiation of

CH_HgONO,, is greater than'99,5%'fof the conditions of

3 2
this experiment., Thus thefassumption'is valié;. The
chemlcal shift and couplxng constant of e"species

CH3

HgOH have beﬁn taken as the llmltlng chem1ca1 Shlft
and coupllng constant-observedsabove pH 9, where all the .

methylmercury has been shown to exist as CH3H90H.- The

-NMR parameters of the dlmerlc spec1es, (CH3Hg)2OH cannot
be obtalned dlrectly from the tltratlon curves because

V_the methylmercury does not exlst entlrely 1n that one

form at any pH. However these parameters can be obtalned

from the nonllnear 1east squares analysis of. the tltratlon

By varylng Kl, K2, and G(CH Hg) 0H+' the observed

.fchem1Ca1 Shlft data ‘was fitted ‘to. Equation 25 whlch ex-

'.‘presses the chemlcal Shlft as a functlon of P, the

- .

s B b8 ot + P (e ) ol (CH.Ha) OH*
,Obé,l CH3H%” °3339,‘,,"°“3“9’29“"1¢“3F9?z°3

e -

"J‘f.'.ff'¢f+'PCHsﬂ§bHGCH;H§°H fo{e‘ﬁ,' ;t{tf'ﬂf .'(25)'~

” 3 s . . o . ‘ ‘ L

AT
t2

"flffaction"of”ﬁétﬁYlﬁeieﬁffieXistingfaszthekfﬁaioatedf"'

RS



spec1es, and §, the chemlcal shift of the 1nd1cated
spec;es. The observed coupllng constant data‘was fitted
' to a similar equatlon expressed in terms of the coupllng
constant of each spec1es, thus 1ndependently evaluatlng
,the coupllng constant of_the‘ﬂimerlc specles'as well as

Ky and K2. For‘a.ginen*data.point the ftaction of each
methylmercury spec1es was calculated from 1ts fOrmatlon‘
, constant (Equations 19 ~22) and the concentration of

cH HgOH2 ~ The concentratmon of CHBHgOHzi was calculated

3
for. each value of K, and Ky from Equatlon 26, Wthh 1s

derlved from the methylmercury mass balance.. The values
2x1x2[oH ][CH3dg']~ﬁ# {1 + K, [OH ]}[CE3Hq‘1

- cn Hg]totané\:. L )
' S f _ - S .

of Kl, Kz, and G(CH3Hg) 0H+ were varied untll the best

agreement was reached between the observed titration curve,

and that-calculated by Equatlon 26. This results.ln

vaiues of log kl = 9,29 and log K2 = 2.31 for the forma-

tion constants of methylmercuricthdroXide‘and'the methyl-

mercnty:di§2r.'tA summary of the NMpratametets deter- -
-‘nined above“fof'the'cn3ﬂéonz*-.(cn3ngjzon+, AndMEH3Hgon'
- spec;es is given in Table 3. | )

‘To determlne the\ pH dependence of the" trls methyl-‘
,mercury specmes, Raman spectra of a 0 510 M CH3HgOH |

'solutlon tltrated w1th 5.68 Msg;rchlorlc ac1d were :
' ) . w B o 1 ,

51



TABLE 3 -

Chemical Shift of the Methyl'Protoné énd'thé Mércuiy-
Proton Coupling Constant of Methylmercury in Aqueous

Methylmercugy Sgec1es ' . ‘.:
 Species ’ 3&&3& JQ;H'H;E
'5“3359“;+ Sl .1.095°, 3 : 260.0
xcn3agf on S - ‘6.997° B a 233.1
- CH3Hg6H i | 0.822° éoé;g'

O
-,

aJ. ppm vs. &Ssv :
b) Hz b B ,
c) Uncertalnty in thls value is i 0.002 ppm

52
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- major spec1es 1n aqueous solutlon, even when the solutlon

'”15 super—saturated w1th respect to [(CH Hg) 0]C104\ A

’ terms of MMt, the total methylmercury concentratlon, a' - ,”_'“ ,'

o [ r-, 2, LT

PO T A i Lo TR TabN D S N S B o Y R C et

Y

A
s

recorded over thewpﬂ,range 9 to 0.5 at -intervals of approx;
imately 0.5 prunit.' The high concentratigp was chosen_,

to favor the formation-of'(Cﬂjﬂg)jo*.‘ain’tﬁo of the

' samples, at pH 6.84 and 6.26, ‘crystals of [(CHjHg);01C10,

slowly appeared ' Flgure 6 shows the Raman spectrum of

' the solutlon at pH 6. 26 .and of the crysta&s whlch slowly

'appearedLﬁrom'thlslsolutlon. In spectrum A,.absence of

' the band at 500 cm 1 "the small sh}ft in the frequency -

and the change 1n the 1nten51ty of the composite band at
: o,

130 cm’l, as well as. the presence of the CH3HgOH band at
. “ ;:‘ “.

415 cm. -1 1nd1cate that the (CH Hg) 0+ cation is not a

.

- f‘ By monitoring the 1nten51ty of the 504 cm -1 Raman
o 5 .

bahd of CH3HgOH (normallzed relative to the perchlorate .

'Vl) as a functlon of pH the equlllbrlum constant for the

formatlon of the (QH Hg) 0 specxe?ﬁ K3, was determlned.. R

R

\.
From a con51deratlon of mass and charge balance eéuatlons,

Equatlon 27 was derlved. Equationr27 expresses Kq in-

. 5 v ’ . ' ' - . ’ » L
T e 2y (MM = y)(l My U 38
: | 2 2 @ _.-Ff{f .

‘;j- y)xzy - 3K2xy -
AR

Xy tﬁe.concentﬁatldn of ClO4 ’ and_y, the concentratlon B
, g s PR
of CH chﬂgggtermlned from the Raman Spectrum. In the T e

r . AT . i
derlvatlon of thls équatlon, 1t was assumed that S

T .
- -1
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¥ \"F'igure,G._ Raman Spectra of (A) a solut:.on superéat- o
L urated. with respect to [(Cl-lgl-lg) 30]C10; and &
of {B). the crystals wh:Lch separitgd ‘from s
. the solutlon._ , .
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sultingAin“a 1ue of K3_— 0.7-1 0.3

[Clo ] >> [OH ] once the titration has begun.drxs has'.o

'estimated in this manner at each p01nt in the tltration,'

where the 1nten81ty of the 504 cm -1 hand indicated that 3

a significant concentration of CH3HgOH was present ‘re-

Although thiSjvalue'of_Ks_laCKs-precision,.it is
expected to besof the correct»order'of'magnitude'and ‘

< ,
leads to some important conclusxons. Calculations of - .

spec1es dlstribution as‘a funct;on of pH 1nd1cate that,
for 0. 51 M methylmercury solution, the maxxmum coqcentra—
tion of (CH Hg) 0 is 0. 019 M and this .occurs . at a pH of
6 75, while, at methylmercg;y concentrations of 0 2 and

0 05 M, the maxlmum (CH Hg) 0 concentrations are 3 1 xf‘
3

"1_0'_' M(atpH64) and20x104M(atpH58) 'ThepH

dependence of the fractional concentrations of the Various

' speqiés in a 0 2 M methylmercury solution is shown in

Figure 7. These results are based on the aqueouiﬁagthyl-.‘n'

mercury solution model described by Equation3'19-24 w;th
logl(l-929 logK =231, andK3=07 »rheyind!b-—
ate that the Schwarzenbach and Schollenberg model accounts
for all but a small fraction of methylmercury over the B
pH range less than~l to greater than 13, at the methyl-.-

mercury concentrations'which have been used in most

Ty s

previous studies of the solution chemistry of methylmer- -777"fo

cury and in those described in Chapter Iv of this thesis.]?"

.
.,

-
3
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FRACTIONAL CONCENTRATION
1

"tions of ‘the méthylmercaxyrcontaining ,
‘species in.an'aqqgous,solqtion.cqntaining,u*
0.200 M methylmercury. The fractional
concentrations were calculated using con--
stants determined in ‘this thesis, ‘

- Figure.?7. pH dependence of the fractional concentra-. - -

R - _—
“
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CHAPTER IV

METHYLMERCURY COMPLEXES OF SELECTED INORGANIC'
~ ANIONS '

A, Introduction S

~ The results'of abstudy“of the'coor&ination of"f'
methylmercury by the 1norganic anlons sulfate, selenate,‘l
_sulflte, selenlte, thlocyanate, selenocyaﬁﬁﬁé;&lulflde,
and selenlde are presented in this chapter.' ‘These llgands

Lur‘~m7*were chosen because of the known affinxty of methylmer--"e

cury for sulfur-blnding ligands (l), and the reported
#iﬁf’-‘ablllty of Nazseo3 to. act as a protecting agent againstf<_
%ﬁ&bﬁﬁf methylmercury polsonxng (16) The complexatlon of ‘these.- \J/
’ .llgands by methylmercury was studled by NMR (57) '
-Saddltlon, structural #hformatlon was obtalned for some e.“‘
'-of these complexes by Raman spectroscopy (57)

.‘v. a '
o, TB. Results

A‘“f: Al ' The Sulfate and - Selenate cOmplexes of Methyl-i.

>
RANY

mercurx :;g; S
CaUR

. _ The ﬁinding of ;ethylmercury by tHe sulfate.r"
‘,uj f:and selenate*rigqus, so and Seo‘ i was investigated
. %by monitoring thp ipamical ff:ft and the mercury-proton
X “rbtons of'methylmercury ”

) ¢,.~,

?%g*li Sulﬁzte has been')f.:

o T el o
. reported to interact only weakly qﬂ( " (4
. :';-*‘ﬁ-.‘ff A e e T e
i T DT o



'.sulfate solution.. The chemical shift titration
"_for methylmercury alone and for methylmercury plgs sul- ;

ll-fate COinc1de above pH 1, but diyerge as ‘the pH is de-

E -

thereforeksolutions'containinq’four times’aS'muoh liband'

”.as methylmercury were used in these studies to maximize

the fraction of methylmercury complexed.

' The chemical shift of thecmethyl protons of methyl-

merCury-is presented-in Flgure 8 for both a solution con—

.taining only methylmercury (open p01nts) and a solution
ontaining methylmercury and sodium sulfate in a ratio

fof one to four (solid pOints) - The mercury-proton spin-

spin coupling constant data for solutions containing

’ methylmercury anq sodium sulfate in a ratio of one to .

g
A two is presented in Table 4. The spin—Spin coupling con-

'fstant of the one to four methylmercury-sulfate solution T

rwas too broad to measure, presumably due to exchanging

o
{

‘ligand and therefore the coupling constant data was

fobtained for the less ideal -one to two methylmeécury—

ves

:
\,_

|
creased, and approach e&ph other again at very low pH

‘-(<l ) | At low pH there is competition between hydrogen

ions and methylmercury for the 8042‘4, At very 1ow pH.'
'ﬁthe proton is more successful than the methylmercury, so
,’that a. large fraction of methylmercury exists as CB3HgOH2

"rather than as the sulfate complex. -This is indicated ‘

n

”lby the similarity of the chemical £hift titration curve

i

.> bf the methyImercury-sulfate splutisp to that of

P
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CHEMICAL SHIFT, ppm’vs DSS

'Q8O

0.88

104

ARF] o

096 |

ﬁH dependence of. the chemlcal Shlft of

‘the methyl protons of methylmercury in

an aqueous solution containing.0.100 M°
- methylmercury (open points) and in an

- agqueous Bolution containing 0.0532 M

.methylmercury and 0,213 M sodlum sul-
' ,tate (SOlld pointsru. : v

g
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TABLE 4

‘ Mercury-Proton Coupllng Constant as a Functlon of pH for
the Methylmercury in an Aqueous Solution Containing
0.106 M Methx;mercury and 0. 211 M Sodium Sulfate

o | - , NG
PH » L - :.I-CH_3'Hga':v' p
13,01 . . 1 203.0

T 100 o 203.0
.- 10098 - - - 202.9
.. e.al . 203.6
S 897 T T 20800
BRI -1 T 203.9
8.01 . o 20404
7.0 . . . -205.9
7.14 . . R '208.1
6.67 - . 21252
6.20 .. F . 219.0
‘5.6 . . . 22502
. s.07 - . 2319
. a3 ama
7t 401 . 242.3
S, 350 .. 2a1.1
Co3L02 ot 250.9
U 20800 . .0 2831
o 2,03 e . 285.8
S ocloa.se T 256,00
1003 . T T T 2872
- 0.68. . . - . 287.2

N

‘a) Hz j
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methylmercury alone in the very low pH reglon. ht hioh

PH, there is competltlon between hydroxxde ions and

llgand for the methylmercury. The c01nc1dence of the

fpchemlcal Shlft tltratlon curve, above pH 7, for methyl-.

' mercury alone wlth ‘that of the methylmercury plus sulfatev-

(.

_*‘solutlon lndlcates that, 1n thls 'pH reglon, the methyl—'

_ mercurlc sulfate complex is completely dlssoc1ated Thus,'

Nam i alh)
) .
. 4 :

the chemical Shlft tltratlon curves in- Flgure 8 1ndicate

that a methylmercury-sulfate complex 1s formed between

13

pH ~1. 5 and. 7'-:<1f»x.dfjf~’¥'f

The blndlng of methylmercury by the sulfate anlon

O

'fQ is descrlbed by Equatlons 28 and 29. The formatlon _' Lo
cu ﬁ oﬁ * ;’so 2- , cxH H‘éOf' +HO (28) R
CHgHgOHp W # 504 2 MHgR9%%a 7 %2m o P
[cn Hgon2 ][so ] - -
e N 2

constant,’KF, and the cﬁbmlcal Shlft of the sulfate-

.éﬁugpﬁiexed methylmercury were calculated from the chem1ca1 ";Qi

o
.

Shlft versus pH data of Fmgure 8 for the methylmercury-‘

sulfate solutlon.. The spln spln coupllng constant and

- an independéht measure of the formatlon constant of the

methylmercurlc sulfate complex were obtalned from s;milar

-'calculatlons w1th'the coupling constant versus pH data.

of Table 4. Thecfﬁgétional °°n°ehﬁratidnf°f'suifétef::

-~

ot seaine o Niaorahe

Bt AR R A 2
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- .
meﬁhylmercury in the complexed form. Consequentl

'value for 6 for each.ﬁ

o Sops ~ 8¢ .

6c‘is the chemical.shift'of'the compleXed'methYImercury,_
'6f is theishift of "free” methyimercury; and G.b is the
observed chemical‘shift,j'ln the pH range 1 5. to 7 where

_‘complexation takes place,-th “free methylmercury 1s a’

‘mixture of CH;HgOH,', (CH 3H), on*, and’ CHBHgOH.' The con-

»centration-of'the tr&B methylmercury spec1es, (CH Hg) ot

;was shown in: Chapter III to be negllglble at the methyl-

'mercury concentratlons used 1n thls work and therefore

'»has been lgnored The relatlve concentratlon of each

'Vfree methylmercury spec1es is dependent on pH and on P_,

o
'due to- the unsymmetrlcal nature of the equlllbrla des—

crlbed in Chapter III. Therefore Gf, the shift of the

41 free methylmercury also depends on pH and on Pf (26)
‘.

The chemlcal Shlft of the complexed methylmercury cannot

be determlned dlrectly) because at no pH 1s all the

6 -and’ the formatlon constant Inltlally, a chemlcal

"shift of 1 12 ppm was used for 6. o .whlc*lz 1s estlmated

\ "from considerzng the two tltratlon ‘curves. of Flgure 8

'P was calculated from Equatlon 30 usrng thxs 1n1t1a1 |

poxnt between pH 1 5 and 7 0

62



Since Gf is dependent on Pf in this PH region, 1ts value

must be determlned in a separate 1terat10n loop.. Thus,

‘the chemxcal shift of methylmercury alone at’ the same pH

‘as the data p01nt in questlon was used as. an lnltlal
estlmate of Gf in the calculatlon of P frOm Equatlon 30.

Pe was then calculated from the equatlon Pf =1 - P

fand a better value of 6 was determlned for thls Pﬁ from |

‘Equatlon 25, u51ng the NMR parameters of the free methyl-g

'mercury determlned 1n Chapter IIT and the concentratlon--

of each’ free ethylmercury spec1es.‘ The concentratlon of~

_ the methylmercury catlon was calc lated for a partlcularh

AN

Pf from Equatlon 31 Whlch is der1 ed from a mas$ balance

‘ ,‘on methylmercury and Eq*tlons 20 and 22 The concentra-

- tions of (CH3Hg)20H and CHBHQOH were then calculated

“ 2K, K, [OH"] [CHAH&1Z + 11 + K, [OH7] } ‘[cn H *j @
ARl 389 -+ Ky loR 17 [CHyHg )
LA L - A ) i3 LN
S "y . ‘ . : e Lo
- e . -k : Ly o

. . S
-

frpm Equatlons 20 and 22 and the concentratlon of»thei”

%63

catlonlc Spec1es obtalned from Equatlon 31 This’ procedurel-"

was repeated unt11 convergence was reached 1n the value‘

. '\

of Gf and in the correspondlng ‘value of Pc' usually 1n

less than five 1terations.; For each data p01nt the

o~

concgutratlon of the. complex, CH3HgSO4 waS‘then calcu-

;lated‘ rom Equatlon 32 where lCH Hg ]total is the total



K

= P [CH Hg |

[CH Hgso total

. JEIN

N 'methylmercury concentratlon.} ihe concentration'of‘CH3Hgf
‘was | obtalnederom Equatlon 31 for Pf l'*'P'.'”The“con-'
centrat1on of uncomplexed llgand was calculated from

‘Equatlon 33. where [SO 2- represents the total sulfate 3

]total

"
,

T T e 2;.;:_‘ “r»; S o
[504 ] .. az{[504 ']total'- [CH3H9504] } (33)

'concentratlon and a2 is the fractlon of ligand avallable
" for blndlng ‘and-"is- dependent only on pH. Using values
Hg ' and SO 2-

3 4. "3 4 .
@ formatlon c0nstant,_as deflned by Equatlon 29 was cal— o

;of CH HgSO ' CH calculated 1n thls manner,

culated from each data p01nt. 081ng the medlan of the.

LA 1nd1v1dua1 formatlon constants -and the 6 ‘used in. thear.f-‘n

galculatlon, a chemlcal Shlft tltratlon curve was then
fcalculated 6 was then changed sllghtly and a new set

V,lof formatlon constants obtaxned. The 6 and formatlon'

' _constant whlch resulted 1n the smallest standard dev1a—'[:
hftlon between calculated and observed chemlcal Shlft

' Ftitratlon curves are’ 1. 00 ppm and 8 8.' The probable _‘
ddev1atiof=of@% }s ﬁ 2 The formatlon constants calcueff:

.1»11ated from the indlvidual data p01nts u51ng the value ;” o

R 100. ppm for- the chem1cal shift of the complex, S are .ih"

' iven in Table 5

ma

A‘i%~}



TABLE 5

- The Formation Constant of Methylmercuric, Sulfate"
Calculated from Methylmercury Chemical -shift Data .

PH Ry
1.48 . s.s1,
S 1.88 . S 9.7
.2.48 . ¢ 6.00

-

3.10 . 60 o p
0 3.33 " 8.47
3.84 | " 8.87

4,



Sdmilar ealcuiatiohsbusingdthe sﬁin;Sbihdcoupling | A
.constantgdata, presented in Table’ 4 for a methylmercury-e '
dsulfate s%}utlon, result in a J and Kf of 251.4 Hz and
7.2 £ 0, 4<for the methylmercurlc sulfate complex. The-7
formation constants determlned in these studles are coh-21,35_;

centration constants, determlned by convertlng the meter

“ pH readlngs to hydrogen ion concentratlons by the methodf‘

¢
descrlbed in Chapter II Sectlon D of- thls thesis. o
3 : ] .
Clarke and Woodward (44) ‘have . studied the stoi-~ Y

..

chlometry and dissoclatlon of the methylmercury sulfate_'~:

} complex in aqueous solutlon by Raman spectroscopy.t Com—:ﬂ

plex formatlon was 1nd1cated by éhe presence of a band atljltéﬂ ‘

’

272 cm 1, most 11ke1y due to a Hg-o stretchlng mode., Thega:;gi‘

complex was. shown to be CH3HgOSO by comparlgon W1th ‘d K? S
'the spectra of aqueous sulfurlq acid solutlons.‘ From SRR
4”‘*"”‘51“ meas“reme“‘;; of the 942 &Y 50 42 ‘band at” a :?;-:.:5;;1} L
varlous mole fractlons of methylmercury ‘and sulfate, the '_l ?4_,Jf
degree of.. dlssoc1atxon of the complex was determined tO-“.;i;}i“J?

be "approxlmatehx equal ‘to that of HSO4 ”. A formabuom '{‘,Q

. . ° i“ & . p
’-.constant of 3 caﬁ be estlmated from thelr resultse{ih*. LT %;

Coy

1reasonable agreemeut with. the’value determzned in thﬂs\, ;

) ,.._é-r‘)')

‘ research from NMR data, consldermg the appraxmaﬁ'g ‘hature

oﬁ'the value estlmated from thexr Raman data‘,uks 1n .

