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~ ABSTRACT

The 017 NMR signal in aqueoueisolutions of ferric ion was studied.AS

va function of temperature, frequency, and solutlon composition in order

to separate the varlous effects arising'from ferric ion and 1ts hydrolyzed

- species. The principal sPecies affecting the O 17 MR width by water ex-

A change were found to be Feo . P FeOH2+, and Fe (OH)A v

The ferric lon produces line broadening ariging from exchange out of

both a first and an outer coordination sphere, The first coordinstion

: sphere waters exchange slowly enough to be in the exchange controlled
- ‘reglons The outer coordinatlon sphere exchange is rapld and the O17
" nuclear spin is probably relaxed by a conbination of scalar coupling and

L mechenismse  The first and outer coordination sphere effects cannot

be separated unequivocally and econsequently only a_fange of ﬁalues 1s

reported for the exchange rates. ' v
It appears that FeOH? and FeB(OH)h are 1n the relaxation controlled;

reglon for the water exchange. Only-a lower limit for the exchange rate

from the first coordinatlon sphere is given. The relaxation seems to be

a consequence of both scalar eoupling and Aw mechanisms, - The speciles

FeQ(OH)elH does not contribute meesursbly to the line broadening, pre-

sumably because of a low magnetic moment,



.I. INTRODUCTION -

A. Background

In the last two decades many new technicues have been developed
for the study of extremely rapid chemical reactions.l In some cases it
is now possible to measure reaction rates in solution which approach

the highest values conceivable based on current theory. One of these

_newér techniques uses the broadening of the nuclear magnetic resonance

line as a measure of exchange rates between two or more sites. The
oxygen-1T7 NMR in ﬁater is idéally sulted for ligand exchénge s%udies on
solvated metal ions‘where one of the exchanging ligands 1is a water '
molecuié; A major criférioﬁ fof-ﬁhis fechni@ue is thaﬁ the mégnetic
environment of the water molecule be greétly different in the vicinity
of the metal ion from that in the bulk of soiu-tion. Generally this means

the metel ion must be paramegnetic. Proton NMR can also be used in thié

'manner, but usuelly chemical exchange of the whole water molecule 1s not

the dominant influencé in the line broadening.

One further criterion is that the exchange proceed at a sufficiently

‘rapld rate for the broadening'to be observable. This means ligand
" lifetimes should be less then ca 0.0l sec. The shortest observable

. lifetime is governed by the slowness of the diffusion in the ligand

exchange.

Connick and coworkers have studied the water exchange from the
first coordination sphere of meny paramagnetic metal ions by observing
the broadening of the solvent water signal.2 In principle one could also
study the broadening of the ligand water signal. However, thé signal

1s much weaker because of the difference in population of the two sites
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and is much broader than thé solveht signal.hécause of the close,proiimify
of the paramegnetic metal ion. |

One ion which’has been studied extensively ié ferric“ion.B-s. Theb
" most recent determination of the aquo'ligand lifetime is some hundred
fold longer than the first repprted'eXperimeﬁtal_value. It was this
disagreement and also the possibility of obtaining the rafes of water
exchange on the various hydrolyzéd ferric specles which led to this study
of the aqueous ferric system.A

It is useful to consider, qualitatively,vthe;range of exchange
rates which might‘be encountered in aisystem of thils sort and ﬁheir'
effect on the oxygen-lf signalf There is the trivial case of.extremely
vs;qw 0r>nonexistan£ exchange where the solvent waﬁer signgl_is_virfuailyv.

unchanged. Also any diamagnetlc metal complexeé'which dndergo ligaﬁd

water exchange will produce little effect on the solvent signal. Exchange R

from a first coordination sphere is usually considered to be thé dominant
effect because of.the rapid decreaée in influence of the pdramagnetic
ion with distance. Héﬁever, exchange from an outer coordination sphére
may provide some line broadeﬁing,fdepending on*theilifétime-othhe»outer
cobrdihation sphere and'pther factors. This effect wéuld be most evident
- when exchange from the first coordination sphere is too slow to change
the bulk water signal.

As the exchange ratevfroﬁ the first coordination sphere is increased
- by some means, such aé faising the temperature, the broadening of the bulk
water signal becomes directly related to the chemical exchange rate and
thus Increases éléo. when the ligand water'experiénces the full effect
of the metal ion environmént before 1t returns to the solvénﬁ ﬁaters,

the broadening is depeﬁdent on the exchange rate and shows an Arrhenius



- temperature dependence.