:sulfur1c acid solutxons where 32804 molecules are not dr ,~{ﬁf

,detectable at concentratxons less than 1 M, no ev1dence
';a,for thé presence of (CH3Hg)ZSO4 molecules was obtalned =



) :«‘/ | e - . ‘g . , o . »;JA "'; “_ ) K X r _’ » . . ) ﬂ
by Clatke and WOodward for solutions up’ to 0 8 M, ‘even N
bfe
though the (CH ng)zso con{plex can ‘be crystallized from
- concentrated aqueous methylmercury-sulfate solutions.

2- -
o8

smlar to that. of ‘304 and Hsd (57), and by analogy,ﬂ

L w 'rhe B’asicity of SeO and HSeO4 to protons i@

u, thé beh!‘Vior of selen‘ate anions towards methylmercury is

. vexpected to “be smilar tO' that of sulfate. , The s.imilarity .5 |
R Bt i .

of ‘the NMR titration curves for methylmercury-selenate

$

3 s,olutions ﬂo those of methylmercury-—sulfate solutions

T&; e i@dicates this togbe the case. 'I‘he chenucal shift of the

- *S oo

%éthyl protons of methylmercury is gresented as a func— = o
ﬁion ﬂf PH in. Flgure 9 for both a solution oontaininga p | e

».
o only methylmercury (open points) and a soli:tion containing ;
’ E Y"". 43);
methylmeg&ry and sodium selenate m ‘a. ratio of S'f'le to ’
N « 'y
four (cl%sed pomts) .‘ 'l‘he spin-spin ce\mling constant of -*

P

‘.

- mebhylmercm'y in ghd same solutions ts prepenthd ap & -
el this chemioal '7<j:'

) ‘?rfundtion of pH ‘in Figure 10. Compar
" shift and cougalir:g; 'co'nsmt data ‘with: that ¥ the Jmethyi- o
mg:cury-sulfgte solutions (Figure 8 an! 'rable 4"5 sugges%s - ) t

: ,' .gtrong similarity between the methylmercury-sulfate and

.methylmerc »y-selenate systems. The formation consta‘ht

_"'and chemical shift of the methylmercuric selenate complex S \ .
' was detemined from the chemical shift versus pH data by U \
R the method described above. for the methylmercur'ic sulfate e

; o lcopp lex. 'I‘he 6 and K which resulted in the smallest h 4 R

D obable dev:.ation betwien the calculated and observed :



‘{;

o
-

o
Qe

va dependence of the chemical shift of .
the- methyl . proths of’methylmercufy in- -~ -
.. .an agueous solution containing 0.100 M. . - o

X - methylmercury " (open points) and in an Y T

- methkylmercury and- M
A~gselenate (solid points)c

S B . '-v.fl”) .d cl T B O
A . e E .

agueous :solution ¢ 8;;:éning 210521 L
M-sodium . "< " .
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r ¥

A"gethylfnercuric sulfate and nethylmercuric selenate com- R

' % ST o ,..i
chemi&al shift titration curves were 1 112 ppm and 13.2 S e
g f’*l 0.{_ Similar calculations with the cguplmg conata.r}e SR

' versus p -':-'data resulted im values of 248. 5 Hz and 17

P I

 ¢'0‘.-8 fo:':v,th‘e'_'.cou’p’__lin:q.;__cenet.a_nt. and fomatiq e 'nt. 'of7 ;;,

L3

met'hylmerouric selenate.

'I!he results of the é‘alculations for the methyl-’

- mercury-sulfate and methylmercury—selenate systems are =

.}' summarized.in Table 6. ‘ ‘I‘hese results indicate that the

plekee are both weak with- thp methylmercuric selenate o _' ~s

By

.. _complex having a sliq‘htiy larger farmatiom constant and 40 R

a slightly smaller spin?spin coupling coggtant‘ %& .‘
Chapter I, it wa‘s pointed out that the magnitudg, ofithe™ -

L }éo'upl .,éonstant}.of met‘hylmercury is degenﬁent on ’the U A
1igan:~..cdordinated to tl!e mety:ylmezcnry, and can be ' “ _":"“'
' correlated with t?{qagnitude of the formation constant. oo
1 The magnitudes of eﬁo‘;%oupling c‘onstants of the sulfge :'a:_‘*'ff~ '
.anq selenato complexes of methylmz:cu:y are large, sug- o EI 22
: "gesting weak complexation._ In addition. they are similar -
v":-.to the. coupling consthnts- listed J.n 'rable 2 f.or oxygen- :' a ‘, .
_."-"'bin&:thg }igands(.. 'Dhese o tervati&?a/ sugggat that thé .- - S

.

sul,fate and aelen’te an'ions bind to mothylmercury throggh\ M
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[

SRR sulfate complex has - the structure cu3ﬂgoso3 . Thei:‘efore,'
-'lthe munen epect“’um of met'hylmercuric selenate ‘was- —Studied

S "-'to determine whett;dt it also indicates binding of the

o ’c‘omplex and M other complexes repog.ed in. this theeie ,

3 Wer.e obtained in collaboration with Dr. C.A. Eva;\s.v _ he.v_" :

"'.ligand through ah oxygen atom.f The Raman studies of this _':

.'.\D*’*Belenate cdmplex forms sufficiently weakly ‘and the eelenate L
: “moiety is a- su.fficiently weak: Raman scatterer relative ) " }:@3‘\ Q
-;‘\, - to Cﬁ3-Hg~, thet the completé Raman spec'trum df the" x:om-'-.’- )

pléx was not pbserved.‘ Cgé:eful choice of;sﬁutfon cond- : ", - ,;:
. ' | & .:bma% dt. pokible tapbsemb five bag.d.sué T ';,-

S which\ ‘can ‘be attrihuted to the “uon\pil.:yfau.g ‘Two solhtioner ) ’ ’ ;

,,q' were preﬁergsi;‘_-the firat ~to‘ ‘ xim ,_e the. fractibn o% IR

e methylmax;cyr‘y in. the, eompl'l". St | 3

% Jghe, £ S

( ‘ the first solution.!:; i contal

o ana 0.2 M methylmercury at pn ’3 tm o£ ’the methylmer- TR

X ' AL

;’1? H soaium aelenate
; ;:.vv.wplexed. "l’eble oot
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"'selenate, the symmetric CH3 defOrmation at~1203 em”

-

‘fﬁfpresented “In. the ‘Raman specgrum of methylmercuric'f'

% "1, the

e -1 15ifu

' i.mercury-carbon stretch at. 565 cm and a band at 290 cm”

At

ssignéd to mercury-oxygen stretching are all. tyﬁiﬁal 0

‘”the CH3-Hg-O grouping. This spectrum provides support

' ‘for the . CH3HgOSeO3 _structure of the selenate complex,

'.f81milar to. the structure of . the sungte cﬂmplex. Otherp“{

“-ff.-_‘p:'bands f&rved in the methylmercuwelenate spectrum

"f?%éoLZ‘ and HSeo4 quoted by Wa:';
f{}in thiﬁ work. In particular,it:”

xx R

’;‘{'ito be’ orders of magnitude stronger than the methyl:ffi

"'4were assigned to Seo3 stretching in the complex at
.T;856 cm 1, and Seo3 deformation in the compleinat 503 cm'l"'
'h'and 406 cm },i These positions are close to those for

ﬁr

4 L - (58) and confirmed ‘\

'335 stretching fre-;liﬁ’

s

"quency falls nicely between the Vl freqhencyrof Se042
.;(835 cm )‘and thé*mostﬁintense band in the spectrum of

e

. / - - : ’ :/ 1,—4; ) . .
'2. The Sulfite Complex oﬁ nethylmercury

'

Ihe binding of msthy{mercury by

h ;fligand 8032-, wasg investigated by monﬁtgripgﬂ&he chfm-

.,-"‘?

.‘*ffical shift of the met"'lmercury protons and thb mercury-:;"'

“ﬂ;?proton spin—spin coupling constant of solutions containinge-ﬁﬁfu,l

h|

f;?varying amounts of methylmercury and ligand. The inter-

:action of the sulfite anion with methylmercury is known

'! -'A.‘,'.

'mercury—sulfate interhction (1,44). j:~~ A




*‘-fand coupling constant vary as ‘the ligand to methylmercury ;?

‘ical shift?and coupling constant of

1?

, Because of the easy oxidation of sulfite by atmos~
pheric or dissolved oxygen, this system Was studied by

.-mole. ratio experiments at constant pu, in which each

..

sample could be prepared individually and its spectrum

- v

",pobtained 1mmediate1y.- The data for one such periment,v E
'in which the ratio of sodium sulfite to methglmercury is

"varied from 0 to 6, while maintaining the "pH at %, is

LS

‘ﬁﬁpresented in- Table 8.4 The PR of this experiment was
<4chosen soﬂas to maximize the interaction of. the sulfite o
1_ w1th the methylmercury by minimizing competition from :

wg‘hydroxgbe ions for the formation of Z?*HQOH.‘ The chemq ~ﬁc o

e methylmercuric

:ﬂsuifit‘ complex, O 928 ppm and 173 l Hz respectively,.- -
; '?
"‘_are thahned directly from the limiting chemical shift

&

75

ffand the limiting coupling constant of this experiment.f_j;ﬁﬂllmipj

B At 1ow ligand-concentrations, the observed chemlch shift_

'-ijratio is changed indicating that the relatige amounts

"*7lstant remain constant, suggesting that all the methylmerw'"-

4 .-
e

.:iof free and complexed methylmercury ara‘tﬂhi”

--,.y. R

lligand to methylmsrcury ratios greater than two, both thefr_;p

I

'<observed &hemical shift and the observed-coupling con—;(__r.,-U

.-cury is complexed er these conditions, and\that the~

iy

A,

meﬂlylmercury¢ § ) R O T A Lo
The dq’p !or additional mole ratio experiments at

L AR
. . - R IEST . B T e e
PR , . ST e R TR

- “ 8
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' TABLE 8

e NMR Data fogithe Methxlmercugy$Su1f1te Systém at pH = 5.0 - -
STV T AR R T
: yimercuryitotal -, 12U Ei@ltorgl  Pcmy CH3Hg e

M ¢ .”§,"._f;

“,6jiod'   fif;j: i'; ffo 0239  f fj‘0;954;A f;z#5;éU1'q.ﬁ’j;
o '09:‘2; R --f oo e g

A e SRR S ” o : T
e - . s C - ) Lo ) . '“': i , v .'. M '! = . ‘ J‘ “ .N . ,'-.

a) ppm vs. DSS Cor R e ey
TB)EzToo UL e




Simenis

"pH' region, _comple:htion equilibria can be ,studied 'over a o

'Qéder range of 1igand-to-methylmercury ratios due to\more

‘»Subceseful competition of ‘the hydroxide with the sulfite

' " ,’for the methylmercury ions. ,l 'rhe data presented in Figures
- 9 and 10 ‘ used to calculate the formatioq constant of
tlw sulnte complex of methylmercury. _ For each dsta I

.~,
Y,

. ‘a"' poimt ' A format:.on constant was calculated from 'the ob-ﬂ-

d&ved chemical shift, and then similarly from th& pbseu:ved

9 0.
. coupling cons'tant. The fractional concentration of com—\) v

coupling consiant) of the complexed 'me " "

vy

p c@mical shift of the free methylmercury, Gf is that of A

5
%ﬂgbﬂ, since atb thes: pH values all the free methyl-""
mercury exists i.n thatv form (26) Thus P the fracﬂon a

¢l l" g

of. methylmercury as the coq\plex CH3HgSO3 , and 1ts gon=" s,
centration, P [CH Hg ] r. was cal,cplated for each gata

total % L .

was obtained from the &uation Pf = 1 * P.

point. - Pf

j;’;aﬁ\f; ‘; -since all the free‘ metlxlmercury is methylmercuriﬁ“ i -
?W ' ﬂ’droxide, [CH3HgdHF}“ = Py {cH 3Hg ]total' The ooncentratlon \

B “of methﬂ.mercury in’ the cat’ionic form was’ calculated from R
7-... 7.& ﬁqu&tion 33 (sing Kl , the formation c0nstant pf the & |

A : EERE
'rhe free

hyéoxide complex, detemindd in Chapter III.

sulfite ‘concentr‘ation was calculated from Equation 34
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~

. ““.ﬂ“ *

C .

.

P

R [CH Hg T =t 2 A ¢ < VI
e P kom0

180371 = '92{1503 ]total [0“3“95°3 ]} - (34)
. R T . . ‘\.. ‘.4

where [’9503 ] total is the total‘.concentration of sulfite

in the solution and u2 :Ls the fraction of sulfite"in a a |

. form &vallable for b:.nd:.ng, which is dependent only on

>

in 'rables 9 &nd 10. 'rhe medxan of these values :Ls

ﬂ.;ichanges in the,iroic strength from sample.to aqmple

pH.yﬁ The fonnatxoh constag}:”f methylmercuri,;: sulfite. -Q .:'

’dgfrned by Equation 35, QB calcul,atéd ﬁor each data |
e [CH3}19303 l
o o“ .

K T -

[CH3Hg l[so

y;*j*ﬁ,,

,podnt from both {'Zhe observed chemfcal shift and couplj.ng

’!enstdnt. !rhg6 resuits of.these calculations are gi.ven

-,f‘1og xg - 7 9% s 0. o4 CThis is in reauongbxe_ag:eement

;.{8 11 fo'l: tl}is complex.__ ‘!.‘he large scghter ﬁn fomtion

gt

e ..,',v_constanﬁs aeteminad in these NHR experiment.hx ia—' due to . 4’ :

e Ty SR "’“"‘ S A
o

[CH3HgOH] BRI

8.0 | )



The large formation constant of the sulfite-com-
plex of'methylmercury compared tO‘that of the sulfate
and selenate_complexes.suggests that the sulfite binds
to methylmercury through the sulfur_atom, _Inpaddition,
the'methylmercuric sulfite coupling constant ls much
smaller than that of either the sulfate or selenate com~ -
-plex, but 51m11ar to those reported for methylmercury
complexes of sulfur -binding ligands, examples of whlch
are given in Table 2.
Conflrmatlon of b1nd1ng through the sulfur atom
in the sulflte complex was obtalned from the Raman spe
trum of.the complex in solutlon._ Deta;ls_of the-Raman '
spectrum of'Cﬁjﬂgsdsf.are civen in‘Table 11. The'assign?
ments given to the- Raman bands llsted in thls tablexare |
,stralghtforward and closely follow the known frequen01es_
'iof the CHng_ spec1es in other complexes, the isoelec-

. tronic molecule NH3HgSO (59) and the free and complexed

2-
3

quency of 541 cm l is typlcal of complexes wlth a sulfur

o~
- SO anlon (60 61). T mercury-carbon stretchlng fre—:

N

f bound to mercury, as 1nd1cated by conparlson wrth the
Raman data glven in Table 7 for selected methylmercurlc
complexes. The mercury-carbon stretchlng frequency at
206 cm_l.is lower than observed'for other sulfur-bound
methylmercury specxes, but not unreasonably so, and may
to some. extent correlate wlth the rather small formatlon-

constant of this complex compared to other sulfur-bound

complexes of methylmercury.



b)

c)

~
TABLE 11
. Raman Spectrum of [CH3—Hg-Sosl' *
. Frequency . _ Do.criptién [Nﬂz-n§-803] b 5032-
2928 -.-c CH, stretch (sym.) ' | (3120)
1190 s, br»,}povi‘ CH, deformation (sym.) | (1299)

. 1100 w, br, dp 50, stretch (uyﬂ;.‘) . o _1109' . 933
99i =, pol - 803‘t£retch (sym.) - 997 :967
785 wvv, d§ &3 rock : o (732)

649 w, pol . SO; deformation (sym.) | . 640 . 620
S41 vs, pol  ~ Hg-C stretch L 462) |
510 u,_;BTJdp 303.d;£ormation (asym.) _ s11  46§
?66 vs,'pol'. s Hg;s stretch ' , _ -F 
105 s.dp 80, rock | | . S

) ] k{
- a) le prepared under an&p from 0.44 M. cﬁ3hgqn and'an’qugéalént

unt of solid NaHSOj. o :
Infrared spectrum reported by K. Broderson, Chem. Ber., 57, 2703

€1957); values in parentheses aré comparable to those in"CH4HgSO03™
.but . involve the NH3 group. " The assignment of the bands at 1109
and 997 cm-l has been reversed from that in the original work be-
. cause the band at 997 cm” in CH3HgSO;™ -is polarized.

Mot measured.
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3. The Selenite Complexes of Methylmercury

The binding of methylmercury by the selenite

llgand Se032 was investigated by monitoring the chem-

1cal Shlft of the methylmercury protons and the 199Hg-

)‘

proton coupllng constant as a. function of 'solution condi- 4

¥

-tlons. The chem1ca1 shift of the methylmercury protons
is- presented as a functlon of pH in Figure 11l for a solu-
tion contain1ng methylmercury and sodium selenite in a
IQEIQ of one to two (solid points). For comparison,
chemicalvshift data ,is also presented for.a‘bolution con-
~ taining only methylmerdury. The spxn spin coupllng |
.constant is presented as a functlon of pH for methylmer-‘
cupy in the same solutlons in Figure 12. Neither the
9chem1cal Shlft nor the coupllng constant tltratlon curves
~of the methylmercury-selenlte ‘solution colnc1de w1th the_
“titration curves of methylmercury alone, 1nd1Cat1ng»that
some complexation occurs over&the'entire pﬁ range'O.S to

13. 1In addition; the chemical shift and coupling con--

]

’stant titration curves of the methylmercury -selenite

solution show two inflectlon po1nts, suggestlng that more

than one complex 1s formed 1n this solution. A format;on
S

constant and NMR parameters for the Se032- complex of /
-methylmercury have been .calculated from the data in the
hlgh pH reglon (pH > 7 0) of the t1trat10n curves using
the method, described. ear11er in thls chapter, for the

Calculatlon of the-methylmercnrlc\gulfate formation
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constant and Nﬁklﬁarameters. From.theAchéﬁiéﬁl/ﬁﬂ;gt-
titration curve data, values of 0.958 ppm and 6.46/4 0.02.
were obtained for the chemical‘shift and thg\lggaflthm

of the formation constant of methylmércuric selenite.

The formation éohstants calculated for each data poiﬁt

us ing Gc‘a 0.958 ppm are given in Table 12. Similarn
cglculations with the spin-spin coupling constant data
rgsui’téd in values of 223.5 Hz and 6.47 + 0.02 for the
coupling constant and the logarithm of the fofmatioﬁt

constant of the methylmercuric selenite complex.

2-
3.

'is the only complex formed over thé entire pH range, a

Assumihg that the SeO complex of methylmercury
chemical shift titration curve was calculated using’the \
values ofldé and log KF determined above. .This calcu-
lated titration curve and the experimental titration curve
are presented in Figure 13. From a comparison of.these .
curves, it iS-obvious‘that thevformation of only methyl-
mercuric selenite can account for-the-data at pH greater
than six, however, another complex must be impprtant‘at‘
lowér pH, éBécause the solutioﬁ conditions were adjusted

- so‘thatfﬁwicg_as much ligand as methylmeréqry.was present,
it is unlikely that this additional complex is -
(CH Hg) ,5€0,. - Therefore, a model was adopted for,éﬁe
low ‘pH Qata which included the formy;ion’of a compiex °
betyeen,methylmeréﬁfy and HSeO3"(pK;'= 8.18) . Tpe fgrm-

ation constant and the NMR parametg;sfof Epiéjcomplekf

l‘ )
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TABLE 12

. Calculated Values of Kp for Methylmercuric Selepite from
the Chemical Shift of the Methylmercury Protons in the
» High pH Region

pH log KP’
11.42 - 6.41
10.99 > 6.46
10.51 6.48
9.94 . 6.46
9.53  6.46 k (//‘ﬁ
9.05 ' - 6.42 |
8.53 -  6.48 -
8.04 6.37 /
\ 7.61 6.42 | |
7.09 o 6.51
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' Figure 13. pH dependence of the chemical shift

of the methyl protons of methylmer-

cury in an aqueous solution con-
taining 0.112 M methylmercury and
0.224 M sodium selenite. Squares:
observed data points. Open points:
calculated curve assuming only one
complex, CH;HgSeO;~ is formed. .
Solid points: calculated curve
assuming the formation of two com-

plexes, CH3;HgSeO3~ and CHiHgSeOsH. -
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were determined frem the low pH region of the chemical

shift and coupliné constant curves in Figures 11 and 1l2.