If the exchange rate is enhanced sufficlently, the broadening will
no longer depend upon the exchange step. It rather depends upon the

rate at which the oxygen-17 nucleus of the ligand water molecule respends

to the presence of the metal ion. This fate is Inversely proportional

to the so-called relaxation time for the specific interaction of the
oxygen-17 with its new environment. Here the broadening is ohly a
measure of a lower limit to the chemical exchange rate, although in a

few instances where the chemical exchange rate influencés ‘the relaxation

“time, the actual rate may be obtained from the data. An application of

the theory for the relaxation processes will delineate these instances,
B, Ferric Ion

. Ferric ion, iron (III), is a & (Ar) s&stém where (Ar) is the closed
shell configuration of argon. In agueous solutions ferrie ion forms a

high spin (5/2) aquo complex which is presumed to be 6-fold coordinsted

" and to have octahedral symmetry. Under weakly acidic conditions, the iron

0z, ", Te (OH>M)+; where the ligand waters have been omitted for

>

simplicity. Under more nearly neutral conditions, the iron forms high

molecular weight polymers which are only slowly destroyed in strongly
. £ ' ) :
acidic media.  The rate of formation of FeE(OH)zLHL nes been studied! and

is slow compared to the water chemlcal exchange rate,
Numerous attempts have been made to obtain stabllity constants for

8-11 The most relisble works seem to be those

the hydrolysis products.
10 11, S +
of Hedstrom ~ and Biedermann. They used the EMF method in 3 M (Na')

Clou' solutions at 25°C.
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Heats for formatlon of the hydroxy species have been reported by
several workers 8,12, 13 ‘Since it appears from this NMR study that
; Fe5(QH)h is an Important species in the exchange, Schlyter s corrected |
.vaiuesll have been used In conjunction with Bledermann's equilibrium A -
quotienﬁsle;in the analysis of the NMR data. No other workerslseem te
-vheve encountered conditiens where FeB(OH)ué%'was impertant.

The values that were reported arer

Feot 4 HEO('%Fe(OH)a—" +H Ky = (9.0 £°1.0) 107 u
| | | AH = 1h.T * 1.8 Keal
Feot 4 2H20 Fe(OH)2 + H+ - kzi = (k9 % 1.0) - 1077 ¥
| o AH not reported:
o j+' S _-h+“ e . - I, B
Fe”  + 2H,0 * Fee(OH)2 + 2H Kyp = (1.10.%£ 0,02) ¢« 1077 M
| o AH = 8.4% 0,7 Keal
oy kg0 = .Feg(OH)l?'*- + L Kz = (1.7 % 0.2) - 10°0 2
AH = 17.6 % 1.9 Keal

Tﬁe stability constants will vary with ionic composition of the
solution. It waé‘nece5sa}y to.estimate corrections for such effeets;
The - two most plausible‘procedures.seemed to be to assume constancy of

‘the stabllity constants for a given ionic strength or constancy for a
glven total perchlorate eoncentration.  The latter procedure was.chosen
“for the following reasoﬁs. First of all, the NMR solutions are far out- | ©
side the region of the Debye-Hickel limiting law. Secondly, Olson and

SimonsonlLF found that their stability.constant for FeOH?+ correlated

better with total perchlorate concentration rather than with ionle
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strength for solutlons cqnta%hiné 0.02 M and»0.0th perchlorate ion as
théy changed the inert salt cation from‘sodium:to barium to lanthanum.
Thié behavior is rationalized on the basis that ions of oppoéite charge
determine primarily activity coefficients and only positively charged

ions wereZinvblved,uas;iéitheacaseainmthe above  equilibria. . Actuelly, it

»

‘was found that the use of ionie strength dependehce for the stability

constants doeg not alter the trends in the data or the generél conclugions,

‘_The perchlorate ion dependencé ofwﬁhe stability constants kll and

,k22 was assumed to be identical to Milburn and V'osburgh's9 data for

FeOE>" and Fe?(OH);H, but with & match to Bledermann's data at 3 M per-

chlorate. The‘concehtration‘quotient for FeB(OH)u5+'was recast 'ih the form

r

% Fe, (OH), " + Hé() = Fe5(OH‘)h)T %':H’“
k = 0.,0466
= 5.0 Kecal

OH

Based on a Debye~Hickel type argument, this equation would have

bniy a small ionic strength dependence and in the absence of any experi-

mental information it was assumed that k is independent of ionic strength X

or perchlorate concentration,
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II. THEORY

A:. General Comments

: Bloch’s equations and subsequent theories of the NMR phenomena
have been discussed extensivelyvby many workerss The reader may wish
- to read references 15-21 for a fuller explanétion of ﬁhe theory, and in
Aparticuiar, ;Ngrianelli’s thesisegoj' For the conditions of magnetic

 field mbdulation with sideband detection of the NMR signal as employed

in this laborétory, the obéerved first sideband signal has the form?2

i% [Jl(ﬁ)]g v T My

s = (1)
2 2 N2
1o+ (A, T, )+ (vHE))T T T, [95(8)]
h 'YH \ E
B = I N .
" +

where S.is tﬁe observed signal
Jl iS'thé>Bessg; function of the'firét king
Y is the magnetogyric ratio”
'I’l and T2 are the nuclear longltudinal and trans&erse relaxetlon
times, respectively |
Hi is one;half the amplitude of the radio frequency field

w 1ls the frequency of the rf field

@ is the preceésional frequency of the nuclel.
Mb is the equilibrium value of the magnetization of the sample

H o is the amplitude of the modulation fileld, and

w is the frequency of the modwlation field.