The nonlinear least;équares curvefitting computer program,

KINFIT (62), was used to f1t the data to this model. ,
N

This program fit the observed chemical shift at each data

~point to that calculate&yby Equatfon 36, where P_is the

6obs = CH3Hg*6CH Hg* * P(cu3ﬂg)20n+5(cu3h€lzonf

' ' 1
+ P PR . + P -6 -
CH3HgOH FH3HgQH CH3HgSe03 CH3HgSeO3

HgSeO wéc

P
cH 3H CHy

1y HgSeO

) 4H (3?)

fraction efvmethylmerchry ahd § is the chemical shift of
the‘species indicated.’.The sum of all the ‘fractions of
Amethylmercury species is-equal to unity. For each data

- point, the concentratlon of the methylmercury cation was
qptalned by solv1ng a mass balance equatlon for methyl-c
_mercury in which the concentration,of~each methylmercury
specles was expressed in terms of~the formatmon constants
of the methylmercury specxes, the acid dissociation con-
stants of the ligand, and the concené;atlon of the ,
methylmercury cation. The concentrations of all the

other methylmercury species were then calculated from

their formation constants and the methylmercury cation
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concentration. The chemical shifts and formation con-

stants of all the methylmercury species, except CH3HgSe03H,

have been determined previously. The computer program, ‘2>

KINFIT, varies these two parameters to minimize the dtii;}:“:ﬁﬁﬁég
Iy o NG

ence between the observed and calculated chemical shift ﬁi

Dy

I S
at each data point. These calculations give values of

“
Q&

1.033 ppm and 2.68 t 0.05 for the chemical sh;§.€ a;%\
fogarithm of the form&tion constant of the Seoiﬁ-hcﬁgblex
of methylmercury. From the spin~spin couplihg'constant
data, the coupling constant and logarithm of thé formation
.cénstant of this complex were determinetho be 234.6 Hz
and 2.71 + 0.03, respectivéiy.

The valueé determined for the fdrmation~constant
and the NMR parameters of the selenite and biselenite
complexes of methylmercury are summarized in Table 13. '_ , _
Using these parameters, a chemiéal éhift fitratioh énge ]I
%was calculated for comparison with thg'experimentally ob-

' servéd curve. Both thésé.titrafioh-Curves are presented

in- Figure 13. The agreement between these curvéé-over'_

the entire pH fange indicates'the model chosen for this -

éystem'accurately déscribes ﬁhe interaction of methylmgr-'

cury with the Se032- and HSe03" anions. ¢

The value of the formation.constant for the

selenite complex of methylmercury is much.larger than
those of the sulféte'and'sglenate complexeé (log K, <1)

but within two orders of magnitude of the formation



- N

91

L

JUR3SUOD 3Y3 :a au:ﬁnuuwo:s ay3: JO aInswsu
' ® 30U pue ejep ozu JO 313 9yl JO aansesw e 3IP SITIUTRIIIOUN paxxodey (3
wdd z00°0 ¥ ST 9anTea syy3z uy AJurezzedsun (o
vIep u:@um:oo buytdnos woxz couuﬁDOAoo (p

-

€0°03TL°Z 9 pEL 350°0%89°2
720°03LY"9 , S €22 320°039¥°9
ay 6utuo &y
P 2 . q

- 2ZH. (o

3PP 33Tys ﬁcUﬁsoso woxy pejerHoTed (q

. 88Q °sa sﬁm (e

o€E0°T  R%0@sobr®HO

J856° - _%oesobutud
o, . :

e 9 . - xardwoD

- - AxandxswTAyjon wo

mwxoamsoo 93TU9TOS I0J sI9jowwIvd mzz pu® '83UV3BUO)H =0auosuom

€T I7EVL

L



constant of methylmercuric sulfite,_vThis_might,be taken:
to indicate that the selenite binds to methylmercury'
through thefselenium'atom. How ver, the mercurf prOton
coupling constant of the selenite complex is much larger_'
than that observed for methylmercury complexes of sulfur
or selenium binding ligands but comparable to that of
oXygen-bound”methylmercury complexes{ 'In addition, the
results obtained for the methylmercuric selenite complex
‘are similar to those obtained for methylmercuric carbonate
Dr S. Libich determined values of 221. 4 Hz and 6.10. for »
-the coupling constant and the logarithm of the formation ®
constant of the methylmercury-carbonate complex.‘ These
results suggest coordination of the selenite anion to
the methylmercury through an oxygen atom, i e. CH3HgOSeO2 T
’ The larger than expeoted value for the formation constant
of this complex is perhaps related to the large pK of
the ligand (pK .= 8.18 for the HSeO3 species), in the
.isame manner as\observed previously for the carboxylic.
acid complexes of methylmercury (46). : ﬂ_' . .' /vr
Confirmation of this structure for the methylmer- |
curic selenite complex was obtained from its Raman spec-.
trum. The Raman spectra of solutions containing about ‘
"equal condentrations of methylmercury and ligand at various
”pH values were studied. Thg Raman bands of interest and.
:their assignments are given in Table 7. The symmetric

'CH deformation at 1207 cm } and the mercury-carbon ;

3
|~

S e

ar , e .



stretch are typical of ongen bonded methylmeroury. Other

bands in tne spectrum are of low ihteneity compered to

these, and tne complete spectrum fbr the complex was not

observed. The most_ intense bqnd?{rom selenium-oxygen

stretching in the complex israt 835 bmfl, intermediate

- .
’ in frequency 'between the strongest bands in Se032 at

808 cm -1 .and HSeo3 at 855 cm 1. A medium intensity band
at 290 cm’ 71 may be frommmercury-oxygen stretching, as its

frequ idﬁclose to that assigned to similar vibrations

o jgpmplexes ol oxy—anions, or it" may be from. a’ |
deformation mode of complexed selenita. Othe: bends ane
- at 730 cm -1 (Se—o stretch) and 365 cm~ 5 . (Se-0 deforma—? f
tion) | The spectra of agueous solutions of- eO3 and o
"HSeos recorded in the present work are in’ excellent
"agreement with those reported by Walrafen (58). '_ ﬁ ;5r
. The coupling constant determined above fQr the f;f
' methylmercuric biselenite compfex, 234.6 Hz, indicates ”
5_that bonding occurs through oxygen in,this complex also.-

‘Its small formation constant relatime to that of the

~Caéng8e03 complex correlates with the decreased basicity o

ﬁ.

| of SeO3H (IG) e LR
| The relatively small formation constant obtained
for the selenite complex of. methylmercury, compared to

*he formation constants of sulfhydryl (S, 10) and nucleo-

 #lde (6) complexes,is somewhat surprising considering

" reports that selenium-containing‘compounds,.in-particularw

' tv e

' “‘ . . Dy “'—\

y .‘p
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‘Nazseo3, are capable‘of'p:otecting against methylmercurf
poisoninq in animals (16 17). Ganther and coworkers (16)
showed that: when Na28e03 was added to the diet of rats
being fed methylmercuric hydroxide, the symptomp of
methylmercury poisoning were delayed*and deoreased com-
pared to those exhlblted by rats belng fed only methyl-

- mercury in the same doses. One poss;ble explanatlon for
thlshbehav1or is that the Na23e03_is‘able to‘compléx}the
methylmercury very strongly, p:eventing it from complexing
with the sulfhydfyl containing moleoules found in, the
_bodyﬂ The magnltude of the formatlon constant determlned
above for the CH3HgSe03 complex 1nd1cates that this
‘simple explanatlon cannot account for the detoxlfylng
effect of methylmercury, and that some metabolized form

' of the selenlte must be respon51ble for the observed

behav1or.

-
4. - The Thlocyanate and Selenocyanate Complexes of

Methylmercury
("

The formatlon constant and the NMR parameters
of the methylmercury-thlocyanate complex were determlned
by monltorlng the NMR parameters of solutlons contalnlng
methylmercury and thlocyanate as a functlon of PH. A
solld presumably the. CH3HgSCN complex, precipitates

from aqueous solutlon contalnlng 0 0901 M methylmercury

‘and 0. 0211 M pota551um thlocyanate at a pH less than 8 5.
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Therefore a solution which was half asyconcentrated and
’which contained four'times as much methylmercury as thio-
cyanate ion was preparedr In this solution, the nethyl}
mercury was sufficiently concentrated for the NMR
satelllte resonances to be observable, and there was
‘enough ligand for complexatlon to be detectable but not
enough complex to cause it to pre01p1tate. The chemlcal
flshift ofjthedmethylmercury protons in this methylmercury-
- ;hloCYanate solution is presented as a functionvof pPH in
Figure 14. The'Spin—spin coupling constant of methyli
“.mercury in. the same solutlon is presented as a functlon
of pH in Elgurebls. Chem1ca1 Shlft and coupling constant»
: titration curQes of solutlons containing only methylmer—
cury are glven for comparlson. The two chemical shift
. tltratlon curves are dlfferent in the’ pH reglon 7 to 10 5,
1nd1cat1ng that complexatlon is. occurlng in thlS pH
.reglon.r The two coupling constant tltratlon curves dlffer'”
only at pH- less than 8, 1nd1cat1ng that a co;plex ls also-
‘formed at low pH. | S _ | ‘ .i

| At pH greater than 8, where the chemlcal shift
titratlon curve-1nd1cates.complexatlon, the coupllng conf'
stant t1trat10n curve of the methylmercury-thlocyanate
j"solutlon is the same as that for a solutlon of methylmer—
cury alone. Thls 1mp11es that the coupllng constant of
the methylmercury-thlocyanate complex formed at h1gh pH

is equal to the coupllng constant 6f methylmercur1C’-
o o \“ - .
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containing 0.0563 M methylmercury
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tion containing 0.0563 M methylmercury -
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hydroxide, 203 Hz. The formation constant and chemical,v
shift of this complex were determined from the chemical
Shlft data in the high pH reglon, ‘by the method described
earlier in this chapter for the methylmercuric sulfate
complex. The calculations were somewhat simplified, be-
cause in the hign pH region all the free methylmercury .
exists as CHBHgOH; thus df is equal to the chemical shift
of CH3HgOH and does not need to be calculated at each
data point. These calculations resulted in a value of
.862 ppm for tne chemical shift of CH;HgSCN and a
log Kp = 6.05  0.01. This.is\in good agreement with the
value log KF = 6,11 determined potentiometrically by

" Schwarzenbach and Schellenberg for the same complex (l).

Schwarzenbach also detected a second methylmercury—_

thiocyanate complex, (CH Hg) SCN , having a log K, = 1.65.
,This presumably would be present to the greatest extent.
at low pH'where the concentration of CH3Hg+ is tne _
greatest. ,Thus the coupling_cOnstant»titration-curve_'
;seems to be a better indicator of 2:1 complex formation_
than is the chemical shift titration Curve. However, a
_tltratlon curve calculated by assuming that only one
methylmercury*thlocyanate complex &orms over the entlre
pH range, was compared to the experlmental coupling con- -

stant t1tratlon curve and found to be identical. ?hus,

the 2:1 complex,_(CH3Hg)25CN, is not present in large

enough concentrations to be detected by the NMR experiment.

98
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Schwarzenbach reported that the thiocyanate ion
hinds to methylmercury through the sulfurlatom. The
coupling constant of the complex is larger than'usually
observed for methylmercury complexes of sulfur—blndlng
llgands. However,‘Cooney and Hall (63) concluded from
Raman measurements that the ligand does bind through the’
'suifur. The Raman bands of interest for the CH4HgSCN

omplex are llsted in Table 7. o

_ The selenocyanate anlon is expected to show

similar coordination behav1or w1th methylmercury. In
experiments similar to those performed in the study of
the thiocyanate complex of methylmercury, samplesimere
obtained from a four to one;methylmercury t015eleno-
cyanate solution over the pH range 8.5 to 9.5. At pH
less than 8.5 a solid, presumably the complex,-preclpit—
-ated from.solution. At pH gteater than 9.5 a black d
solid formed in.the solution; presumably doe'to decompos—
ition of the ligand. The data;obtainedhfrom this experi--
ment is presented in Table 14. As in the thiocyanate
system at h1gh pH the observed coupling constant is the
‘same as that observed at hlgh pH for a solutlon contalnlng
..only methylmercury, while the chemlcal Shlft varies with
pH. ThlS 1mp11es that the coupllng ‘constant of the
»methylmercury selenocyanate complex is very 51milar to .

the coupllng constant of methylmercurlc hydroxlde, 203 Hz.

The formatlon constant of the complex was calculated from-
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NMR Data for the Methylmercury-Selenocyanate Systema )

b

~PH | 6c§13 : JCH3HgC |
—37
9.49 0.885 o 202.4
9.28 0.890 2025
. 9.11 - 0.893 - 202.0
8.67 . ..f 0.894 o 202 6~

-

~a) Solution cont_ains,[methylmercury],rotal = 0.0608 M
and [selenOcygnate]Total = 0.0161 §. 

‘b)  ppm vs. DSS

c) Hz
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the chemical shift data by the methdd described above

for the calculation of the formatlon constant of CH3HgSCN.
VThe formatlon constants calculated for the individual o
data_points are listed in Table 14. These values result

in a‘medianilog KF = 6.79 £ 0.01 for the selenocyanate
complex of methylmercury. This value is not expected to
be too accurate owing to the inability to standardize

the selénocyanatevligand,which decomposes in air. How-
ever, it does give an_order.of magnitude measure of the
>stfength of the complex, anq it can therefore be concluaed

that SCN™ and SeCN~ form similarlcomplexes-with methyl-
/ﬂ/_;///hercury. This)uin addition to the similarity of the

- coupling constants of the two oomolexes, implies that

selénooyanate bihdsvto methylmercury through the selenium

atom. This structure is supported byyﬁhe Raman spectrum
HgSeCN. Aynsley et al. (64) reported fhe soectrum

of'CH3

of solid CH HgSeCN; the bands ofointerest,énd their -

3
assignment are presented in Table 7. The position of the
mercury-carbon stretch bands (540, 536 cm™l) indicate

. that the selenocyanate ionwcoordihates_to me;hylmercury

through the selenium atom.

5. Sulfide and Selenide Complexes of MethYlmercury

As with oxide, mult;nuclear ‘methylmercury com-
plexes form. readlly w1th sulfide, although the nature of

the complexes is sllghtly dlfferent in aqueous solution
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due to the greater acidity of sulfur-bound protons. The'"
sulfide éomplexes and their formation constants, as deter-

mined by potentiometric titration by Schwarzenbach, are:

CH_HgS™, log K_ = 21.2; (CH,Hg) ,S, log K. = 16.3, and

3 7 T
(CH3Hg)3S+, log K

F

F ~7 (1). These complexes are analogous

to the following known oxide complexes, CH3HgOH,
(CH3Hg)20H+, (CH3Hg)3O+, which were discussed in Chapter
III of this thesis.

' 199

The Hg-ln coupling constants of the sulfide

complexes were obtained by monitoring the NMR spectra of

- solutions cohtaining various mole ratios of methylmercury

and sulfide. The chemical shift and coupling constant of
the complex CH3HgS were obtained from a mole ratlo experl-
ment at pH 13.2, Varylng the methylmercury to sulflde -
ratio from 0.2 to 0.7 does not cause any change in the
obsefved chemical shift or coupling constant ahd therefofe
does nbt change the fraction of methylmercdry complex.
Thus the data obtained'fromwkhis experiment (Table 15)
indicates that eséentially all the methylmercury is bound
to sulfide in theée samples, presumably astH3HgSf, Under
the solution conditions of the experiment, there is not
enough Cﬁ3Hg+ present to form a dlnuclear methylmercury
spec1es, nor a suff1c1ent concéhtratlon of protons for .\
the format;on of CH3HgSH. Thus the coupllng constant for

the complex, CH3HgS , i considered to be that measured

dlrectly in the abovs/experlment (146.2 Hz). This value

4



TABLE 15

NMR Data for the Methylmercury-Sulfide System at pH = 13.2

[Methylmercury]total [Sulfide]tOtal
M M
0.149 0.212
0.134 0.224
“0.118 0.236
0.10'4,. ’ 6. 321
0.0932 0.332
0.0822 0.343
0.706 10.354
a
a) ppm vs. DSS

b)

Hz

6cn3a JCH3Hgb
0.519 146.2
.9.525,’ 145.8

0.522  145.9

0.521 146.2

0.521 146.1v
0.522  146.2
0.521 146.2

* |
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is considerably smaller than tha£ observed for substituted’
sulfides. For example, in the cysteinate complex, values
around 170 Hz'are found (10), which supports ﬁhe formula-
tion as CH3HgS_ rather than CH3HgSH. . -
In solutions containing more methylmercury ;han
sulfide, for example a three to one methylmercury‘to sul-
" fide solution, a yellow solid precipitated from solution
over the entire pH rénge. After washing with water‘and;'
then drying over phosphorous pentoxide, this §olid was
identified as (CH,Hg) ,S on the basis of its NMR spectrum
in pyridine solution. The spectrum obtéined was that of"
a typicaI.CH3ng compound, namely an'ihtense singlet with
two small satellite resonances. A Spin—sfin coupling
congtant of 156 H; was obtained from this spectrum, in
excellent agreement‘with the value (15615 Hﬁ) reported
by Schéffold (65), for the coup1ip§ constaﬁﬁtof (CH,Hg) ,S
in pyridine solution. Tﬁé\magnitude of;this coﬁpling |
constant is also smaller than that Qf_substitﬁted sulfides,
for example cysteinate (10). This fact, along with the
extreme insolubilit§ of thé complex in water;_indicates
that it is.(CH3Hg)zs rather thap_(CHBHg)ZSH+,
| To detéfmine the spin-spin coupling constant of
the third sulfide complex, (CH3Hg)3S+, the NMR spectrum
of methylmercuiy in a five to one methylmercury to
sodium sulfide solution Qas monitored as a function of .

a

pH. The coupling constant of the methylmercury in this
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solutidn is-presented as a function of pH ianigufe 16.
Because of exchange broadenlng of the satelllte resonances,
‘the uncertainty of the measurements is large (*0.5 Hz)

in the pH region 5.3 to 6.3. Above 6.3 a solid precipit?
ated from solution, presumably'the-(CH3Hg)zs complex,

whose importance is ekpeeted to be lessened at lower pH‘
where the methylmercury exists primatrily as CH3Hg+.‘ The
coupllng constant of the complex (CH Hg) st was deter-
mined from the data in the coupling constant titration
~curve, Figure 16. The calculations are based on the
assumption that all the sulflde.in_the solut1on ex%sts in
the form (CH,Hg),s", that 15 [(CHyHg),S] = 0. This is a
reasonable assumption. because of the very small solubility
observed for (CH3Hq) S in.aqueous solution, and because
Schwarzenbach (1) reported a relatively 1arge formation
constant for'(CH 3Hg) 4 st (log K. ;7) .with this assump-
tlon the concentration of the trlsmethylmercurlc sulflde

- complex is equal to the total sulflde concentratlon in

the solution. 'The fractions of free and complexed
methylmercury, Pc and Pf,were,ealculated from Equaﬁions L

. ' : 2~ : + : -
37 and 38 where [S_ ]total'and ECH3Hg ]total ?epregent,the

- 2
. [ (cH Hg) s ] s™ 1. '
P, = = total G
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P, = [CHyHg") 3(cHHg) st

f total ~

= f°“3"9+1tot51 - ?lsz-ltotai ‘ (38) o
0

total ligand and the total methylmercury concentrations.