This equation is normally used under conditions of negligible saturation,
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T

1e€e, {(Vﬁi)z T1T2'[Jl(B)]2} << 1, and is restrictied to slow passage

conditions, and to the condition that « > 1/T,.

The line broadening is related to the transverse relaxation time by -
dw 1
= = i (2)

where Bw is the totel width at half maximum of the signal. 4Thé signals
are calibrated by reallzing that the separation of the first sidebands

is 20 .
m

s
Pl
. W

1.

B. Theoretical Equations for T, and T,

lo- : T

T, in the Pregence of Exchange

When. the atoms éontaining'the'nﬁclei uhder'invéstigation take part

in exchange between two or more magnetically distinet environments, the

 expression for l/T2 is considerably more complicated. It 1s 8tlll measured

'by the width of the peak, but i1t reflects the influence of the other

environmentss, -McCo.nrieZng'5 has treated this situwation and Swift and Con-

4nick? " have extendéd the treatment to the case of a dilute solution of

a paramagnetic lon. TFor the steady state condition without saturation,

" they found
1 1 2

1 1 1 ' 2nm

g - 2 )
2 7.0 H20.<l+_]:_) +M2j

. T, T m
_ : 2m m
where

T, 1s the lifetime of the molecule in environment a -

QEa is the transverse relaxation time in environment a in

the absence of exchange
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QQH2O ~‘dh>_is’the difference in precessional frequenciles

in the two environments

A =
m

The increzsed width arising from the presence of the parsmagnetic

- ion is defined as

1 1 1 L

and uwnder conditioﬁs_of equilibriﬁm

%; n[ff’} _ THZO [Hgolbul‘k‘ o | ‘.(5)

' . +1
1 By ' n[M P}

CEm e defining D, = o
T T . Pp l -
EEO m - . HéO . |

M . . . .
where [Hbol and n[M%p} are the concentrations of water molecules in

‘oulk
the Two wzter eavironments, n beilng the number of coordinated waters,
There are two limliting reglons for 1/T2p. If the water lifetime

- is long compared to T, or Aw, <J/Tm << l/T2m + 1Awm\), then

1

r_l

] P ' .
= = — . | - (8)

If the.exchange 1s rapid and to the point,where_l/wm >> l/T2m + L&gnl,'ﬁ

theh
1 Py 2 ' v
o= ot Py T, A . - (T)
2p 2m ’

The first limit is commonly known as chemical exchange econtrol and

the second as relaxation control. The mechanisms responsible for relaxa~

tion of aqueous oxygen-17 will be discussed in the next section.

e
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- 2. T

- equation of Bloembergen

I Relaxation Phenomeﬁa_

The principal mechanisms’of;relaxation of the oxygen-17 nucléus
whén.it is part of a 1igand bouﬁd to a paramégneﬁic metal ionvare
a):Aw mechenism, b) dipole-dipole, c¢) scalar coupling, d) quadrupole,
and-e) éniSotropic chemical shift. Oniy the analytic expressions will

'be presented since excellent:discussions have been referred to previocusly.

&, O Mechanism. For this case the relaxatlon controlled expression

for l/T2p is domlnated‘by the Bm(AQm> T term.‘ The Agh~is g;ven by the
2L '

o 8(S + 1) Ay fvy) |
% ) - BKT' : ' | .’ . (8)

"~ where S is the spin angular momentum of_the paramégnetic ion

A 1s the scalar coupling constant

Y. 1s the magnetogyric ratio for the electroh

- Uy is the magnetogyrié rati6 for the nucleus

“w _,is the precessional frequency of the nucleus
k 1is Boltzmenn's constant
T .is'absoiute temﬁerature

The intérruption mechanism for this effect 1s the exchange of the bound

ligand with the bulk solution.

All the following mechanlsms appeaf in the reglon where the relaxa-

- tion 1s controlled by the term:

o]

. L *m
T —‘T' »

2p 2m
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b. Dipole-Dipole Mechanism.

2

2 2 - .
1 5(s +1) vy Vg H o L o
. 1n 6 m) 1 14(@--_&)212
P o or B S s i VAL
R | /
(9)
3T, ‘ 6T2b 6T2b
+ ot ———s +
l+rofc? 14wl 1+('co‘ + )
T ‘1 s "2p “1 T %)

4where r 1s the dipole-dipole distgnce.&”The'fbllowing;symbolsiaré-défiﬁed'dsr

1 11 1
T T ot Tt oET
1b m r ) le
1 11 1
h-T-——-v = T--- -+ :L_—- + c—[‘—-——
2b m r . 2e .

' The quantity T, 1s the tumbling time andvié'givén approximately by -
‘Stoke's formula accordingvto the equation
T = .L.I'.Z_Tﬂ.aj. .
r o kT
where & 13 the. radlus of the tumbling spheré
n 1s the bulk viscosity =
Tle’T2° are longitudinal and transverse electron_relaxation times.

Other terms have been defined previously.

Since W >> W and o.T

T T lb<< 1 for the oxygen-lT = ferric system,

the expression reduces to .

. L. o
1 s(s+1) v, v H S 131y,

T = 5 m ) F1p * 5 5
2p 15 r 1+ OBy Toy
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C. Scalar Coupling

Lol s (A o e (11)

T 3 A mi ¢l . 2 2 .

2p 1+ (o ) v 7

= s c2 .
‘wherev

A S
Te1 Tm o Te
i _ 1, 1
T<:2 ' Tm T2e

Here A is the séalarvcoupling constant.and w.T -.<i'1 hasxbeen»used;

I'ec2
'6; - Quadrupole Coupiing '
1 3. 2L + 3 < n><eq_Q> -
— = P p—2e— |1+ - {ER2) P ¢ -~ (12)
Tap 0 a1 - 1) AN mod

' Where it has been assumed that @74 << i
I ié thé nuclear spin quantum-number.
n is'a measure of thé axial asymmetry of the electric.fiéld
gradient |
Q 1is the”quadrupole ﬁoment of the nucleus
: eq is the largest pfinciple component of the elecfric'field

gradient

'l/Td = ‘l/Tm ‘+ 1/Tr

'~ es. Anisotropic Chemical Shift

1 14 “2 : 2 _. ' .
T = ‘Do'5z25 <l+%->1>mfrd (13)
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. 2 2
assuming ©_ - T << L

whexre .Bzz is the component along the z axls of the diagcnallzed chemi-

cal shift tensor g belonging to the Hamiltonien (4yé§'c B f)

’

n  1is given by <6xx - 5yy>/§zz

It can be clearly seen from the above equatlons that; under certain
circunstances, the water exchenge rate on the metal lon can be obtained

~from a knowledge of the relaxation mechanism being observed.



.
TIT. EXTERIMENTAL

. ﬁMR measurements of the Té of oiygen»l? were made on a Varlan Aséo-
ciaﬁés Model V4311 high resolutilon spectrometer at 8;15h Miz or a Varian
Mbdei V4200 wlde line spectfometér at a frequéncy of 2,0 MHz. The sig-
nals were detected using the sideband techniques The modulation and
detection were performed by a PAR Model JB-8 lock-in amplifier, A Bogen
© audio amplifier Model. CHA»lO amplified the modulation signal which was |
.then applied o tﬁe sweep;coils of the Varilan probea Mbﬁt deta were
taken using a modulation frequencjlof 500 cps énd under coﬁditi&ns where
the first sideband was'OPtimized QYHE/@m.ﬂ 0.68 where 7y is the magneto-.
gyric ratio; Hm, the amplitude of the modulation_magnetic»field; w5 the
modulétion frequency)s At modﬁlation frequencies‘of'ca 1000 ﬁz, B, could
not be made sufificiently large to optimize the first sidéband which - .
. resulted in a slight decfease in signal to noise, |

A1l ﬁéasurements were made under cbnditions_of slow passage and
jnegligible saturation} The grosé mégnetic fleld was swept at speeds
from ca 300 milligauss/min to 1000 milligauss/min. The detected signal
was filtered with time constants from 0.1 to 0.6 sec.

The samples wére contained in 10 mm O;D. pyrex glass tubes havingv
| a2 (18/9) bsll joint. The cap had a thermocouple well swhich extended .
down to the solution. Changes in pH ﬁere achieved by adding 11.85 M
perchloric acid with laﬁbda_pipettés.

Temperature chaﬁge wes obtained byﬁpaséing heated or cooled dry
nitrogen in the annular space between the sémple and the dewared inéert
in the probe,go A Varian E?R temperature-confrol wunlt operating from a

regulated voltage source was used to heat above ambilent temperature. A
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‘&
split gas flow systém'was used be;owlroom temperature with acetone-dry
ice.as the cold bath.: Twé-copper-constantan thermcecouples were used %o
vme&sure the temperéture, one insiae'and one beicw the sample. The difq
: fgrence did not exceed 1°C and:an average was chosen as the actual teﬁpef-

ature of the sample. Temperature control was within O.5°C.