The concentration of each free methylmercury species and

thus JF, the coupling constant of the.free methylmercurx

were calcuiated at each nﬁ by the nethod described for

the calculation of the formation constant of the methyl-

mercury-sulfate complex Thus, the equation describlng

the observed _coupling constant of the methylmercury,

J ,can be expressed in terms of the concentrations and

obs
coupling constants of the free and complexed methylimer-
cury by Equatlon 39, in which only JF’ the coupllng

“

-~

Jobs 7= Pplp + P(ca3ng)3s+J(cujng)35* - (39),

constant of the free methylmercury is pH dependent.v
Equatlon 39 was then solved for J(CH Hg) the coupllng
constant of the complex The coupl;ng constant of the
-_complex obtalned in thxs manner for each data p01nt in
the couplxng constant titratlon curve ia shown in Table .
f15*‘ The trend towards 1ncreaslng J(CH3Hg) S* as the pﬁ

is decreased could be an indicat1on of the presence of .
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{ TABLE 16

.Calculated Mercury—Pbroton Cohpling Constants for the
Trismethylmercurisulphonium Ion '

: a
PH : g JCH3Hg

. 6.33 - o 199.5
v 6.8  199.7
5,77 . 200.5
5.2 1201.1
4.78 . 201.8
4,27 o 2014
32 202.2
a0 202.2
248 . 203.4
.72 2033
100 2034
065 2042

a) Hz
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- some (CH,Hg),S, the amount of which would be pH dependent.
‘ To ‘eliminate, 1nterference from (CH3Hg) S as much |

as’ p0551b1e, the coupling constant of the trlsmethylmer-
: Q.J N

‘curlc sulflde complex was' also calculated from the NMR

&

' coupllng constant data of a mole ratio experlment at PH

l, in whlch the’ methylmercury to sulfide ratlo was var;ed
from flve‘to elght. ThlS data, along w1th the coupllng '
constants calculated by the procedure descrlbed above
:are shown 1n‘Table-l7 The calculated coupllng constant
renalns constant 1n thls experlment g1v1ng a value of
202 Hz for the coupllng constant of the (CH3Hg) S com-
;plex. ThlS value 1s large for a sulfur—bonded methylmer--
cury COmplex, although 1t is comparable to the Surprls-f
v 1ngly large value observed for the CH3HgSCN complex.'hThe _;h
flarge formatlon constant of thls complex apparently .
': reflects the relatlvely small formatlon constant (1), 1
‘hdwhlch was - repoxted by Schwarzenbach to be 1og KF « 7.
| The Raman spectrum of CHBHgS was studled 1h51”i
'rsolutlon of methylmercurlc sulflde showed flve bands in
the Raman.; The p051t10n of these bands and thelr a351gn—'7:{;'
_ "ments are glven in ‘Table T The CH3 deformat}on :Z o
‘h(1188 cm 1), the Hg-C stretch (537 cem’ ) and the Hg-
.'stretch (353 cm ) are 1n accord W1th the values llsted
:1n Table 7 for other sulfur-bonded methylmercury spec1es.a :
A band at 2574 cm’ I;bln the range for S-H stretchzng

v1bratlons was observed only under very hlgh 1nstrument
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galn and is assigned to a small amount of HS .

After exposure to the laser ‘beam or,vmore slowly
on standlng, the solutlon of CHBHgS yielded a gas and a
black‘precipitate, presumably,mercurlc sulfldef' The
- Raman spectrum of the supernatant has a band at 349 o
but no bands from methyl groups or mercury- -carbon v1bra—'

tions. These observatlons are accountable in terms of

the equlllbrlum represented by Equation 40 belng

2 CHjHg(ITD) 2 Hg(IT) + (CHy)pHg  (40)
moved to the right by the. formation of insoluble
mercurlc sulflde and gaseous dlmethylmercury,,
as dlscussed by Fagerstrom and Jernelov (66) The'form-
'atlon’of_Hgszz_ from Hgs and excess sulflde is shown by ‘ o
- the Raman band at 349 cm';'from the symmetrlo mercury- -
~ sulfur stretchlng v1brat1on, in agreement with authentic - | !
d;samples and solld c1nnabar (67) . o p~‘7,”fi:f'_ = o
" The- Raman spectrum of “(CH Hg) S was reported by
~ Clarke and Woodward (56) and that-of the (CH 3H9)5S -

'7spe01es by Green (20) .- The Raman bands. of interest 1n

"E‘the spectra of these complexes are llsted 1n Table 7 for

comparison Wlth the spectrum of CH3HgS whlch 1s reported
above..‘

The methylmercury-selenlde complexes were studied -
by experlments 51m11ar to those used to study the methyl—

_mercuryesulflde system. A mole ratlo'experlment at
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pPH 13.5 was performed to evaluate the spin-spin coupling.

constant of the CH HgSe- complex. ANMR spectra wete ob-

3
tained for five samples containing methylmetcury‘and.
sodium selenide in ratios ranging from 0.2 to 0.4, At
higher ratios of methylmercury to ligand, a solid prec1p;
itated from solution, presumably (CH Hg) Se. The data_"
obtalned from this experiment is presented 1anable 18,
As for the analogous methylmercury—sulflde experlment

the methylmercury chemical Shlft and coupling constant
remained constant,over.the entire mole ratio range
,studied,'indicating that the methylmercurykexisted.en—

. tirely as CH_HgSe This7species.has a coupling constant

3
of 143.1 Hz, whi

lS only slightly smaller than that
'determined'above for CH3HgS (146 Hz),‘suggestlng that ;':ﬂ:m‘
’the strength o the two complexes 1s also 51m11ar.f o
Brelt;nger ap. Morell (30) determlned a value of 146. Hz
fbt thei' upllng constant of - (CH3Hg) Se in carbon dlsul~,

.fidehwelutlon and a value of 196 Hz for the coupllng con—f[

- ¢stant of [(CH Hg)3Se]NO in CD3C These values arezi'

"agaln very 51m11ar to those determlned above for the _

©

correspondlng sulflde complexes, suggestlng that the.

L

-'[strengths of these selenlde complexes are also simllar to"

| '.}those of the correspondlng sulfide complexes. th%¢pzjw;'4j

Attempts to obtaln the Raman spectrum of CH3HgSe

i were unsuccessful because of decomposltlon of: the sample
in the laser beam Breltxnger ‘and Morell (30) have '



 TABLE 18

" NMR. Data for the Methylhercdrnyelenide.System at pH = 13.51

'[Methylmércury]total

[Sselenide]

total

~CHy

;,’ M
0.106
0;1211
'o.ise”f
'6;149,,  

0.162

ifa)f ppm vs;.Dss .
_ b) Hz :

M
'0.518

1 0.493

0.469

0.448

 0.554
,9}558
'  0.55§_'
Coisss

~0.555

J .
CHBHg

143.0

b

143.5

143.2

. 143.0.

. 143.0
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reported-the vibrational spectra of (CH3Hg)ZSe and solid
[(CH'Hg)sseINO3, concluding that'the similarity between
these Spectra and those of (CH3Hg)ZS, and (CH3Hg) 4 Se |
1mp11es 51m11ar1ty of the correspondlng S- and Se-

containing complexes.

6. The Interaction of Phosphite with Methylmercury

To'study the complexation of methylmerCury by
- the phosphite anion HP032-,'a solution containing»o 225 M
methylmercury and 0. 450 M phosphorous ac1d was. prepared

and samples were w1thdrawn over the pH. range 1l to 7. At'

pB ~7 metalllc mercury prec1p1tated and a colorless gas o

7Mescaped from the solutlon.‘ ‘on standlng, metalllc mer-

’*~,chrY also prec1p1tated from the low pH samples. ‘A P°551b19:

'Lexplanatlon of thlS 1s that HPO3“ catalyzes the reductlon ;

V'_of CH3Hg .to Hg and presumably methane.
’ The NMR spectrum of phosphlte solutxcns is of
”interest because the proton in the HP032- species does

'not exchange with water protons on ‘the NMR t1me scale,

: and therefore results 1n a resonance in the NMR spectrum.,.‘**ﬂ
. This proton is: apparently bonded dlrectly to the Phos- "i:f.'
fphorous atom, slnce 1ts resonance appears as a doublet,Aep;:‘
lh'“fdue t° spxn-spxn °°uP11ng with P (natural abundance |

'd100%, nuclear spln 1/2) The magnltude cf this cpuplxng

%constant is’ large (> 700 Hz) and pH dependent, 1ndlcat1ng

l“that the coupllng 1s through Only one bond
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““complexes wrth methylmercury In addltxon,.for those

C. Discussion ’ \
[

1. The Complexation of Methylmercury by Inorganic

Anions
The results presented in this chapter demon—
strate that sulfur, selenlum and oxygen-blnding anlonsi

- are all potential llgands for coordlnatlon to methylmer-

cury in aqueous solution.' Of the _complexes studled

.3methy1mercur1c selenide has the smallest coupllng constant, .

'_closely followed by methylmercurlc sulflde._ From a con—
sideration of the relatlonship observed by Scheffold (49)
'cbetween the magnltude of the coupllng constant and the :
tformatlon constant of-a methylmercury complex these |
_results suggest that the selenlde complex 1s a stronger
'complex than the sulfide complex., The coupllng constants
and the formatlon constants of all the complexes studled
. are summarlzed in Table 19 For every pa1r of sulfur-
'selenlum conplexes studied, the spln-spin coupllng con-
tstant of the methylmercury complex of the selenium-
““contaznlng llgand is smaller than that of ;Qe correspondlng

VSulfur-contalnlng llgand.. The exceptlon ‘to thls 1s the

:sulflte-selenlte pair,<wh1ch'form dlfferent'types of

- ﬁcases in. which 1t .was poss;ble to measure formatxon con-}l 1_

stants, 1t was observed that the selenium-contalnlng

'_lzgand b1nds methylmercury more. strongly than the sulfur-;
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Summary of Formation Constants and Coupling Constants

TABLE 19

of Methylmercury Complexes with Selected Inorganlc

%

- Ligands
Complex log KF JCH3Hg
CH,HgOSO0,~ 0.94 251.4
'cnsngOSeo3’ 1.12  248.5
CH3HgS0, 7.96 | 172.4
Cli;HgOSeO, 6.46 223.5
_CH3HgOSe02H  2,68 234.6
cu3ﬂgs. 21,2 146.2
(CH3Hg) s 16.3P 156.0°
"3(ca Hg) 55" i 202.0
W-H3Egl 3 | 202,
JHgse™ -4 14321
" (CH,Hg) ,Se -4 146
3772 - .
PRt a ' £
(CH3Hg) ySe - 196
'cH3H§SCN' 6.05 203.0
'CHSHgSeCN i 6,79 1 200.4
-:;ay)'nz I
-_’.b)"Reference 1 '
- ¢)..:Measured. in pyridlne solutlon
'd) Not determined
. e) " Measured in CS, solution,’ Reference 30
gf)"Measured 1n CD3CN solut1on, Reference 30
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containing ligand, with selenite and sulfite again being

'tHe exceptions.” These results suggest that selenium-
containing methylmercury complexes are more stabl® than

the corresponding sulfur-containing complexes. This
"observation haS'implications in the search for an effec-

tive antidote for methylmercury p01$on1ng, although the
questlon of why selenlte, itself a toxic compound can

function as a protecting agent against methylmercury

remains unanswered. Methylmercury. is known to poison the

body by inactivating important sulfhydryl sites in pro-

teins and engynes (12). It is therefore possible that '
the'presence of selenohydryl analooues of sulfhydryl- ' .
' contalnlng amino acids mlght prevent this polsonlng of |
the protelns and enzymes. ThlS 1s suggested by the re-
 sults reported in this the31s, from whlch selenohydryl
amlno acids are expected to blnd methylmercury more’
strongly than the correspondlng sulfhydryl-contalnlng

~ amino acids. W1th thls in mind, Suglura and coworkers _
(68) have investigated the blndlng of the selenohydryl ’ /ﬁ7

’ group hy methylmercury u31ng proton NMR The coupllng

constant of the selenocysteamlne complex of methylmercury,
'-185 7 Hz for the methylmercury cysteamlne complex,.

.CH3HgSCH CHZNH (10) : These _.workers 1nterpret thls

dlfference as an lndicatlon of the hlgh afflnlty of the -
selenohydryl grbup for methylmercury 1n comparlson w1th

W
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that of the sulfhydryl group. Thus, there is promise
that selenium compounds may be able to function effec-

tively against methylmercury poisoning.

2. significance of the Mercury-Proton Coupling:

Constant of Methylmercury Componnds

dThe dependence of the mercury proton'couplinQ'

constant in CH3HgX compounds on ‘the nature of x was first
: reported by Hatton et al. in 1963 (23). f%ese workers
| notlced that the magnltude of the coupllng constant
| decreases asbx is made more electronegatlve. The depend-'
ence‘of.the coupling_constant.on?tnevnature<of;x is
':'further°iliustrated by the results of a-study'of the
;blndlng of methylmercury by selected carboxyllc acids 1n}i
aqueous solutlon (46 . It was found that the magnltude
.of the coupling constant decreases approxlmately llnearly
as both the PK, of the ligand and the»log KF‘of the

omplex 1ncrease. .More recently;'a linearwrelationShip.
was observed between the magnltude of the coupllng con-
istant‘and‘the-logarithm}of the formatlon constants for
thioether,'nfdro;yl, snlfhydryl, and amino7comp1eXes of
methylmercury (42) The results of this stﬁdy of the’
methylmercury complexes of 1norgan1c anions, summarlzed
ein Table 19, 1nd1cate that the obseFved relationshlp of
'the magn;tude of the cbupllng constant and the log KF of

the complex can be extended to the methylmercury complexes gl

_'\. .
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of inorganic anions, with the magnitude of the coupling
constant being very dependent on the donor atom of the
ligand. ~

' This finding suggests that the form in which
methjlmefcury is present in natural cystemskmight be
identifiable by the coupling constant of the methyimercury.
Unfortunately, on closer.examihétion, this does not seem
'practical s;nce one would expect the methylmercury to
exist as one of 1ts most stable complexes, i.e. complexedv
to either a sulfur or a selenium atom. The-data in Tabie )
19 shows that the correspondlng sulfur and selenlum
11gands form very 81m11ar complexes with methylmercury
- Therefore it does not seem‘possible to identify the
meﬁhyimercury species’solely on the-bosiS‘of its coupling‘
. constant, because the species most likely to be found o T~

have coupllng constants whlch dlffer by only a few Hz .
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_ CHAPTER V'

INTRODUCTION

In 1969 Hlnckley reported that the dlpyrldlne-

| adduct of the europlum complex of dlplvalomethane,
’[Eu(dpm)3 Zpy], 1nduced stereospeclflc changes in the
dh'chemlcal shifts of the protons of cholesterol (1), Com—’
_plexatlon between the coordlnately unsaturated chelate

(a Lew1s ac1d) and the nucleophile (a Lewrs base) result5'~
in. large changes ln the NMR spectrum of ‘the’ nucleophllev~
Q%%e-to magnetic 1nteractlons w1th the paramagnetic. .’

anthanide 1on. Slnce the dlscovery by Binckley of the
"effect of such complexes, whlch he termed shxft reagents,_
_thexr use has 1ncreased rapldly, especially in the areas

of spectral clarlficatlon and the determ;natlon of

molecular structures and conformatlons 1n solutlon.J
S While several other systems, lncludlng nlckel(II)
- and cobalt(ll;»complexes (2-8), radlcal an1ons (9), and
"1ron(II) phthalocyanlns (10) have been used as Shlft
l reagents, it now seems that some of the lanthanlde che—
:lates are far superlor since they produce substant1a1 |
' shlfts with 11ttle accompanylng broadenlng for atoms as
.far removed as_ 20 A from the 51te of coordlnatlon to the
shlft reagent (11) ‘h :gf”-ff] *Ql.:ilir '*v\i'fd"':
The most frequently used lanthanlde Bhlft reagentS’

1n organlc solvents have been the trls(B-dlketonate)

'7“;*hhlz7;*f:
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'_complexes of europlum(III) and praseodymlum(III)\

-aLn(dpm)

.fluoro-z,2-dimethy1f3,5;0ctanedioue(II).

cation, dpm is the conjugate base_of diplvalomethane(l),
and fod is the conjugate base of 6,6,7,7,8,8,8,-hepta-
These‘shiftﬁ

reagents.are capable.of inducing large isotropiC'shifts

H3C - (l3 - C - CH2. -C - (I:- C?l3 .
' CH; CHy
r ) '.b ‘
Co I o
. R &
. , :
CH3

'in the NMR spectra of a large varlety of molecules 1n-'

‘f:cludlng alcohols, amlnes, ketones, aldehydes, sulfoxldes,‘

'>;and esths (11,12)

"’f:owever, these widely used shlft reagents cannot R

and Ln(fod)3, where Ln represents the lanthanidef

"be used in aqueous solutlon because they are decomposed j.¢ff.

'_jby water (13)

ey
LN

In aqueous solutlon, the nltrate and

“:aiperchlorate salts of the trlvalent lanthanldes have been S
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used as shiftureagents, but their:applications-areilimited

due to their precipitation as'lanthanide hydroxides above

.pH'ca. 6'5'(11'13)' By complexxng the lanthanlde catlons

with anlmopolycarboxyllc ac1ds, they can be kept 1n solu-

tlonbat high pH. In.addltlon,_lf all the coordlnatlon

-fsitesvof the lanthanide ion are not oocupied by the

chelatlng llgand, the lanthanlde 10n can complex to other |

-

ligands to form mlxed complexes and act as a shift re-

agent, even at high pH

In Part II of thls thesls,,the results of an
1nvest1gatlon of the aqueous solutlon Shlft reagent

propertles of selected l hanlde 1ons and 1anthan1de

chelates of amlnopolycarboxyllc ac1ds are reported 1'#?,a¢';;

A;’-Theory,of Paramagnetic Shift ReagentSf; h‘.;»’-"-_ .;;.;_"»_‘
The NMR Spectra gfeparamagnetlc systems are char-'

acterlzed by large chejlcaljshifts and often, spectral

11ne broadenlng (14) ”1 1n paramagnetlc complexes -

are subJect to 1nf1uences from the unpalred electrons.vT’"

vf The 1sotrop1c chemical shlft arlsing from thls electron

spln—nuclear sp1n Lnteractlon can be expressed as the
- sum of two dlstinct effects,va contact Shlft and . a di-
polar, or pseudocontact"' Shlft (14) o

The Ferm1 contact 1nteractlon takes place only if
there 1s a flnlte probablllty-of flndlng some unpalred

electron spin density at the nucleus in" quest{on. This
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1mp11es that there 1s unpaired spin den51ty in an s—type_
orbital of the atom, since p,d -etc. orbitals all have
nodes at the nucleus. Unpalred spin den31ty can be .
transferred to. the nucleus. by dlrect delocallzatlon and
-_v1a sp1n polaerat;on. In principle, thls type of lnter-
actlon should lead to a splxttlng ‘0f the nuclear reson-
..‘ance (15), but in practlce, the- electron relaxation tlme,.
le' ls usually short enough on the NMR tlme scale to
| _cause an effectlve decoupllng of the splitting (T <<
the rec1proca1 of the hyperflne coupllng constant) (15).
An electron relaxation time which is not .quite short
enough to meetlthls.crlterlon-results in broadenlng of
| the nuclear resonance, analogous to an- 1ntermed1ate ex-;'
change rate in chemlcal exchange studles (16) . Although
the nucleus senses only the average magnetlc fleld pro-
'gduced by the unpalred electrons, this magnetlc fleld is
- not equal to zero slnce, in the presence of an applled
'magnetlc fleld there are slightly more)unpalred elec—‘%
_;trons orlented wzth the fleld than agalnst it. A ‘con-

' f.trlbution from the paramagnet1c~meta1 1on to the total

chemlcal Shlft is then observed. we”paramagnetlc con-

' Zeeman levels of the electron spln. The populatlon ,

&Quf'of the levels, and thus the 1nduced chemical shift, ti ;‘
-are - temp rature dependent (15). | ' -

The fundamental equatlon for the contact’ Shlft (17)

f-'
. . v }
T E < . . R .
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" is presented in Equation 1. The induced chemical shift,

anSOmEACE - (asm) ZNgJB(gJ-l)S(S+l) |
- = - (1)..
AH?OntaCt, in-a magnetic field H, is given in terms of -

(A/h), the electron-nuclear hyperflne coupling con8tant ‘
ineﬁs,.s, the'total‘angular momentum_quantumbnumber»of
the unpaired.electrons, yﬁ,ﬁthe nucleat magnetogjric'
ratlo, B, the Bohr magneton, and gJ, the electronlc
g-factor. The hyperflne coupllng constant is dependent
~on the number and the type of bonds separatlng the para-
magnetlc ion from‘the nucleus in questlon .and thus,_lt
can vary 1n both 51gn and magnltude for nuc1e1 1n the .
Same molecule. The dependence of the contact Shlft on,v-r
the hyperflne coupllng constant results in dlfferent
contact shlfts for dlfferent»nuclel in the-same molecule'”
‘(ll) ‘The relatlve magnltudes of contact shifts for
*va;ious magnetlcally-actlve nuc1e1 were calculated by
N Goodman and Raynor (as) . For example, they calculated
that, for the same fract10na1 spln occupancy, an 17O
nucleus w111 experlence tWentwaour tlmes the- contact
Bhlft experlenced by a proton in the same molegule, whlle
13C nucleus will experience almost nlne tlmes the con—5
tact shift of: the proton. _ | |
* The second type'ofweffect.observed in pafamagnetic

.
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o iystems results from through-space d1pole~d1pole lnter-
action between the magnetic dlpoles of the unpalred
electrons and those of the nuclear spins. The strengthet
of thls fleld, and thus its’ effect on the nucle1 of the
'llgand system,,varles wlth the location of the nuc1e1
with respect to the magnetlc axis of the complex. Thus,
ﬁthe magnitude of the dipolar shxft provides information.
about the geometry of the ligand system., The dlpolar

‘d‘electron-nuclear interaction in’ complexes ‘'with isotropic

: g-tensors is effectlvely averaged to zero (14). If anv'
ion is magnetlcally 1sotrop1c, or has a symmetrlcal
electron cloud “the generated magnetlc fleld 1s 1nde—h
'pendent of the orientatlon of the paramagnetlc 1on thh R
-respect to the dlrectlon of Ho, the applled magnetlc
fleld., Therefore, due to rapld tumbllng of the moleculeff
in solutLOn, ‘the net field lnduced at any nucleus by the *‘
}unpalred electrons 1s zero. For the case. of a magnet-
A1cally anlsotroplc 1on, the generated magnetic fleld 19

:_dependent on the orlentatlon of the paramagnetlc ion
‘Wlth respect to the applled field H ’ and is not ' |

hnraVeraged to zero’ by—tumbllng (14). Each nucleus in the |

fih'“molecule experlences a net shleldlng or deshleldlng, and

| therefore a change in. ltS chemlcal Shlft due to the ,;." ‘1fg7f

f}’presence of ‘the’ unpalred electrons. - | | o
| Equatlon 2 descrlbes the dlpolar shift of a

nucleus of spherlcal polar coordlnates r, 0, and ¢ in.



ppdiPolar . pl300525-1| b’ |{sin®6cos2s @

H . SRS r

~ the cocrdlnate system of the pr1nc1pa1 magnetlc axis of

the complex (14) D and D are constants which depend ‘on
the pr1nc1pa1 molar magnetlc susceptlbllltles of the
complex Wlth the assumptlons that there is ax1al

symmetry in the complex or axial symmetry approximated

_by rapld tumbllng 1n solutlon (19), and that the prlncx-gh

pal axls is collnear ‘with the lanthanlde-ligand bond

*(20 21) or is deflned by the 1igand (22, 23), Equation ;

. slmpllfles to Equatlon 3. In Equatlon 3 9 1s deflned

~

as ‘the angle between the pr1nc1pa1 axis of the paramag—'“'i-
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netic molecule and a vector rs, jolnlng the metal to" thef}q"

aPOIAT o seasel) g

.