Sample Preparation

The pérchlorate salt was chdsén fqr the sample_preparation_since
perchlorate is believed to form only weak>complexés.with metal ions.
Sutton=? and’others have' reported:.evidence for.a,ferric-peréhlorate complex,
but Coll et gi.géfaftribute'the obsérved shift in the optical-SPECtrum to
partial dehydration of the ferric:ion.

The stock ferrie perchlorate solution was made by dissolving iron.

. 'sﬁonge in b M nitric acld end then fuming with 70% perchloric acid, The
crystals of ferric perchlorate were washed.with T0% perchlbric acid and

~ then sucked partially dry in a fitted glags funnel. The 1ron spoﬁge

| (99.999%) was purchased from United Mineral and Chemical Corp., New York,
agents for Johnson, Matthey and Co.,, Ltd., Lopdon, Grade I, Lot No. Sl994;v. 
The sponge has a typlecal analysis of 2 ppm manganese. Ten ppm is at '
most a 6 sec™  contribution to the linewidth of a 0.2 M ferrie solution,
-which 1s within experimental error. Reagent grade ferric nitrate con-
tains ca 100 ppm manganese.

The solution was tested for nitrate ion with the brucene sulfate

| a:spot test.27&.The aéhitroSO-B;naphthol spot test was used for cobaltous

- 2 : _ , S :
ilon. 8&1The.manganese;was:analyzed,by'oxidizing'With potassium persulfate,

. complexing the iron with phosphorié acld, and observing the solution

gpectrophotometrically at 5250~ﬁ with.a limit of detectibility ~ 5

ppm. A1l the tests were negative.
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' The total iron was analyzed by titration with ethylenedianlnetetracetlc

- aecid using Varlamine B blue as the indicator. 9 - The total nydrogen ion

waé<determined by complexing the lron with oxalate and titrating the acid
with 0.1000 N NaOH back to the pH of the oxalate solution¢59$ Sodium gravi-
metric analysis was perfoxmed by the analytical laboratory by precipita-
tion with zinc uranyl acetate, .Sodium.bicarbonate was used to destroy

some of the excess perchloric acild.

A1l MR measuremehts using the high'purit& iron were made with hydro=-
gen normalized lO% l7 water obtained from the Oak Ridge National Labora-
tory. The water wag welghed and & known volume of the stock ferrie solu-
 _tion was added. Dissolved oxygen was not removed as thls does not affect
the width of £he H2017 MR signal appreciably.

A*l viscosmty'measurements were made with an Oswalt capillary vise
cometer in a constant tempéiature bath regulated to Oelqu
| Spectrophotometrie measurements were made in thermostatted cells
on elther a Cary 14 or a Beckmann DU.

Marianelldi! 329 repdrted valueslof»Tgfof'bkygen;lYIin7Water were used
aé the water blank, with»correctian for the cliange in'viséosity'of the
.>vafious NMR solutioné; aésuﬁing the width of the blank to be proportional

v to the viscosity.



IV. RESULIS AND DISCUSSION
~ A, Ferric Ion

.v,All pf the previous efforts at studylng oxygen-l7 IMR in(aquebus
férric solutions have been.direcﬁéd toward obtalning the raﬁe of water
éxéhange fram.ﬁhe first coordination.sphere of the ‘hexaquoiron (III) |
species. The recent availabilityvof 10% enriched oxygen-17 water now
makes a more éccurate'meaéurement possiblé. - In Flg. 1 the femperature ;
dependence of l/Tep‘is shovn for_a 0,575 M ferriec solution with.l.7 M |
perchloric acid. Approximately 0.68 percent of thé total iron is presenﬁf

- as hyﬁrolyzed spec;es and this contributes‘ca éix percent df the observed-'v
| 'l/sz at room'temperature and 1s smaller at higher temperatures._‘From e
J_-ﬁhé shape of théfcﬁrve it 1s appareﬁt that.it is a composifé of several
effects oéeraping over the observed temperature range‘. In the high
temperature region, the dominant effect is‘the exchaﬁge of water mole-
:3Tcules from the‘first_coordination sphere. In this region the relaxatlon
>is:much more rapid than the chemical exchange; and the l/T2p expression :_.}‘

reduces to:

Lo
Iép. T
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_as proposed by Gensera