“dlpolar 1nteractlon is 1ndependent of the nucleus belng |

o observed but strongly dependent on the 1ocatlon of the

nucleus w1th respect to the paramagnetlc lon ‘and the'@;

.7_“dependence predlcts that, thhin the same molecule,

';f}there may - be dlpolar shlfts of dlfferent signs, since

° .

nucleus in questlon. Equatxons 2 and 3 predlct that the'[;d“dm

f_prxncipal axls of symmetry of the molecule.. The angular‘“ f{



o
\\(Bcosze—l) dhanges sign at.e 54,44'; The third -power-
"distance dependence of the dipolar interaction implies
that its effect will attenuate rapidly with distance
lfrom the lanthanide ion, so that a large range of mag—
"vinetic fields w111 be experienced by the different nuclei

i Thus spectral simpllfication w111 result, the overlapping

ri resonances W111 be spread out and‘resolved Spectra ob-'

Qserved In the presence of lanthanide Shlft reagents, ;i
[second order splitting patterns are often changed to
, fﬁfirst order Spectra without any effect on the spin-Spin
’H?:coupling constan%s.‘g R S o |

The amount of broadening of the NMR resonances

h7“tdue to dlpOlar J_nteraetions 1s dependent on the electron

'ffspin relaxation time of‘the paramagnetic ion.’ Qualit-tﬁ‘u

A-atxatively, the 51tuation can be explained by—a szmple

°~fﬂ71ation of each‘state. This 18 the fast:exchange region

".?onslthn according to the relative pcpulations of the

Fgchemical exchange formalism (16).. If the electron spin
f_relaxation time Tl v is short on theANMR time scale, |
«the neighboring nuclei experienge an average of the

éijpossible spin states. weighted according to the net popu-'ri:j,r;?f*

?in which one sharp resonance is observed for each nucleus,

T]{the pOSitien of the‘resonance shifted froﬁ‘its diamagnetic
¢

'spin states,“flf the electron'%pin'relaxatlon

"ftime is long,}the unpaired electron spendsia,long time .fpg'f

| uriin a given spin state, permitting each nucleus to' h*f"""T*“




v:l;1 13, 10 4‘sed‘ (24), exchange averaged resonances arg
"3;;obserVed 1n lanthanlde shift reagent systems Sama
‘*fnparamaqnetlc transitlon metal ions and lanthanide ions,;_%iffi

AlffIEu(II) Gd(III)] have Ti ‘s which are intermed;ate be-’avﬁiﬁé"

, ‘4;&reg10n, theré 19 a 1arge apread in the distributlon'o'
e local magnetxc fields within the“ample, resulting 1n an*‘:';f'?
”fgfuncertaxnty S the resonance position, that 13 a‘ SR

 ‘%¥fbroadening of the resnnance.nqqnﬂ¢ﬁ;ﬂfi?35"“ S

lf ated with the dipolar interaction is propartional to

"nxﬁ, where r is the dlstance from tﬂe paramagnetic xon

_ nigjresonances. the line wxdth of each nuclear resonance de-:
- t?;jpends on’ the 1ocatxon of the partlcular nucleus in the ;53'1[7%
R ;L{molecule. Th;s degendence of the resonance 11ne wadths B

'“igion the geometry of tﬂe system offers a second method‘of fﬁf Iﬁ;f”"

iexperience exclusxvely the magnetie‘field generated by
‘that state.; Separate resonances would be observed.for
the nuclei whwh experience the different magnetic fiems.g-;
The 1ntensxt1ea of the resonances would not be the Same -¢ ?fQ> v
;51nce the populatlons of the electronic atates a:e not ‘ffi;{n€;inﬁ
‘the same “but are tempegature dependent. This 13 the vf.nlffﬁwu
:slow exchange region.. Becauae most lantﬁanide ions have‘fgji' 
¥ I

"short electron spxn relaxation tames, on the order of

e

)

g il

:ftween the fast and slow cases (11).“ In this intetmediate

*

i

Quantitatively, the resonancg hroadeninq associ~ fﬁfn*éfg

STUPRRNRER, VS 0 ik I

' fto the nucleus 1n questlon (11,25).‘ Thus, in systems

e
SRR

R
T et

)

.1n whlch the Tle 13 long enough to Broaden the NMR

14,
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L obtalnlng structural 1nformatlon from paramagnetlc sys-
tems. Paramagnetxdjions whlch have Tl values of sult?ble'

magn1tude-(10 -8

- 10 -9 seconds), for example Gd(III), are
often referred to as broadenlng reagents, and are now
.sused regularily in conjunctlon w1th Shlft reagents for_:
‘molecular structure studles (26) |
"_'The unpaired electrons.of the"lanthanide ions‘are *
_inlhighiy shieided 4f‘orbitals, so that transfer of spin-
densxty frqm the lanthanlde 1ons, elther by dlrect
' delocallzatlon or spin polarlzatlon, is unllkely 51nce g 8
| Jit would ‘have to occur via the higher energy Gs orbltal | ;
127) Chemical shlfts 1nduced by lanthanlde ions orlh‘..
lanthanlde ion chelates are. therefore usually attrlbuted
to the dlpolar mechanlsm (11) and are then dependent
v only orr the ‘magnetic anlsotropy of - the complex, and the..“
geometrlc factor (3cosze l)/r . The relatlve shlftlng a'f_'
'abllltlesiand the éirectlon of. the chem1ca1 Shlft in- |
duced by the lanthanlde 1ons has.been correlated w1th‘ f"
magnetlc susceptlblllty anlsotropy and/or g-tensor
anlsotrogy of the complex:(ll).i In several serles éfﬁ,.
iso—structural lanthanide salts, it has been‘shown‘:
(28 23) that for a glven structure, dlpolar shlfts are r
proportlonal to the susceptlblllty tensor anrsotropy._'
In each .series of saits, the 1nduced shlfts/change

dlrectlon at the same piaces in’ the lanthanlde serles,

: correspondlng to s1gn changes 1n the susceptlblllty :



'1sostructural sgge s, the magnetic anisotropy will be

-1

T

tensors; This observation is reasonable since, in .an

determlned by Yarticular f" configuration of the .

lanthanlde ion and therefore the relatlve magnltude and

‘s1gn of the anlsotropy tensor w111 be the same as in any

- aother 1sostructural series. The lmportance of the geo—u

‘ metrlc factor in determlnlng the dlrectlon of: lanthanlde

h l

1nduced shlfts is . 111ustrated by the report of Tanswell

>t l. (30) that Eu(III) 1nduces downfleld shlfts ln the

'_'d— S—

'H

H resonances of the nucleotlde, ATP while upfleld shlfts"

' are observed for other nucleotldes 1n the presence of

- B. Lanthahide.ShiftfReagentSﬁﬂ

Eu(III)v

%0 The flrst reported appllcatlon of lanthanlde Shlft

reagents was the 51mp11ficat10n of the NMR spectrum of .

nEu(de)3 (l), but 1t w£§~soon reallzed that plaln isf:th- .

’cholesterol by the addltlon of the dipyrldlne adduct of

Eu(dpm) was 4 'more effectlve Shlft reagent (31), due to

_ the ellmlnatlon of the competltlon between pyrldlne and

_cholesterol for coordlnatlon smtes on Eu(III) The

¢ .

=analogous praseodymlum chelate, Pr(dpm) was shown to

-1nduce chemlcal shlfts 1n the opp051te dlrectlon to those

'induced by the europlum chelate (32), thus they can be :

_ueed in. a compll ntary manner.. Soon thereafter, K

iRondeau and Slevers reported that the Eu(III) and Pr(III)

B S N S .
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chelates of the partlally fluorlnated B—dlketone llgand
fod (Structure II, page]28) ‘are even more effectlve shift
reagéntS'(33).. Pr(fod)3 and Eu(fod)3 are more soluble
than the dpm chelates, are better Lew1s ac1ds, and thus
are able’ to coordinate to a wider range of substltuent

_ molecules.h | .
o One of the early observatlons with these shlft
:*“reagent systems was that the induced shifts 1ncrease with
1ncrea51ng Shlft reagent to substltuent molar ratlo (12)
ThlS indicates that the exchange of substltuent between
1ts shift reagent-complexed form and its free. form is
fast on the NMR time scale. Thus shift reagent data’ can»

t . ¢

_ be explalned in terms of complex formatlon equlllbrla.

| The 1nduced shift 1s quantltatlvely related to the form-'

. .
-atlon constant of the Shlft reagent—substltuent complex,,

and :the chemical shift of the substltuent in the complex
'3(34 39) A second early observatlon w1th paramagnetlc ;
.lanthanlde‘systems was that the chemlcal shift 1nduced
-11n ‘the various protons of the substltuent molecule lS
dependent on the dlstance of the. proton from the 51te of
COmplexatlon to the shift reagent (12). Thls distance
dependence of ‘the 1sotrop1c Shlft lS 1nd1cat1ve of a
:v:domlnant dlpolar interaction between the lanthanide 1on>
Kand the substltuent.- The dlstance dependence of the |

~d1polar Shlft can be analyzed to determlne the conforma—

atlon and structure of molecules in solutlon (40~ 43)




]

r
Although most of the research and appllcatlons

of lanthanlde Shlft reagents have ‘been with the dpm and

fod chelates in organlc solvents, agqueous solutlon lantha-

nide shlft reagentS‘have also been studied. Reuben andv

Fiat studied the interaction of various anions with.the
)

'trlvalent lanthanide catlons in aqueous solution (44)

By monltorlng the 170 and 1

of the concentration of added anlons, they determlned

vthat nltrate, sulfate, acetate,-and tO‘a~lesser extent,

~chloride, form complexes with the lanthanidesrwhile per-. ..

chlorate dOes.not. The hydrated lanthanide ions have
: . P S
R oo

been shown to induce shifts in the proton resonances of

carboxylic, aminocarboxylic, and hydroXycarboxylic acids

. in aqueOu“'olution (45 46). The results of Hart et al.

(46) suggest that the deprotonated carboxyl group blnds

to the lanthanlde 1ons, whereas the amlno and hydroxyl

groups do not

Barry and coworkers (40) used lanthanlde salts as

S -

sh1ft reagents in studxes of mononucleotlde conformatloné C‘

in aqueous solutlonh, From a comblnatlon of chem1ca1

shift and resonance broadenlng data, they determlned that

the. phosphate group of the nucleotlde blnds to the lantha-
}nlde ion- and results in selectlve shlfts and/or broaden-

‘ings in the nucleotide resonances.

Praseodimium_and'europium,chlorides and nitrates’
were reported to cause differengﬁal shifts in the NMR

<

»a

H chemlcal shlfts as a. functlon

139



spectra of aqueous carbohydrate sogutlons, prov1ded the
carbohydrate possesses a sterlc arrangement of hydroxyl
groups sultable for complexatlon (47~ 49) Spoormaker
and coworkers (47) report that tridentate complexatlon by
three consecutive hydroxyl groups of the carbohydrate is
llkely, Angyal and coworkers (49) used lanthanlde 1n— |
duced shifts " to determlne the conformatlons of several
carbohydrate molecules in aqueous solutlon.f

-

To assess-the’relatlve importance of contacthand

5dipolar'shifts on the‘proton NMR spectra of 1anthanide"

complexes 1n agueous - solutlon, Donato and Martln 1nvest—
1gated the lanthanlde—z 6 dlplcollne (dpa) system (50)
The trlvalent lanthanlde ions 1nduced large shlfts 1n
the proton NMR spectra of dpa in basrc solutlon, until
the dpa to lanthanlde ratlo exceeded three, when peaks f

characterlstlc of the excess llgand also appeared Thls :

- was taken to 1nd.ate the formatlon of a strong Ln(dpa) 3-

' complex.' Analysas of the observed Shlfts 1nd1cated a

A

domlnant dlpolar mechanlsm for thls 1nteractlon in aqueous;”

solutlon. .

actlon -of the shift reagent, Nd(III), w1th a Varlety of e

e

Blrnbaum and coworkers (51 52) studled the 1nter-lrﬂ»‘5w

‘boxyllc ac1ds, amlno ac1ds, and hlstld:me in aqueous

utlon.y They reported that only the- deprotonated car-

: boxylate group of amlnocarboxyllc ac1ds complexes Nd(III)

at low. pH but that between pH 6. 0 and 7.07 Nd(III) w1ll

. 140
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bind to histidine in,aubidentatenhanner via.theqcarbcxyl.
group and the,iﬁidazaie-nitregeh,' They used a.combina-
tion of iteratioh and least’squaree'fittingZtechniques
tqrsimultaneously determine the conditional-formation'

- constants of these compleke:~at selected pH éalues,Aand
the chemical-shifts of the'ligahd protoné in the com-

~ plexed form from the chemical ehift‘data. ;The reSultseof‘
IstudieS'Of this type are of impbftahce in view of the
criterién which must be'met‘to ebtain gohfo:matiohal
information from lanthanide induced‘Shift studies.

Birdsallfet al._(26) have polnted out that if a molecule
blnds a 51ngle lanthanlde 1on‘at a unlque blndlgg site,
the analysls of»the observed d;polarvshifts ‘can def;he
.the'gebmetfy'of the‘subStituentholecule} A S o

Anteuniéiand'coworkersi(53,54)-have used lanthgnide

L 4

».Salts tb-simplify'thehNMR spectra'ofesmall'(penta to..
hepta) peptldes in DZO solutlon._ TheY-ohserved the
'llnteractlon of the Shlft reagent‘at the deprotonated‘
'carboxylate 51tes and also at the amino sites at a pH

-'greater than the 1solect:;c point. They observed no 1nter— V

'action“of shift reageht"t thejpeptlde-funetlonal-31te
v(SéYa_'ihey“SQQgeSted thv vthe formation of iqh'paif |
elusters could aceount'for‘sdme of the'ihteraétidn‘ob—-h ;
served af the .amino 51t;, and that at low pH, the NH3 o

‘ m01et1es ‘could also form complexes Wlth the Shlft reagent

'via ion. pa1r formatlon w1th the counterlon of the
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" lanthanide’cation. T L o

h Lanthanide ion complexes-of;ethylenediaminetetra-_
acetic acid have been used as.NMﬁ shift and broadening
A'probes to- study the conformatlons of nucleotldes in.
aqueous solutlon (55). The use of the lanthanlde—EDTA
complex as. the shift reagent prevents the prec1p1tatlon
.lof the 1anthanide hydroxldes, whlch usually occurs before
_ pH 7 and thus expands the pH range over whlch sh:.ft
reagent effects can be studled.- The lanthanlde-EDTA -
complexes have also been shown to 1nduce chem1ca1 shlfts.
~in the NMR - spectra of salrcylaldehyde and o-nltrophenol
at high pH. where the hydroxyl groups a:e deprotonated ‘ih
4(56) It is suggested thet chelatlon plays an 1mportant-n

role in the complexatlon of these molecules by the Shlft'

reagent complex..

-

C. 0verv1ew of Part II

' In view of the ahpndance of 1nformatlon about theh.'k
hconformatlon and structures of molecules in solutlon and
:the a551stance 1n<spectra1 rnterpretatlon whlch can ‘be f
' obtalned from lanthanlde 1nduced shlfts, and the lack of
a comprehen51ve study of the 1nteractlon of p0551b1e
vaqueous shlft reagents with a varlety of donor groups: lt
' was dec1ded to evaluate‘ several lanthanlde systems as

possrble aquebus Shlft reagents. It was mentloned earlier

in thls chapter that such 1nformatlon 1s essentlal 1f
: o - :

»

R T



,conformatlonal 1nformation is to be extracted from lantha-
'nide 1nduced-sh1ft studles. In Chapter VII of" this '
'¥the51$, the Shlft reagent propertles of Eu(III) and
_Pr(III) are compared. A.method 1s_descr1bed for.deter-,
mining both the chemlcal shift'of'thelcomplexed subetiF‘

tuent molecule and the formatlon constant of the lantha*

';nrde-substltuent complex.j The dependence of the paramag-

. ' 4 .
‘“netic shift on the couterion‘of the lanthanide salt, ‘and .

“the 1nteract10n ofgthe lanthanlde catlons w1th a varlety
- of functlonal groups are. also 1nvestlgated.' In Chapter
s

-VIII, several polyamlnopolycarboxyllc acid chelates of .

Pr(III) are consmdered as possxble aqueous Shlft reagents.
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CHAPTER VI . L

- EXPERIMENTAL -

A. Chemicals

.Pr(N03)3 and.Eu(NO3i3 were obtained from Research.

\

Organic/Ihorganic»Chemioals;. PrCl3 6520 and Pr(ClO4)3

6H,0 were obtained«fromWAlfaAInorganlcs. Solutions pre-

ppared from these salts were flrst flltered and then

‘standardlzed as descrlbed ‘below. Ethylenedlamlnetetra?o

-acetic acld (Flsher Chemlcals), N—(Z-hydroxyethyl)-
ethylenedlamlnetrlacetlc.acld:(Aldrlchwchemlcals),»and
cycldhekanediaminetetraacetic aeide(K_+ K Laboratories)

_weielused.wittht,fprther-pﬁrifioation.f All other

chemicals were reagent grade and were used without fur-

Vther pprification;" S ’{ﬁ

 B. Preparation of”SolutionsZ(’v'
'WIVIn general, all solutlons were prepared as des-“

:‘crlhed 1n Chapter Iz, Sectlon C.A.

fC;“ Preparatlon and Standardlzatlon of Lanthanlde Salt

and Lrgand Solutlons

Stock solutlons of approxlmately 0.4 M lanthanlde

| salt 1n trlply-dlstllled water were flltered to remove

the 1nsoluble 1mpur1t1es, whlch looked llke paper flbers.p‘

- An - allquot of thls stock solutlon was dlluted flfty-foid :f'f

_for standardrzatlog:j The standardlzatlon»procedure-

144
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involved addlng a known excess 'of EDTA to a 25 ml ali-
quot of the dlluted solution,.bufferlng the solution at
‘.pH 10 w1th trlethanolamlne,.and then titrating the excess
EDTA with standard zinc nltrate to an Eriochrome black
T endp01nt The moles of lanthanlde 1on in the 25 ml
allquot was taken %o be equal to the total moles of EDTA _
minus the moles of Zn2+ required to'reach the endpoint
‘Acetic acid and methanesulfonlc acid solutlons
'were standardized by tltratlon w1th standard sodium _
1vhydrox1de to a phenolphthaleln endpoint. Methylamine and,
N-methyl “4midazole 'solutions were. standardlzed by
tltratlon with standard nitric ac1d to.a methyl red end-
poxnt | |
. Stock solutlons contalnlng approx1mately 0.4 M-
'N-(Z*hydfbxyethyl)—ethylenedlamlnetrlacetlc acid in
trlply—dlstllled water or 0.4 M cyclohexanedlamlnetetra-
'acetlc ac1d in trlply—dlstllled water were standardlzed "
by tltratlng allquots,.buffered w1th trlethanolamlne

w1th standard 21nc n1trate to an Erlochrome black T end—

point.

D. pH Measurements - Q
pH measurements were carried out as descrlbed in.
Chapter II, Sectlon D w1th the exceptlon that a Fisher

. Accumet 520 pH meter was- also used In some experlments,_'”

the. thlrd flgure after the dec1mal in the pH readlng was



.. (DS8).

» 146._e
. |
_recordedt.‘hlthough this digitwhas no significance in‘the S ;
'actual meaning of the?pﬁ valoe;‘the change.in pH between
vsucCessiye'deta points is ekpected to be significant at. : ‘J
‘this decimal place and there was 1ess‘scatter in the = | |
 calculated formation constant values when thisddigitvwaSJ'

used. o o : ;

E. NMR Measurements andVBefébéﬁ;.,

- e e CEE. B

\n.. -
N B

Chapter II Sectlon F, with” th

- "'Q‘. - % -, : “ ‘

ical shlfts are reported relatlve to“t‘putanql rather.

_‘than sodium 2,2~d1methy1—2~51lapentane—5rsu1fon1c ac1d’

i""' To determlne the effect of aqueous.lanthanlde Shlft - .r‘i
reagents on possmble NMR reference compounds, 1ncrements |
of Pr(NO ) were addid to a. solut&on 0.2 M in each of . | t.~"*
-butanol dloxane, DsSs, tetramethylammonlum nltrate (TMA), \
-and acetone up to a. Pr(N03)3 concentratlon of 0 2 M. -Thev‘d

chem1ca1 shift of the resonance of each solute molecule

C g ) "

was measured relatlve to all the other resonances after_
"each lncrement of Pr(N03)3 was added. The data 1nd1cated :
gthat the relatlve posxtlons of the resonances dld not "

"change, except for. DSS whlch appeared to be Shlftlng

'downfleld w1th the addltion of- the shift reagent. In a
_solutlon‘contarn;ng approxlmately equlmolar'concentrationsd

of DSS and Pr(NOj);, the DSS singlet appéared 0.05 ppm . X

~ . R
. i Lot . . N b
ot . SN : . ’ ’



o downfleld from its p051tlon when no Pr(N03)3 was present.vm;

PRI N
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Thls change in chemlcal Shlft was taken to 1nd1cate a

.Pr(III)-DSS 1nteractlon and therefore DSS was not used .

- as a-refq;ence compound 1n this work. Dloxane, fbutanol,

and TMA were used as references.,
An interactlon between the PrHEDTA shift reagent
and the reference co,aound TMA was also observed ' "I‘he

™A resonance 1n a solutlon contalnlng approxlmately

-o 2 M TMA and 0.1 M PrHEDTA was shlfted 0. 083 ppm

downfield from 1ts posxtlon when no- PrHEDTA was present

Thls 1nteract10n will be dlscussed-further 1n Chapter

R

VIII, but- it should be noted that TMA is not a suitable
\
reference compound for thlS type of Shlft reagent system,

and therefore only dloxane and. t—butanol were used
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A;"Introduction{»'"

THE HYDRATED Pr(III) AND Eu(III) CATIONS AS

AQUEOUS SHIFT ‘REAGENTS :

o

3 In thls chapter the hydrated Pr(III) and Eu(III)

‘ions are 1nvestlgated as aqueous solutlon Shlft reagents.

- As’ mentloned 1n Chapter V, the rate of exchange

'».plex and its free forms is’ generally fast on the NMR -
htlme scale, and‘thus the obsen@ed chemlcal Shlft 1s .a.
'»welghted average of the sh1f€¢~of the free ‘and complexed

:forms. Conseqpently, the 1anthan1d¢ 1nduced Shlft de-‘

3t10n of the molecule 1n the complexed form depends on

o a;‘the formatlon constant of the shlft reagent-substltuent

T\facld., A method 1s descr1bed foi%%g?ermlnrng both the

”7ichem1ca1 shift of the complexed'S“bStltuent and the

L Shlft reagentsbhoth the chemlcal shlft of the complexed
'hf‘form and the - formatlon constant of the complex aref.- -

Eilmportant parameters._;v“ | ‘_ : f '."_"' \ |
Plrst the Bhlft reagent propertles of the hydrated f

'{f?Eu(III) and Pr(III) icns are compared by studylng the o

~'pends on hoth.the Shlft of the complexed form and the ‘ .

",fractlon of the molecule 1n the complexed form, the frac-

w

hrﬁshifts they induce in’ the proton NMR spectrum of acetlc ‘

;”Of the SUbstltuent molecule between,lts lanthanlde com—\Jh*’n‘“”"

:complex.. Thus, to characterlze the propertles of 51m11ar.'r if '



formatlon constant of the’ complexéfrom the lanthanlde "5> f.;
1nduced chemlcal shlfts ‘and: applled to the Eu(III)wacetlc v'_’JV
acid and Pr(III)-acetlc acid systems. Baded on the re- - '
}*_Sults obtalned from thls study, the Pr(III) system was-"
selected for further study “Next, the effect of the_"

_ counterlon of the lanthanlde salt was examined by com-v
panlng the effect of Pr(ClO4)3, Pr(N03)3 and PrClh on'the.m
NMR spectrum of the acetlc ac1d llgand The formatlon:s |
bj' constant and chemlcal Shlft of the Pr(III)~acetate com— -

plex ‘were" determlned in the presence of each counterlon.bcv .

o The. results of thls study 1ndlcated that Pr(C104)3 would ;f L
i-lnduce the largest chemlcai sh;fts. Therefore, the ﬁ;‘” '
| effect of Pr(0104)3 on varlous functional groups was.f:

‘pvxnvestlgated.; ‘The carboxylate, amlno, sulfonateq sulf-‘3‘

hydryl and lmldazole-nltrogen functlonal groups were
selected as the potentaonal complexatlon 81tes o£ orqanxc

L

molecules,'such as aano aclds and peptides, whlch are

P

vof lnterest in aqueous 801ut10n.¥;y."f.;thﬂ»<;7.f3~»{7';f'”k‘ﬂﬁi

B. Results"

L

'1 A Comparison of the Shlft Reagent %fopertles of

.A'

Eu (No and Pr (NO3)3 .4 SRR R ‘;

To compare the Shlft reagent propertles of the :;f:f¢«:'

. : . R

v europium(III) and praSeodymlum(III) catlons in '¢“'43§ 3*,‘-‘gﬁ

hw

"32- was 1?&"&7' ted The hydrated lanthanlde 1ons are known7f~”f1v
. 5% 0.‘ .‘_. ; . - M ] —_ > : . 2

solutxon, thelr effect on the NMR spectrum of acetic ac;d;gﬁ*Sinﬁ,
¥
¥




ljeuroplum shlftvreagentS' nameiy that they 1nduce chemfcal

150

. _ L : _ . &
to interact with deprotonated carboxylate groups'but not

w1th the protonated carboxyllc acid groups (51) _ There—‘

fore, changlng the pH of a Pr(III) -acetic acis solutlon

effectlvely changes the amount of llgand available for

oomplexatlon, that 1s, it effectlvely changes the Pr(III)-

substltuent ratlo.‘ Thus, the magnltude of the 1nduced

Shlft of the acetate resonance of a Pr(III)Jpcetlc ac1d

f301utxon is dependent on the solutlon pH The lanthg\lde St

'salt—acetlc acid 1nteractlons were s&udled by monltorlng

- the chem1cal Shlft of the acetate resonance as a “function

»

- dof pH for’ solutlons contalnlng approx{hately equal con-"
.bcentratlons of acetlc ac1d and the approprlate lanthanlde

;'salt The chemical Shlft data is presented as a fxnctxon

i

8

'ogepH in Table 20 for a solution contalnlng 0 0995 M A,
gacetlc ac1d and 0 0766 M Eu(N03)3 and a solutlon con- .

"talnlng 0 0973 M acetlc ac1d and 0 0749 M Eu(NO3)3.

8

Slmllar data is presented 1n Table 21 for a solutlon con-

; :talnlng 0 0980 M acet;c ac1d and 0. OBOQWM Pr(NO3)3 and

'a solutlo,n contaJ.nJ.ng 0. 0932 M acetxc ac:.d and 0. 088’5'M

A

:_Pr(N03) L The data presented in’ these two tables demon-:

B

strates the major dlfference between praseodymlum and

o

’. 3' !
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. resonance appears 1.6 ppm upfielddfrom t—butanol; in a

.,_.;

solution containing approximately equal concentrations

of Pr(III) and acetate;°the acetate resonance appears

5.7 ppm downfield from t-butanol. This suggests that

Pr (II1I1)- would be a more sultable Shlft ‘reagent because

it 1nduces downfleld shlfts. Resonances of protons

nearest the p0551b1e coordlnatlon sites of llgand mole-

i
cules are generally further downfleld than those - of other
protons 1n the ligand.* Upon add;tlon of Pr(III), the

-

‘resonances of nuc1e1 close to the~blﬂaing_51te move fur-

ther downfield resultlng in spectral clarlflcatlon. In

the presence of Eu(III), these resonances would move up- -

field and llkely cross over the resonances of other
nuclel_of the lmgand molecule, and spectral,clar;f1¢ation
would not necessarlly be achieved. For the same rEason,

Eu(fod) and Eu(dpm)3 are generally used in preference

- to Pr(fod) and Pr(dpm) in organic solutlon studies,

;51nce these europlum chelates induce downfleld shlfts

‘(‘J'

1yh11e-the analogous praseodymlum chelatea-lnduce upfleld.

shifts (11).

_ To‘quantitatively<compare the‘shift.reagentrprop-

erties of the Eu(III) and Pr(IiI) cations,'the formation

: constants and chemlcal shifts of the Eu(III)-acetate

and Pr(III)-acetate complexes were~éva1uated by a combln-
o

ation of'ilnear and nonllnear least squares fittlng

_technlquesr In Eu(III)-acetlc ac1d and Pr(l@I)-acetlc

-

X
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acid systems;_the'exchange,of the acetate ions between

the free and lanthanide—complexed forms is fast on the

-

NMR time scale, as 1nd1cated by the presence of only one3

acetate resonance in the NMR spectra of lanthanide 1qn—

.\,,.

acetate solutlons, ‘The chem1ca1 shift of the acetatev
resonance‘is”dependent on the lanthanlde ion to acetate
ratio. The observed chemlcal shlft, -ohs"is a'wédghted
' verage ~of the chemlcal shlfts of each aceta&&ﬁqu;res

v . 1n solution, accordlng to Equatlon 4 § represents the

(4)

bw*”i ﬁﬁ%ﬁemlcal shift of the acetate protons ‘in the 1ndicated h

. species; § is. determlned by the relatlve concentratlon

-ﬁ“o’bs = Pele * Prabia F Pre2fii2 t Pt

B T L L - L P RN

£ o

. of acetlc acxd HOAc, an acetate, OAc which depends
' .

;{ ’ only oniQH, and thelr chemlcal shlfts. P represents thep

Q fractldn of acetate in- the free and the 1 1, 1 2 and

1 3 cdmplexed forms,{as indlcted Pl s1’ Pl 27 and Pl .3

: are deflned by Equations 5 7 where (HOAc]tot i is the

iV‘ ‘ . ) . . A - “'. .“‘v : ’{ o o ". . . o
. Ip % mn(onc 2“] U ey
. ‘ N . s Pl' = : B = S L (5)

‘” ¥ : . .' k";% tetal IR
(6)

S ¢
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I . . L . . .

~ 3[Ln(0Ac) ]
P):3 .~ THOAC]

. A7)
total

total acetate ooncentratlon 1n the golutloﬁ and Ln the

-~

'approprlate lanthanlde catlon.v The ‘sum of all the frac—'

L]

~t10ns, Pf l 1 + Pl 2 + P1 3,>1s unlty. The formatlonl
Lconstant and chemlcal Shlft of the acetate protons in o
the 1:1 lanthanlde—acetate complexes have been determlned
from: the chem1ca1 Shlft data of solutlons in whlch the
lanthanlde 1on concentratlon, [Ln ], was somewhat greater‘
than the acetate ion: concentratlon, [OAc ] ' Under’%hese
condltlons it can ‘be assumed that the 1: 2 complex,‘
Ln(OAc)2+, and complexes of hlgher acetate content, can ..
| ‘be neglected It w111 be shown that the relatlve magnl:
‘tudes of the formatlon constants of the 1:1 comple Kfli
.and of the 1: 2 complex,, f2' Justlfy thls assumptla%, Lo
1 both the Eu(III)—acetate and Pr(III)—acetaté systems.
;”ﬂThe formatlon constant and the chem cal Shlft of the"

acetate protons of Pr(OAc)z+ were determlned from the = ., =

e .
I

"pH < 4 data of Table 21 by the 11near curvzflttlng method"'
'afdescribed below.' Thls data meets the crmterlon that

-[' l >>. [0Ac ], 1nce at pH < 4 most of the acetate 1s"

7

"'present as . HOAc. Atﬁpﬂ > 4 a dev1atlon from llnearlty nd‘

i

'was taken to 1nd1cate that the PL‘(OAc)2 complex was also )

oimportant, The formatlon conétant.aﬁ% chemlcal shlft of
‘w ,‘:’; e? '

oL . L . . .
o > oo - et . . o xf e i L. }

N
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2

g the methyl protons aof Pr(OAc) + were determlned from the
pHAb 4 data of Table 21 by the nonllnear least squares

method also descrlbed below. Calculatlons us'ing the :
value of 9.80 for the pK of PrOH23+ (57) 1nd1cate that

\

at a:pH less than 6, the concentratlon of PrOH2 is -
| negllglble. |
‘ Wlth the. assumptlon that only the l l lanthanlde—

'1acetate complex lS 1mporta Equatlon 4.51mp11f1es to'v_

Caviia aaliioirka® asi. oo e . o

“Equation 8. ‘The formatlon constant,of?theAPr(er)zf o

o L " Pese P 161 1 ,‘8.’ R
ES 0 R TR R
- complex is deﬁlned by Equatnon 9 in whlchgggg _as thelf
B pr (oac) 2¥y . P l[HOAc]total gy
BT fl':' S I ,e4'f o AR
a_,; | ,:- . [Pr e](QAe‘]h?f[ ]aP [HOAc]tOtal

concentratlon of uncomplexed praseodymlum 1on,,[HOAc]t;;;l“f
‘hls the total concentratloh of acetate 1n all forms, and
-[0Ac 1, 1s the.concehtratlon of free 11gand.1n the depro—;
‘ itonated form, equal to ‘aP [HOAc]total.;.a 1s the fractlon
'=;<o£ free ligand which zs 1n the deprotonated fOrm and 1s'~'
_dependent only on pH stng the relatlonshlp Pf + P1 1= ' i;;fﬁsV;?Z“
"VEquatlon 10 is obtalned by substltutlng Equatlon 9 1nto ".“
)/a[Pr ] is the y-axls varlable and ’

i8. When (6 obs
- i
ébbs the x ax1s varqihlq: Equatzon 10 Ig‘then the equatlon

R T

S
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o °¢ ~ Sobs § . K 5 K (10)
m obs fl c fl
‘of'a-straight-lin; With slope Kfl and intergept ) Kfi. ‘
The concentratlon oi.free Pr(III) 1s unknown and is
dependent on the formatlon constant’j Therefore, for each |
data p01nt,_[Pt;,] was obtained by‘an lteratlon procedure;
Inltlally, 1t Was assumed that [Pr ] for each-data point
was equai to the total;concentratlon of Pr(III) in the : f'i- fi)
- Sy

. ‘solutlon, and the stralght llne deflned by Equatlon 10

7was determlned.: The slope of thls llne g1ves a value

- for Kfl' this value of Kfl was used to calculate a better:
[Pr ] for each data pornt, and thus a better estlmate
was obtalned from the new stralght line. Thls

fl,
i,procedure was repeated untll the calculated values of

' of K

[P 3] convergeﬁ at. each data p01nt, usually w1th1n ten

"_'1teratlons. The‘formatlon constant and chem1cal shlft

of ‘the gr(OAc)zl were obtalned from the Slope and y—ax1s
'vintercépt*of the stralght line" 1n the last 1teratlon |
‘t_VStep. Flgure 17 shows the stragggt;llne obtalned 1n the h‘
- last 1terat10n of the procedure for the pH < 4 data of ‘
Table 21,'1nc1ud1ng the nonllnear data polnts at pH
'~.va1ues greater than-4 From the slope and 1ntercept of

E thls graph values of 53 2 0 4 and 9 095 O Ol ppm

_;were obtalned for the formatlon constant and chemlcal
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~ Sobs values

18- 22 26 30 34 38 42

oBs « PPmM ,vs-t-butanol‘

Plot of (SoWg*d¢)/alPr*?®] versus the
observed chemical shift of the methyl
protons of acetic acid in an agqueous
solution containing 0.098Q M acetic . .
acid and 0.0800 M Pr(NO,); at pH

f valuesvraqging from 3.01 to 4.33.. The,
- straight line joining the points was

determined by a linear least squares '

ranalysi:s of the "linear" points, that

-'is, all the points shown:except the -

. three corregponding to the largest =~
¢ See text for discussion.

.
: .
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Shlft of the Pr(OAc) | complex. This formation constant
is in good agreement w1th the value 65 obtained by
Sonesson (58) from potentlometrlc tltratlon data for (7

solutlons of hlgher ionic strength (I = 2.0).

The formatlon constant of the l 2 Pr(III)-acetate

- complex, Px‘(OAc)2 ,is'deflned,by Equation ll. when this

| [’Pr’(OAE’:);]- Lo o
S = - ' (11)
2 rerioae)Prioac] -

'complex 1s present the égserved chemlcal Shlft of the'

'acetate resonance is glven by Equatlon 12 in which Pl 11‘

6, = P8, +P

obs = Pelt * Frafia tPrbine o (Y
| | : : R | e . "
.4.-and Pl 2. are the fractlons of llgand in the Pr(OAc)
.cand Pr(OAc)2 complexes (deflned by Equatlons "_. &

5 ang 6) and 61 ‘1 and 61 .2 are the chemical shlfts

3‘of the acetate protons ‘in these compleﬁgg ~ The formation
.constant and chemlcal Shlft oi the acetate pr?to s of ,'{‘
‘“hthe Pr(OAc)2 complex were calculated from the p > 4. |
data of Table‘21  The nonllnear 1east squares flttlng :
v:ihprogram, KINFIT (59) was used to fit the observed chem—‘
'Elcal Shlft for each data p01nt to a calculaﬁed value to
i.determlne Kfz and 61 2; using in the calculatlon t\e
-]values for Kfl and 61 1 obtalned above.‘ The program

. KINFIT varies the. unknqx_ms P\and L untll ‘the best.