1. Outer Sphere Effects

In the region nedr/room.temperature or below (Fig, 1) other effects
become comparable with the exchange from the first coordination'sphere.
The first coordination'sphere is ih the chemical exchange controlled

region and can only give a decreasing contribution to l/T2p wlth decreasing
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teﬁpérature‘ The change in waﬁer blank arising from an increase in thé
.viscbsity for the solution hés been taken into acecount. TFurthermore,
‘the linewidth per mole per liter df ferric ion is nearly independent of
the.concentration of ferric ion, indicating that the effect at low tem-
peratures grises primerily as s resuit of the presence of the ferric ion
in solution. .Therefore,‘this effect must originate in an outer coordina-
tion sphere of the ferrie ilon. |
The unhappy task of resolving the data inﬁo the component contribu-
tlons must hOW‘be facéd. FiomAthe femperature depéndence at low'tempera-
ture, it is obvious that the'obsérfed effect is due o some relaxation
controlled phenomenon. If this were the only information avéilable,
- ‘the expefimeﬁtal curﬁe ééuld be resolved into‘any one of a family of
._lines, Additional information is aveilable, but, even still, the Inter-
 pretation is subject to a very greét deal of unéeitainty«
The-nature of the oﬁter coordination sphere must be declded upoﬁ"
”in order to estimate the magnitudés of the possible relaxation effects,
T It will be assumed that the effect arlses only from a second coordina=~
ltioﬂ sphere composed of eight water molecules, ‘each résting on one of
the faces of the octahedrons Based upon ‘the ionlc radil for iron (III)v '
(Q.6hﬁ) and oxygen (1.404), the intérnuclear dlstance from the iron to
;thé»secohd coordination sphefe oxygen 1s 3.438 1f the oxygen Just touches
: the first coordination sbhere waters. Calculation of the relaxation
‘.effécts due *o dipoleadipole and to quadrupole interactions of the oxygen

nucleus with the iron can now be performed.

2. Dipole-Divole and Quadrupole Relaxatlon Mechanlsms

The expression for the dlpole-~dipole relakation has been glven pre-

vlously in the theory section, Equation 10. The ferrle lon Tle has not
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been measured, sO it has been assumed to be identleal ‘e oo which 1s

5.8><lO-ll sec_at 25?0 for this solution. The rotational'correlation time

‘Tr can be caleulated from Stokes!:  formule
5
. Ly a

r 5 TERT

Assuming a radius of 4.8%A and a viscosity of 1.18 céhtipoiseysrriisqcal-

culated to be 1.35x10"

© at 25°C if the whole second coordination sphere
‘rotates as a group. The exohange time, T? wlll be assuﬁed long>compared
- to the other times. This calcuiation gives a contribution to the observéd
l/fgp of 22 s,e.c:-:L at 256C. The competition between Tie and Tf Is such |
as to give this contribution a meximum slightly above 25°C and a moder-
Tate dropping off at higher.and low tempefaﬁurés.

The quadru?ole calculation ls relatively straightforward. The
qu/h[ for oxygeh-l?iin *the wéter molecule has been measﬁred_in the vapor
phase by microwave by Townes and Stevenson51 and 1s =8.13 Me with 1 = 0. 7.
'If it is aséumed that ?hesé values are unchanged for the ferric system,
+then l/@zp = 700 sec_l_at 255C with tFe+5] = 0.375 M. The interruption
by Tr was treated as 1n the dipole-dipole case and chemical exchange was
‘assumed,to be slow.

Clearly this 1s a much bigger effoct than is observed. It,must be
'conjectured that the wator molecule in the second coordination sphere
: is still capable‘of sufficlently random mofion to provide no apprecilable
broadening. It should be noted thls is not in conflict with the use of
the T for.the dipole-oipole calculation. A rotation of the water mole-

 cule attached tu one face of the octahedron has no effect on the dipole- .

~dipole relaxation; the whole complex must rotate so as to change the
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direction of the vecbor between the dipoles with respeet to the labora=-
tory coordirate system in order for relaxatlon to take place in dipole- |

"dipole coupling.

e » Scalar“Cbupling and AN Mechanlsm

Other possible mechanisms of.relaxation must nOW'Be considéredﬁ  The
 scalar coupling and the Aw mechanlsm contain the sealar coupling constanf
which_muét either be estimated or measured. There is a significant
* chemical shift of the bulk waters from tﬁe glignal of pure water as is
shown in Fig. 3. The l/T‘temperature.dependence is an indlcation of
complete:averaging of the shift through rapld chemical exchange, This
can be seen from»the equation . for the shiff of the bulk water resonance

'arising frbm the presence of a paramagnetic'sﬁecie2 

5 2 {E 1 ‘1} 2]»
T — o ——— e A(l)
m T T m
: .l 2m n

v‘where +the symbols have beeh defined as in Egn. 3» . In the 1imit of fast

" exchange,
l.es 35; >> ’ig;- *‘ilxﬂnl s
: m 2m
Awhé@ Py B0
 and Am then has the 1/T dependence of Aw (Eqnd.8)°

%0

Since the second coordination sphere is in the fast exchange limit,
l.e. relexation control, at these temperatures, but not the first coor-

. dination sphere, the shift must arlse from the second coordination sphere, -
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Upon substitution from Ean 8, the equafion'rélating the obsgerved
shift to the scalar coupling constant for oxygen-17 in the second coor-
dinetion spie~e is obtained.

s(s +1) Ay /)

A = p_w
HéO N 35T m o

This gives

5,07%10° réd sec™t

P

o

for the second coordination spheré waters.
For comparison a scalar coupling constant for the second coordination
* - ‘sphere waters of chromium (III) can be caleulated from;thé data of Ale152 -

“and is

1]

= 2.16XlO6 radfséc'l

The watérs on chromiumv(III) in the firsf édordination sphere exchange
Qith 8 half life of ~ 10 hours,53 so the observed shift must come from
outside the first coordination sphere. The.similarity of the two constants
lends support to the idea of the outer sphere effect with ferric ion.

The calculation of the contribution to the linewidth from scalar
coupling is nOW'straightfbrward,<§ssuming that the interruption is Tle

and not T, as assumed previously.

m=— = 95.5.sec”=  at 25°C  [Fe 31 = 0.375 M
“ep :
The term T /(1'+ w 2T 2) of ‘Eqs- (11) was ne lecté&isince:w‘ef 2 2.‘207 aﬁ
c2 s €2 et g . s e2
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1

14 xilogauss and T é z Téé for all cases.
A word of comment is now necessary. .The sum of the contributlon to

. l/'.ffep from dipole-dipole and from scalar coupling has exceeded the measured

l/T2p at 25?0. This could be due'to.two problems wlth the calculationsf
Stokes! formula 1s only a rough estimate of ﬁhe actual rotational rate in
the solution. Secondly, the number éf second coordinste waters may be
3différent from the value which was assumed, fqr example because'of re-
placement by perchlorate ions, A third pdssibility, that of very,répid .
chemical exchange, will be considered léter. |

In attempting to resolve the expériméntal curve in Figs 1 into its
component parts, fhe'dipole~dipole contribution was neglected and the
:_écalér coﬁpling was éssumedftd be interrupted by Tlé and‘have the temper;
éture dependence of the Tlef Neglécting the dipole-dipole part is cer-
tainly not a ‘good aésumptioﬁ,-but 1t is also embarrassing to be able to :
"account fof more linewidth than is obserﬁeda Further, the dipole-dipole

calculations are not exact enough to permit the correction to be made

precisely.

’ ;:&. Values of T, and Tlé

The T), 18 not known, so the measured T, and its temperature depen~
‘dence in a solution of natural water made up to be identical to the IMR
" solution was used. It is necessary to measure the T, in a solution which ‘

is the same as the NMR solution. At these iron concentrations, it 1s’

'j‘.believed that the electronic dipolar interaction becomes importent as a

2 relaxation mechanism for T

and T, and could affect both of them
_ le 2e :
-equally., Alsu inereasing the solution Viscosityjat constant temperature

would  shorten both T. and T, for the case of w T < L.
_ le - 2e 8¢
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Another approximatidn was made in order to interpret the data. The

- T,, measured at filelds of ca 3¢5 kilogauss was used to calculate the

scalar coupling relaxabion at fields of ca 1h kilogauss. It is quite
possible that the Tée has a freguency dependence, and not necessarlly

the same as the T e frequency dependence. However, there seems to be

1

no method for measuring T, or T

ie at 14 kilogauss at the present time.

.5.. Resolution of the Experimental 'Cuirve

a; First Coordination Sphere. Wiﬁh.all tﬁesé,variables and uncertain-..
tles, and ha&ing'no goéd handle on\anyiqne_of‘them,'the interpretation
of the NMR data at lOW'ﬁemperaturés mugt be viewed with considerable
‘-Vreservation. :HoweVef,'persevering with the epproximations whiech have’
. ibeen made; théiNMRicurve can be resolved lImto three straight lines as is”
: showﬁ in Fig._l.. | |
The chemlcal exéﬂange l.iﬁe for the filrst coordination sphere QoY
'1jrésponds to an enthalpy of‘activétion of 18.4 keal and -an entropy of
‘activation of 12,8 €., Intuitively,.this entroPy.value 1s a bit too
iarge; Also, the previoﬁs water exchange studies‘with the transitlon
metal ions found entropies whose #bsolute values wefe less than eca 6 e.u.
The lifetime fof a water moleéule In the first coprdination'sphere is -
"3calculéted to be 6‘.7><J_O_5 sec at 25&0‘
Sinée the entropy of activation is so large, repositioning the
scalar édupling line %o produce>an.entropy nearer zero might be of in-
terest. There 1s no other rationale for meking the change. Howevef,

since the value of T at 14 kilogauss is unknown, such a changed line

le,
is perhaps as satisfactory as therline drawn in Fig, 1.~ One pf the. .many

possible changes has been made for Flg., 2, where the AH# 1s now 1k¢1 . -

keal, Si is now +1 €.U., and the water lifetime in the first coordination
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_sphere is 2.4x10™ sec. This resolution does not account for the observed

frequency dependence at 103/T = 3,40, however,
The three previqusly reported“valuesvfor.the lifetime of a water in