3

159



v

. K l

.-constant is 1n gooé\agreement wi the value of 10 ob-

results of Sonesson (58) 1nd1cate that the Pr(OAc)3 and

- Table’ 22 The results presented 1n thls table show that e

C L e RSO AR ST YIRS Sag e 1w e £ 1 b T 010D

fit is obtained between the observed chemical shift and

" that calculated for each data point The'chemical shift
at each data p01nt was calculated from a form of Equatlon

12 1n whlch the fractlons of llgand as ‘each specles were .

expressed in terms of pH, the K of the’ llgand Kfl' and }

f2{ These expre551ons were obtaxned by s;multaneously

*solving.the mass balance equatlons for Pr(III) and'acetlc e
vacid.\ These calculatlons resulted in. values of 6 5¢ 0. 6

‘ 'and“5 93 .04 ppm for the formatlon constant and the

chem1ca1 Shlft of the Pr(OAc)2 complex. Thrs formatlon~'

talned by Sonesson (58) frOm pot nt1ometr1c tltrathp data
Qat a hlgher xonlc strength ‘fhe Small values obtalned

'lfor Kfl and Kf2 as- well as the potentlometrlc tltratlon-;

Pr(OAcL4' complexes are g?t 1mportant under the solutlon

@’ DU ¥ . .
condltlons of this work. T .. Tt %_J %;x -
i TR

" N PRUEPINS
e e

P
=

RS
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o

The formatlon constant and the che&acal Shlft 8f“,‘¢r -

S S e

-the acetate protons af’ the Eu(OAc) 3 and E\;(OAc)2 pom-

fiplexes were obtalned from 31milar calculatlons uslng thetr-

< Wy

_<chem1ca1 Shlft data of Eu(N03)3—acetate solutlons pre—
'}sented in Table 20. The re9hlts of these calculatlonsv’

.. and éf the Pr(III)-acetate system are summarlzed 1n'

[

iithe fErmaS*on constants of the Pr(OAc) and Eu(OAc)

r‘comp xes are 51m11ar, but that the chemlcal shlft of
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" TABLE 22

_ Formation Constants gnd‘Complex'Chemical”shifts'fork
Pr(III)-Acetate and‘Eu(III)hAcetaté‘Complexes‘ ‘

a b

,-C6m21ex~ lf Formation Constantb _ Chemical Shlft
pr(oacy?t. . s32 9:055c
petoae),t 0 ess o 5.93%

CEueao)?t 2.6 0 -3.658°
"'“'zq(dnégi*';g“,]<'*fgv‘S;Qf“f"}\.v o =2.00°
.S)5xppm vs.. t-butanol ' -

~b) The methyl resohance of acetic acld and of acetate
‘ ~occur 0.850 and 0. 676 ppm,,respectlvely, downfleld

e yr'f '.of t~butanol.
. e c) Uncertainty in this value is £0, 002 ppm-.

g

Eo

v

w0
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‘the praseodymium complex is much larger than that of the :
eurOpium'complex.. This 1ndicates that, although Pr(III)
.and Eu(III) 1nteract to approximately the same extent
| Wlth the carboxylate gréup, the 1nduced chemical shifts

y Wlll be much 1arger 1n the presence of Pr(III) than

'Eu(III) for the same set of solution conditions There-
fore the . direction of Pr(III) 1nduced shifts is no‘ only

’jrpneferable to- that of Eu(III) 1nduced shifts,

;greater magnitude results in beuter spectral clarification'
ifand more precise conformational measurements.- Thus, é;é
Pr(III) cation Was selected for use in further aqueous

| Hshift reagent studies.'w~‘
. % :

The d

erion Dependence of Pr(III) Induced

‘i't Chemical Shifts in Aqueousnsolutlon'~

| | To determ;ne the efﬁect of the counterion of
‘i;the 1anthan1de salt, the Pr(III) induced shifts‘in the
Ui;_NMR spectrum of acetic acid were 1nvestigated, and the'ﬁt'
-ﬁ??effects of Pr(NO )3, PrC13,'and Pr(ClO4)3 compared
-,Birnbaum and Moeller (60) used lanthanide salts as Shlft'
‘i~freagents for substituted pyridine molecules in acetoni- ;}
'itttrile solution., They found that, for a given lanthanide S
cation,'the magnitude and the direction of the induced d
bi“d' shift depended on the counterion of the lanthanide sath;f”

ﬁTherefore, both the direction and magnitudes Of the

SR> ChR : A . o g

Pr(III) ipduced shifts~in the qMR spectrum of aqueous fﬁ“*;




-.’“;acetlc ac1d-PrCl3 system and in’ Table 24 for theVacetlc o ?;',qf

ot

facxi—Pr(c104)3 SYStem" There areuno ﬂ]rge differences ‘Hilf;‘ .
. ; . |F€ e e \ i
1n the data presented 1n these three t ! es, sxnce the fﬁf

~;;slm11ar and the darection of the shlfts rs the same 1n

_,all three oases. g

‘;;by Birnbaum and Moellér in aceton;trlle solution (GO)L

Lt T e
| 163
“acetdc acidfare bf'interestmfer?the'éenpari;;hZfoggé;fs]5" g
-Pr(III) salis. ‘. | . | R -
The aqptlc ac1d—praseodym1um salt systems.were 'tr;:_ w--;:
studled by monltorlng the chemical shlft of the methyl |
\'protons df the acetlc acxd as ‘a functlon of pH for solu-;“
tions. contalning approxlmately equal concentrations of _'.d7A',g
.'acetlc ac1d and the approprxa}e praseodymiuN salt‘z 'hé'g' S
;LPI(N03 s~acetate system was dlscussed 1n Sectlon 1 above.ﬂlxln_f;;‘
‘{The chem;cal Shlft data is presented as a functlon of pH _»; ”,%.
}xn Table 21 for a solutlon containlng 0 0980 M. aceticn ;7:~v? "i‘
‘acld and 0 0800 M Pr(NOs) and a S?Eutl°n contalningd;j o E:ﬂ
0.0932 M acetic acm and '0.0885 M PE(NOL), smnug"‘ AR &
"chemlcal Shlft data is presented in Table 23 for the E;j;é}hh@f?fl

,'c',_. R

magnltudes of the observed chemical shlfts are very

v

:
.\.~

;‘fcan conclude, thereﬁore, that thg;

'<¢'

on. the anlon of the lanthan1de salt 18 not observed_ln ,'ff};f;';

'3{aqueous solutlon. Th;s presumably 1s due to thefﬁbllity

*'5d;Q£ water to compete more effectlvely'than the acetonx~“ﬂnhikﬁ{fi¢'a

"7dtr11e for the coordlnataon sltes of the lanthanlde 1on,¢’ixv_u

*resultlng 1n IESS lanthanxde-counterxon lnteraction. o

EREY
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. N = - :“'-{:" ‘ ’ _ "-k. . .' ‘_ ; Co. C
| | T A S w166
el . ‘ 0. .
e ‘ o | '
R This suggests, however,.th&t thd’ﬁt may be somem omplexa-
X T
t:;:.an of the countenons by t}ﬁe Ian‘thaniae cations, even*‘i N
: o" m ) . o » o . . . P S i . .
in aqueous solutlon o - . .-\: -;" S D R T
. 5 ) To obtainy@ quantltatlve evai.uatlor; of the dlffer—,
- - ,',, N
_ ende‘? between the three Pr(III)—aoetate systems dlscussed'
. aboven, the formation constant for the Pr (;II)-aqetate
complexes and the chem1ca1 shlft of the‘acwate \protons e
N v ) ‘._‘ J Q ) LI . :..
“‘f"h “in these co:nplﬁxes were determlnéﬂ‘ ’gn the pi‘eseh of R
R the nltrate, the chloride, and t!;e' pﬁrchlora;e a " - R K
S ey on
'rhe data 1n Tables 21,@@23,. and 24 wer.‘e u&ed to ’ W
‘ ﬁxe,ge pa.rameters by the method ‘H:.sousged :l.n Sectn.on 1 . '
. thls chapter. The r’esults a&"thé caléulation& fc:i each
X of the systems ar‘ prgp&te& in Table 25 d‘hese results s
'. .g’ ) : w“c .'.‘:»k;‘ Yoo
indlcaﬁe tha’t ”’tﬁe Pr (iII)" :Lntera,gts less w:l.th the per-— - f" - ‘N Sl
chlorate am.on thana;w ‘the n;.tx}gte@and chlorlde anmns, PN

. smce the Pr (OAc) format:.on constant is iarger m the "'-.: ! %

Lo presence of pgrchlorate thah’ wath ‘eith?er m.trate _or ~.§« s /
' chlonde?; Reuben ‘am} Figt’ g SSAS : S .. -
_‘f by studylng the’ *a‘ter '80 ” » \

lanthanide sq“:s (44) .’Il‘hurs the” praseadymlum Perehlorate . @

salt would be the best sha.ft reagént both fon Spectral /

simp,].lflcatxon and for conformat:.onal stpdles, and was

oy used in the remaining aqueous sluft reagent studz.es dls- ;

cussed :Ln thlsqthesis., .

.
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3. The Interactlon of'Praseodym;um(III) w1th the ~

v Potent1a1 Donor Grouge of Organic Molecules

| _(i)_ The CarbOXylate Group R \ :

<”a‘ j.:? 'jﬂ‘ h The interactlon of the oraseodymium(III) »:ii.oﬂ-;
"‘5& catlon w1th tte carboxylate functlonal group was evalueted

'J‘ “by studyxng tue Pr(C104)3-acetic gcgg system.. The results

A "

obtalned from thls studx» d;scussed above !n Sectlon %

1ndlcate that Pr(III)

,Vf carbo;ylate roup over the entire accessible pH range
LT
L (pH < 6. 5)

t was also shown that by the careful

Catlon with the amlno unct1oné& group was evalua’id bj?
studylng the Pﬁirrx)«m thylamlne system.. The chemxcal

shlft of the methyl prJtons of metﬁylamine was monltored v

as a. functibn of“'Héfor‘f solut1on 'ontainlng(Q30967 M

uncomplexeﬁ CH3NH3 between pH 2 8 aﬁﬁ 6:6,§5P"”'
L?ff‘ pH value@, where the ammonlum jroup deprotonat.'iL;Tfij: 7Li;51}3
' praseodymlum hydroxlde,preclpitates._ A secof} experlment

,,_,._‘: '.Z"PWQQ’ gb:ﬁarmed&in th.‘t:h tg

pH.Was maxﬂtamned at 6 and
N '\ ( "-é i '.‘-4 2 -ﬁ; il ”




.
~

The chemlcal shxﬁt of the methyl protons of methylamlue

“fj remalned constant ﬁg; rat1os*of Pr(III) to methylamlne

-

varying from 0 to appﬁ?ximately 3 These results werev

interpreted as an. 1nd;catlon of no 1nteraction of the

pH vnlues less than 6 A simrlar cong1u51on Was r?ached

\\.'

by Predos'et al (GL) from potentldmetrlc titnatlon

and by ernhaum et «a1 (sz) from mm and d;fg.erencé __
absorptlon SpectrOsGOPy studres of neodymium(IIx&E?mino.f,-.

acrd systams.:

)

However, natzin a Gulyasﬂ

aqads can forp cqflates~wi'

"tlon.‘ The Izqanaféoordinates thr' 5

whlch normally occurs before pH 7 Anteunxs and.coworkersf'

‘;so reported that the free am;no-function can blnd to
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counterlon of the lanthanlde salt 'I'hJ.s type of mter-

PR . -
v .‘ IONEIRH Yys

. action will be cons:.dered agaln 1n Chapter VIIT. g

)w in) Tl',\e Sulfonate Group o

- °.

'l‘he 1ntera¢;ion of th& praseédymiu.m(l‘II) | | | a

%

,” .~!..., .

cation th.h thé sulfoxuc ac;d funcfbional group was eval- ,

)

. ,uated by stuéylng the Pr(III)-meth%riesulfoglg ae:m g
, “- ( system. Methanesulfgic ' acxd is' a str&ng éc:xd, .".':herg- -

i o
RO ..~'-'

B '-‘l\

fore changin{ the pH does not change the fractfmn f l' G




...:I'!:he metha, esu._,fonate resonancegqh;.fts 0 06 ppm

i «‘fxeld @dicamng only a, very weak 1nteracta.3n. T)us S

P (’In) mteracnon w_ith%thioe)‘hanol ’nocrxzcnfen, | would

ot

be thxou :liiiv’he sulfhjdryl group, ) In the low pH reglon
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TABLE 26

The Chenucal Shlft of the Methyl Protons of Methane-—
sulfonlc Acid in Solutlons of Pr(ClOu); and’ Methane-'

| ]Tf?(bip?{’lt8£a1"ﬁ'

sulfonlc Ac:.d at pH 4. 0 -

. lensso ’mtotal o

._ w‘, .

"ﬁff -iin f:1:

0 0174

’ o, 0342’1f

0 9597

e " . . .o e, et .
R R : ™. SR
T R - . ohe

. 0.108

";,f;fo 0994

...................

Jff;o 0967

Cowosaor o nser -

172

0.0015 C Lo 1.4080 ol
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indicate that '

coordlnate "jn;-iﬂnyeodymium.lon in the pﬂvregio re

'\;_Odee does ‘ot preq}pltate. _'hf' ‘.aﬁ o
' 'n : o '

Vi Thz;Imidazole Group
- L The 1nteract10n of praseodymlum(III) Wlth

\

“§r praseodymlu ., .

A

the 1m1dazole-nitrogen group was lnvestigated by studylng
ﬁhe Pr(C104)$—N-methyl 1m1dazole system._ The chem1cal |
shifts of the protons of the ligand were monltored ae a‘
functxon of pH for a solutlon contalnlng 0. 110 M

f. Pr(C104)3 and 0 0900 M N-methyl Lmldazole._ The chemlcal
shlft tltratlon curves of the llgand protons dlffered ) ptiﬁ)f;{;

only slightly. if at all from those obtalned for s_1u~i"'“

Birnbaum and coworkers (51 52) aid conclude from NMR' pj;“up;gj;’

,.fstudles and potentiometrlc t1trat10n data that, at pH
g'values greater than 6 0 h;htidlne compleXes to R

'neodymmm (I II ) through

fth the carboxyl group and t efffgi

lmidazole—nltrogen Siie;“**”

't‘“w, .p15cussxon o

S 7‘TheAreeu1ts pre;bnted 1n this chapter 1ndicate
ol T N 'Jkr"
’;;~that, qf monofunctlonal molecule‘%pontalning the carbox-~f

yl]_c acld ?1

“2)38u1£hydryl, Lmidazole, apd sulfonlc




¢ e

&

-‘”It was hsp shown in Chépter VI that Pr(III) does o?; ;?"*
interact'ﬁlth hydroxyl and ether oxygens in aqueoup solu—ﬁ?:.:

”

tion. - Thus Pr(III) 1s an. effective shift reagent only
}'for mohoca;boxyllc ac1d and monosulfonlc ac1d moleculesfe‘f:ffdtff°
“u:{ln aqueoug solutibn, however,»the sh1ft 1nduced-xh ‘the - “'fyéifﬁn"ff
| methyi ?esonance of methanesulfonlc ac1d 1s qulte smalL,_o ,” ;

1;:f\.Although the amino, imxdazole, and sulfhydryl grOups areefu”-
e .‘

1l}(64) In aqueous SOIution, the condltiong are less

g

Jf favoragie for'lanthan**e-lnduced shlfts.than Ln organlcgygigfeiff;"
"gsolufléi where interabtion;wlth these functxonal groups i

e egte
-,fhas been pbserved (11), sxnce the funotlonal group must

”ﬂ”compete Wlth water molecules fof the coordlnatlon sites ﬁ}

ﬁgif (1 3oyg§ecause of compet‘tion between pyridlne and




e

?Katzin and Gulyas 163) concluded from cxrcuiar dichroism'

:{  studles that u-amino aclds can form chelates wlth Pr(III)

v1a the carboxylate and the amino groups, to form ?table
-membered rlngs. Birnbaum and coworkers (51 52) con-

- cluded that hlstldine forms a bidentate cbmplex,with

-11). at pH greater than 6 0 by complexation through “
h- the carboxyl group and the 1midazole nxtrogen sxte.

dr.fore, although the results presented in th1s chapter ‘

"'.{x, APr(III) i 1f the molecule also contalns a carboxylic acﬁdv }f :

icroup located such that chelatlon'can occur, thﬁﬁ:inter--?"" N

condltlons chelatlon becomes important. Thesg resultsfsw

are of 1Kterest 1n v1ew of the stnuctural and iclf;“ 7
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cases, the present results indlcate that tﬁb lanthanide L

-

cations would complex only the: catboxylatg group of the
: peptide or protein molecule.l’iefﬂiji«f;»ffgﬁf,ﬁ{.”:tﬁ-,gﬁiiﬁir_ff.
3 : o e - ' : - : ’ :

e )

L ) G . - Su ) ’
Y o e
i e - . O ) R
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QM" v The results presented chapter V,‘fI indicatt that
- .
N the use of the hydrated lanthanide cations as shift res

“

B -,‘,"_t'.c,ids, they‘ remain j.h solutioh at high pH. In addition ‘¢ Lo

o

. AMINOPOLXEARBOXYLIC ACID CHELATES OF Pr(III) As
o S

AQUEOUS snn'r msnn'rs e - "‘.,‘jvij._f

- R

K. ﬁ Introductio‘n " e j

. In this chapter ’ the ethylehedi’aminetetraacetic .
ac1d. (L’:DTIU‘y the N-*(Z-hydroxyethyl)‘thylenediaminetri-

| acetic ac:.d (HEDTA) " _and the cyclohexa,nediaminetetra— 7 ;j v.
acetic ac:l.d. (CDTA) chelates of Pr(III) are investigated |

as bqueo{‘ts solution shift ree'gg;‘x{' ; o @

.
‘ a

cipitation as 1anthanide ;ydroxides above ca. 6 5 ﬁy :

complﬁxing the lanthafiide cations with aminOpolycarboxylicgi,..,"j__‘{_'.‘:‘:';“;

the lanthanide caﬁions are known to exhibit largq‘.

cooraination numbers (65) and some B- ;9 "‘ane 10-

."::,"coordmate ,speciesx have been cha:acterized ';-_(66)J There-'."." iy



B. Results

1. The Pr(III) Complex of EDTA as an Aqueous Shift

Reagent

The ethylenediamghetetraacetic.acid complex of
vprsseodymium(iII) was investigated as a possible shift
reagent for use in aqueous solution. The formation con-

16 (68) is large, sug-

gtant of this complex, 3.6 x 10
" gesting that ptaseodymium hydroxide would not precipitate
in the presence of an equivalent amount of EDTA until

very high pH. However, the PrEDTA complex itself pre- .

cipitated from aqueous solution after a few minutes,

except at very high pH (> 12 5). PrEDTA -acetate and -

PrEDTA -methylamlne solutions also formed a precipitate
shortly after preparation. Dobson and coworkers (55)
showed that EDTA complexes of the lanthanides would act
‘as shift reagents for nucleotides in aqueous solution.
Presumably complexation to the nucleotide solubilizes

,the PrEDTA~ complex. /ﬂhile this'thesis was beinq srit7en,
Reuben (56) reported that EDTA complexes of the lanthanide
cations 1nduce shifts in the NMR spectra of salxcylalde—
hyde and o-nitrOphenol by complexation to the deproton-
‘ated hydroxyl group. However, they used the lithium

'salt of EDTA and LiOH tolacjust tne pH. Presumably the
lanthanide-EDTA complexes are soluble in the presence of

‘the lithium cation, whereas the results of this research

© 178
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O
L

indicated that PrEDTA is insoluble in the presence of

both Na and k! . " For this reason it is unlikely that the
-

PrEDTA complex would be a+gsuitable shift reagent for

general use in agueous solution.

2. The Pr(III) Complexbof HEDTA as an Aqueous Shift

Reagent
The N-{2-hydroxyethyl)-ethylenediaminetriacetic
acid complex of PrlIII)uwas investigated as a possible
shift reagent for use in aqueous solution. PrHEDTA is

i

soluble over the pH range from less than 1 to greater

L4

than 12. It has a large formation constant, 4 1 x 1014

i
b

(69), and therefore prevents the precipitation of praseo-
dymium hydroxide at pH less than 12. The HEDTA resonances
of the PrHEDTA complex do not interfere with the reson-
ances of the substltuent molecule being studied: -Indeed,
.the proton NMR spectrum of the PrHEDTA complex was never ‘
observed Elthough a 3500 Hz region of the spectrum&as '
searched at temperatures ranging from 25°C to 95°C. Theu
‘*NMR spectrum of the PrEDtA cggplex\nas been observed at
80°C (70). Presumably et'the high temperature the.rate
of any intramolecular exchenge of_the:ligand*ls fast on
the NMR time scale, resulting in sharp resonances in the
NMR spectrum. “At lower tempetatures, and probably over
the entire temperature range examined in.the PrﬂEnTA'

 system, the rate ofﬁthis.exchange seems -to be intermediate



on the NMR time scale,

reaonances makes them unobservable.

and broadening of the spectral'

plex, and in other . such praaeodymium chelatea, the

'; chlating ligand For
it is expatted that five, or possibly six, of tbe possible

_braseodynium ion. is not coordinately saturated by the

example, in the PrHEDTA complex

i c00rdinat1on sites are occupzed by HEDTA. Presumably,

.the remaining coordination sites are occupied by‘water

aolecules, which can be displaced by substituent mole-

"\l

,cules., In this manner, the praseodymium chelat’ can

' Speotra.

3
,Coordihate other molecules in the soluti n, and Pr (III)

induced -chemical shifts will be observed in their NMR

/

- 1) The Carboxylate Group

‘ The interaction of the PrHEDTA shift reagent
with the carboxylate group was investigated by studying
the PrHEDTA-acetic acid system. The chemical shift of

the'aoetate resonances waslmonitored as a function of pH

HEDTA, and 0. 100 M a‘cetlc acid.
‘is presented in Flgure 18, along with the chem1cal sh}ft"‘
'titratiOn curve of the

"containing only acetic

of tbe,titration curve

.for a solutiop containing 0.111 M Pr(Cl0,),, 0.111 M

acetate protons in a solution

acid foreoomparison. The shape

-

indgcates'that, at pH less than

6, the observed chémical shift, and therefore the amount

-

In the PrHBDTA com-~

.vThis chemical shift data
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CHEMICAL SHIFT, ppm vs t-butanol

, - Figure 18.

PH dependence of the chemical shift of the
methyl protons of acetic acid in an aqueous

solution containing 0.0305 M acetic acid

(soliad Eoints) and in an aqueous solution
containing 0.100 M acetid acid, 0.111 M
Pr(Cl10,),s, and Qifll.ﬂ HEDTA (open points).
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of shift reagent-acetate complex increaees atrtﬁgnsaﬁe
rate as theracetic<acid deprotonates, but at m gre;ter
than 6, the concentration of shift reagent-acetate c0m—
plex apparently’decreases with increasing pH. The shape
of the graph indicates that, aithough there is some shift
feagent-acetate complex present 2ver the entire pH range
1 to 11, only a small fraction of phe acetate exists in
thet £6rw at pH values greater than 9.5. Gupta and
' Powell have reported ;'value of 3.69 for tHe logarithm of
. the formation constant of the PrHEDTA(OH) ~ complex (71).
The'magnitude of this formation cbnetant indicates that
at a pH of 10 31 only half the PrHEDTA in the solution |
s complexed to hydroxide. The chemical shlft titratf%
curQe of the PrHEDTA-acetic acid solutioén (Figure 18),
suggests that at this pH, only a small amount of the
PrHEDTA is etill available for complexation to acetate.
In an attempt to resolve thie'ambiguity,.potentiométric
titrations of a 1.27 x 10> M solution of HEDTA and of
a 1.27 x 1073 M solution of PrHEDTA with 0.0536 M NaOH
were theined. These two titration curves, presepted in
Figur: 19,, are consistent with the valﬁe of the formatien
conatant of PrHEDTA (OH) reported by Gupta and Powell
(71). A comparison of the two tltratxon curves 1ndicates
that at pH 9.5, thé PrHEDTA solutlon hAG consumed only

three equivalents of hydrox;de correspondxng to the

1. -

J
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Figure 19. Potentiometric titration curves for the
: ~ titration of 250 ml of an aquéous solu-
tion. containing 1.27 x 10~* M HEDTA
with 0.05356 M NaOH (upper curve) and
for the titration of 250 ml of an -
' aquecus solution containing 1.27 x 10-' M
Pr(C10,)s and 1.27 %10 M HEDTA with —
0.05356 M NaOH (lower curve). Each
~#5lution titrated also contained 0.3 M
: - NaClO, to maintain a constant pH
' througheut the titration.
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- titration of the three acidic hydrogens of HEDTA. The:
chemical shift titration curve indicates that by pH §/5
a. large fraction of -the PrHEDIA,is~apparen&1y no longer
available to the acetate), suggesting that it might exist
in a hydroxide—complexed form However, this would show
up‘in the pH titration data as the consumption of four
ratneiﬁgagn three equivalents of base to-reach pH 9f§.

| Part«of the inconsistency.between the potentio-

metric titration and chemical shift titration~curves
could be attributed to a contribution to the observed. -
chemical shift. from shifts lnduced by unchelated Pr(III)
in solution. éalculations using the formation constant

of the. PrHEDTA complex (69) and the chemical shift of the

Pr(OAc) complex, determined in Chapter VI, 1nd1cate

that a 3.0 x 10 -4 M concentration of free Pr(III) in
solution would contribute 0.03 ppm to the observed chem-
. ical shift. Such an uncertainty reduces the~prec181on
of any calculations. However, when a 10% excess of
qﬁbTA was pré'gnt, the acetate chemical shift titration
ocurve showed~the same behaVior as that of Figure-la, with
a imall decrease in the magnitude of "the PrHEDTA 1nduced \ (
shift. This decrease in the ¥r(III) induced shift is
probably due to competition of the excess HEDTA with the
acetate for the free coordination sites. The. presence
of Px(III) induced 'shifts even in the presence of exceLjV

HEDTA indicates that PrHEDTA and not Pr(III) is



s

" CH

I
responsible for the~chemica1_shift.of the acetate protons
A . T .

observed in the data of Figure 18. ’ s

ii) The Amino Group ' - //

[
~ «

The interaction of the amino functional grohp

with the shift reggent PrHEDTA was investig;téd by

_studying the PrHEDTA-methylamine system. The chemical

shift of the methyl'p;oton resonance  was monitored as a
function of pH for a solution containing 0.102 M
Pr(C104)3, 0.102 M HEDTA, and 0.118 M CH3NH2. This

chemical shift data is presented in Figure 20, along-with

the chemical shift titration ohrve of a solution con- '

teining only methyliyine. This data indicates that there
is an interaction betﬁeen the me;hylamine and the PrHEDTA
over the entire pH range 1-12. The two titration curves
of Figure 20 differ most 5etween pﬁ 3 and 8, suggesting
that the interaction is gfeetest in“thisxfegion. As the

pH xncreases beyond 8 the two titration curves begin'to

| approach each other and are\poincldent by pH 12. These

‘?servations suggest that it is the pfbtonated amlne,

NH3 ‘yather than CB3NB which interacts with the Shlft

3 2

.reagent. Snch'an'interaction would explain the qﬁemical

shift titration ourve‘over the entire pH range. The

conditional formation'constants calculatea for the PrHEDTA

complex indicate that it is not completely formed until -

pH 3. At pH 1, about 90% of the PrHEDTA complex is

.
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CHEMICAL SHIFT, ppm vs t-butanol

Figure 20. pH dependené\\af the ‘chemical
: shift of thé methyI protons of
methylamine in an aqueous solu-- ’
tion containing 0.10 M. methyl-
amine (solid points) and in an
aqueous solution containing
0.118 M methylamine, 0.102 M
(r(CIO-.)a. and 0.102 M HEDTA
open points).
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dissociated. At pH 2, only 10% of the PrHEDTA complex is
r
dissociated.: In Chapter VII it was shown that Pr(III)

does not interact with methylamine at pH values less than

ca. 6 5. irerefore the section of the titration cunve

’ ,.‘r-'/"";

‘at pH less than 3 can be explained’ by the increasing.conﬂr

187

T
Sy 1n Uk,

centration of PrHEDTA with increasing pH, resu ting in - \“%“k&

an 1ncrea51ng fraction of PrHEDTA-associated CH ;§Y+ g*yu

the pH region 3 to 7, the concentrations of sh1ft reagent
and CH3NH3+ remain constant, and the fraction of PrHEDTA-.
associated CH3ﬁH3+,_and therefore the observed chemical
shift, are also constant. At a pH of approximately 7,
CH3NH3 begihs to deprotonate, resulting in less inter-
action betweern CH NH3+ and the shift reagent. This is

3
indicated by/the methylaming resonance moving towards its
uncomplexed position. That the deprotonation bf-CH3NH3+
is responsible for the high pH‘region behavior of the
'iitration curve is supported by the fact that the mid-
point ofitﬁat curve is located at the pK, of methylamine

S
EAY

(~ 10.7). _ o

iii) The Imldazole Group
The 1nteract10n of the ahlft reagent PxHEDTA <
with N-methylimidazole was studied. JThe chemical shifts
of the ligand protons were monitored as a function of pH
for a solution containing 0.0900 M N-methyl imidazole/

. 4
0.110 M Pr(ClO4)3, and 0.11Q M HEDTA. - The chemical,

’

3
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shift data for the methyl protons of the ligand is pre-
sented in Figure 21 along‘with the chemicel ghift curve
for the same protons in a solution containing only ¥
N-methyl imidazole. This data is similar tgthat presented
in Figure 20 for the PrHEDTA-methylamine system. Inter-
action of the protonated and not the deprotonated imida-
zole site is suggested by the shape of the titration
curve,&which indicates that the greatest interaction “e
occurs between PH 3 and 5, and decreases as the imidazolf- |
nitrogen site deprotonates. The midpoint of this titra-
tion curve is also located at the pKa of the }igand (- 7),
supporting the theory that the high'pﬂﬁrggionjbeﬁaviOr
of the titration curve is due to deprotonatien of the .
nitrogen site. | ‘ ) *
iv) The Sulfhydryl Group ‘

The interaction of the shift reagent PrHEDTA ,
with the sulfhydryl group was investigated by studying
the PrHEDTA-thioethanol system. The chemical shifts of
the thioethanel fesona@ces were measured as a function
of pH for a solution. containing 0.102'! Pr(C164)3, T
0.102 M HEDTA, and 0.11 M thiocethanol. These chemical
ihift titration.curv_es were._foun‘d to be identical to
those of the same resonances in a solution contaiging'
only thioethanol. ' Thus the suifhyd}yl group does not _

interact with the lanthanide chelate, even at pH 13 where
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Figure 21. pH dependence of the chemical ,.8hift of the

methy¥l protons of N-methyl imidazole in an
aqueous solution containing 0.140 M
N-methyl imidazole (solid points) and in

“an aqueous solut®n containing 0.0900 M
Mimethyl imidazol®, 0.110 M Pr(C10.),, and -
0.110 M HEDTA (open points).
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the sulfhydryl is deprotodated.

Ny

3. The Pr(I1I) Complex of GUTA as an Aqueous Shift :
e N ‘ ‘o

"

Reagent. ’ A o N ;

The cycloho;iﬁ;diaminetétraacetic acid complex

of Pr(III)' was investigatéd ag a possible shift iea&ent' .
. ' .
for use.in aqueous solution. This complex differs from

the PrH?DTA qompiax in that, PrCDTA ™ is negatively charged; .

"yf‘QSuli in ‘different behavior with the varjous
IA!‘ » . . } . N

Aﬁﬂroqu,‘anu possibly in the number of‘RffIII)‘ .

. ‘ (] : . S
coordination sites ocdcupiéd by the chelate. The PrCDTA

-

complex alsd‘éppears‘to;have the characteristiéé\req&ited‘

of an agueous shif re7§ént. It is soluble over the pH
. 17

range 2 to 12, has a large formation constantf, 2.0 x 10

(72), thereby'prevéntingvthe precipiéation o praseo-

°

djmium hydroxide} " The CDTA resowaﬁces of tnq;ﬁrCDTAféom—
‘ : . } . o
plex are not cbserved, ag; tgs;efore.do not interfere

wifh;the.:ESOnahceé of the'subptituent mglécuie.beinélb',h
rsﬁudiedi - | - ' ’
i). ‘rhe Carboxylate'Qrbup o R TR

L 3l
L

» .Y' : The‘inéeraction of the thft réagént, P;CDTA' .
with the-carboxylate group was investigated by studying
the PrCDTA-~acetic acid system. The chemical shift of

the acetate resonances was monitored as a function of

x*

H for a solution containing 0.100 M Pr(ClO,) 5, 0.100 M .
CDTA,'and‘0.09I2 § adetic_acidQ This chemical_shift data,

. . LY N S ~

. -i ‘ ’ n - .
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presented in Figure 22, indicates that the PrCDTA'-a;;tate
'complex is stable updto a higher pH (8.5) than the corres-
ponding PrHEDTA comélex. A‘comparison of figures 18 and
‘22 also suggests that PrCDTA~ would be a better shift
reagent than PrHEDTA for molecules containing the carbox-
ylate functiénal grouo, because PrCDTA” induces larger
chemlcal shifts in the substituent as well asg functlonlno

efficiently over a wider pH range. ' | \
iif ?he Amino-Group
. The interact%oh\of the shift reagent, PrCDTA™
'with the ahino fuhctional group was investigated by
studying the PrCDTA--methylathe systehl The chemical
. shift of the métth}protons of methylamine was monitored
as a function of pH for a solution contaihing 0.101 M .

Pr (C10 0.1Q1 M CDTA and 0.117 M CH3NH2. This

a3
chemical Shlft data, presented in Table 27, shows the

game behav1or as was, observed for the PrHEDTA-methylamlne
system (Figure 20), w1th the maxzmu- Pr (III) 1nduced

shift occurrlng in the pH reglon from 3 to 8 The PrCDTA -
methylamlne chemical Shlft tltratlon data can be explalned
by the same reactions as those postulated for the PrHEDTA-
methylamine system. At low pH (< 3), the chem1cal shift
changes with the formation of the PrCDTA" complex. From

- pPH 3 to approxlmately 8 the fractlon -of Shlft reagent-

associated’ CH3NH3 ’ and therefore the observed chemlcal
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| CHEMICAL SHIFT,

Figure 22.

' pH dependence ‘of the chemical shift

of the methyl protons of acetic acid
in an aqueous solution containing
0.0305 M acetic acid (solid points)
and in an aqueous solution containing
0.0912 M acetic acid, 0.100 M
Pr(C10.Y:, and 0.100 M CDTA Topen
points). | - _
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TABLE 27 '~ NEA
The Chemical Shift df:théwuethylxkrotonslsf ﬁethyl-

amine as a Function of pH in a Solutiqp Containing
0.101 M PrCDTA™ and 0.117 M Methylamine.

_RH 67
12.97 " 1.032
112.35 - 1.018 -0.044
11.§§‘ 1.013 i . -0.048 "
11.51 11.029 | . -0.064
1.21 1.0s7 . -0.076
10.85 | 1.145 T 0,033 -
10.31 1.318 ~ 0.055 )
9.86 , 1.417 B 0.099
9.40 o 1.447 ~0.102
8.68 © 1.465 | "~ 0.110
8.13 | : 1.470° o 0.112
6.75 1.4 o112
5.08 1.472 - 0.114 o
3.55 T 1.474 3 0.116
3,17 - 1.469 | 0.109
2.68 1.461 . 0.101
2.29 O 1.447 | ’  " 0.089

a) ppm vs. t-butanol. ,

b) AS is the differemce in ppm between the observed
methylamine chemical shift and that of a solution
containing only methylamine at the .same pH.



shift remain constant. At pH greater than 8, the ammonium

group of CH3NH3* deprotonates, resulting in less inter—
action betwéﬁn CH3NH3 and the PrCDTA shift reagent
This is indicated by the methylamine resonance moving to-

wards its uncomplexed position. ‘As in.the PrHEbTA-CH3NH2

U

system, the midpoint of the high pﬁ region titration

curve coincides with the pk;'df'methylamine{

iii)' The éulfonate.Group ‘

| The interaction of the shift reagent PrCDTA™
with tﬁe sulfonic acid'group_was'investigated by studyin§
the PrCDTA -methanesulfonic acid system. The methyl
resonance of netnanesulfonic acid was monitored as a
function of pH for a solution contain1ng 0. 107 M CH3SO3H,
0.113 M Pr(ClO4)3 and 0. 113 M CDTA. The position of
this resonance remalned constant over the pH range 2. 09
to 12 ;2, and its chemlcal Shlft was equal to that of a
solution contalnlng only methanesulfonic aczd It can
‘ therefore be concluded that there is no interactlon be-

tween the sulfonate functional group and the lanthanide

chelate.

'C. Discussion

The results presented in this chapter indlcate’-'
‘that the praseodymium chelates interact slgniflcantly
with the carboxylate, amino, and 1midazolefn1trogen_

functional groups in. aqueous solution. This suggests

-
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that they would be useful shift reagents for spectral
.clarification and for identification of resonances in
complicated NMR spectra. However, the Pr(IXI) chelates.
would not be as suitable as the hydrated Pr (III) cation
for the determination of the structure or conformation |
of polyfunetional molecules in aqueous solution, since
the chelates do not coordinate to a uniqne functional
group of the molecule (26).

Tne chemical shifts induced by the shift reagente
PrHEDTA and PrCDTA in carboxyiate—containing molecules
are much smaller than those induced by the Pr(III) shift
reagent. The PrHEDTA and PrCDTA™ induced chemical shifts
measured in this researchvare.also-much smaller than‘fk "
those induced in carboxylate?containing~molecules in
CDCl3 solution by the shift reagént'Eu(fod)3 (73). This
can be explained by the fact’ that water is a coordinating
solvent and therefore the carboxylate-contalning substl-
tuent molecules must compete with thenwater molecules
-for. the Pr(III) coordlnation 51tes not occup1ed by the
chelatlng ligand of the shift reagent. N

The observation, discussed abovelin Seetioan,v"

. that the protonated. amino.group and . the protonated imida-
zole—nltrogen group interact w1t&\the lanthanlde chelate
- shift reagents, suggests that an ion pair formation rather
“Tthan a complexatlon reactlon, 1s taking place. Because :

PrHEDTA is a“neutral species, interactlon of.the ‘



lanthanide counterion with the PrHEDTA must be postulated
to account for its interaction with positively charged
species,'such as ‘ 3+. Anteunis and Callens {54)

"postulate the formation of ion pair clusters to explain

the effect‘of added Pr(III) on the NMR spectrum of agueous °

entapeptide_solutions at various pH values. They sug-
that the NH3+ moieties'of‘the‘peptides can form
plexes w1th Pr(III) via ion pair formation with the
" counterion of the lanthanide salt. Graves and Rose (741
observed the.formation of ion pairs between the shift
reagent Eu(fod)a, organic‘cations such es quartérnary
'ammonium ions, and their counterions. Their study was
‘done in CDC1,

3
stant of the solvent facilitates‘ion.pairing. However,

solution, in which the -low dielectric con-

ion pairing of quarternary ammonium salts with the hegs—
cyanoferrate(III) ion, Fe(CN) 3- has been observed in”

aqueous solution (75) by proton NMR studies. But this

- .is not surprising considering the large charge on the

Pe(CN)6 3= species. Because the PrCDTA complex is already

.charged, thé complexation of the lanthanide counterion

is not required for ion pairing-between thelshift reagent

and the NH3- or protonated imidazole groups. -
The proposed 4on pair formation between the pro-

~ tonated amino and imidazole sites and PrHEDTA, is sup-“

‘ported by the observation that PrHEDTA induces shifts in

the NMR resonance of the tetramethylammonium;ion, TMA,

196
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‘ ¢ : ;

‘ (see Chapter VI, Section E). 1In this species‘ the nitro-
- i !’("; £ . . } ‘v ¥ . 4
gent atom is cpordinately saturated and cannot formé
’ &

plexes. Thus the formation of an ion pair must be reSpon-

P
fsible for the PrHEDTA-TMA interaction. »

3
com-=

These observations have several implications for-
the use of shift reagents in aqueous. solution (67).,
First TMA is not a suitable NMR reference compound

because of the possibility of its interaction with the

'\rl"

_.shift reagent. Second, the geometry of the ion pair
cldster must be rigid or must have definite preferred (
| orientations or the éraseodymium(III) induced shifts
would average to zero. The formation of'one or several ~
species of definite orientation fac11itate the extraction
of structural information-from lanthanide induced chem— _ /
ical shifts (26). Third, the counterion of the lantha-
nide salt must be interacting with PrHEDTA to a certainb
extent, resulting in a negatively charged species. This
.interaction‘is not obserygd in Pr(III) shift reagent |
systems'since}four perchloratevanions would need to be
’assoc1ated with a Pr(III) iqp to pmovide a negatively

charged species. In addition geometry of an ion

' associated with a hydrated.Pr( by ion would be much less

rigid than that of the PrﬂBD&R‘ .
The results reportnd in th e?mpapter~suggest thst,

although the PrHEDTA and PrCDTA interact

£
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with polyfunctional molecules at a unique cogtdination

site, it should be possiblé'tO'desiqn‘othér lanthanide
chelate'shift reagents which woﬁld interact selectively

at poéiﬁively charged centres via an ion pair formation.

The diethylenetriaminepentaacetic acid complex of Pr(III), .~
“prorPAl”, which is 8-coordinate and has a negative two
ch&rge, and the ﬁine—coordinate 2,6-dipicoline comp1e§

of PrfIIi);~Pr(dpa)3-, studied by Donato and Martini(49)'

are possible selective shift reagents for positive centres..

e e

(S
.
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