3

the first coordinatioﬁ sphere of ferric ion are all éhorter-than'9x10'

sec. »The values from Connick and Poulson3 and from Connick and Stover

are 9x10" | sec and k. 16x107°

sec respectively, A small part of the dis-
crepancy could be due to poofer signal folnoise ratio in these earlier
experiments since they were run with naturél abundance and 0.7% enriched
oxygen-~17 watefﬂrespectively. Howevef, the principal difficulty probablyA‘
arose from a significant Mh+2 impurity in their ferric salts such as was |
found, in the earl& series of experiments for the thesis. Since Mh+2
c0ntribuﬁ§s such avlarge lineﬁidth per mblé_per‘litgr,.ca five‘molé per~ " 
cent impurity would account for Cohnick-and ?Qulson's observation, Genser5
founa linewidths nearly comparable to those“reported here.. He did not

perform experiments below room temperature and therefore did not recognilze

the presence of second coordination sphere contributions at room tempera-

_tufe. His lifetime, B,BXlO—u sec, 1s shorter by the amount of the second

coordination sphere contribution.

b. Second Coordination Sphere. From the large temperature dependence

of the low temperature line, AW relaxation would appear to dominate in

- that region. Furthermore, the low temperature points have a strong

frequency dependence. Of course, this cbuld.also come from scalarvcoup— '
ling interrupted by a frequency dependent Tle" However, the large
temperature dependence would argue against the latter interpretation,
subject of course to tﬁe uncertainty of the previous piacement of the
frequency independent secalar coupling line.

If the former interpretation is correct, then the lifetime of a
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" water molecule in the second coordination sphere 1s approximately H.2x10-8
sec with AH# = 9.9 Xeal and AS¢ =:8,4 e.u. for Flg. 1. For Fig. 2, the
C lifetime is 6.9XlO—8 ~sec with AH% % 7.5 keal and AS¢ = .5,0 e.u, These

lifetimes are longer than Tle as was assumed previously. Presuming that

‘thé lifetime is roughly depen'dent on-the strength of the eiectrostatic.
attractlon between t‘he rﬁetal ion a‘nd; the water molecule zea/r) s it is
interesting £0 compare this 11 fe't:.me with the lifetime in the first coor-
dination sphere of manganese (II) which is isoelec‘tronlc with iron (III):,
Taking the rate from the iron data and correcting for the dli‘:f‘erent oxygen- |
' .metal dlsta.nces and the. change :Ln charge a value of 9x10 -8 sec is pre-
dicted for Mn +2 Vs a me:asured value of 5.22><10'8 sec. In view of the

: crudeness of the approximation, the agreement 1s striking.

le

and T, are not understood at the present

The frequency dependence of the T -deserves some comment. The

relaxation mechanisms for Tl'é

- time, however, the relaxation might be of the form proposed by lvicc}arveflL

1 _ -'16TT2_]f_' 6T % + N (15) .
Tie 25 h2 L+ 2Tc2 Sl o+ llwsgrcz T

We will not consider 'I‘ee since ét all eéxperimental fields and temperatures

(except near 0°C) the T, <%erm is small in the scalar coupling expression

2e
(Eqn. 11). In the limit of wsz'rce << 1, T, reduces to
. B 25h2
. e ' 2 2 S
In the limit of large w_, lies w_ "1~ >> 1, T, has the form
- 5 g ¢ le .
T S L

e T ooeP?
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As the temperature of the solﬁtién 1s lowered, T becomes longef and Tle
should start to change to thé high frequency limit. This could givé a
freduency_dependence to the écalar coupling at low temperatures, but the

.activation energy from Fig. 1 or Fig. 2 seems to be larger than one.

would expect from Tc,

6. Rapid Chemical Exchange

Another possibility for the rélaxation méchanisms 1ls that they are
interrupted prineipally by chemical exchange.. 1s 1des has the advantage
that it overcomes the problem of caléulating larger linewidths than are
observeds However, it does‘not allow for the observed freéuency dependepce
at low temperature andxthereforé seems unlikely to be the explanation¢_

‘It might bevthoﬁgﬁf tﬁat;a:WéyIto ciréuﬁvenf the lack of iOW'tempera-
ture frequency dependence and still-reﬁain chemical ekchange as ‘the in-
terruptibn mechanism 1s to assume that scaler coupling ig interruﬁted
'principally by chemical exchange at room temperature and ls interrupted

r

at lower temperatures by T, in the»a?Tc region. The two correlation or

le
interrupfion times would be conbined at all temperstures according to
"]_/Tc:L =1/t + l/Tle,' When the contributions from the two effects are
;Iadded, the resulting curve has just the opposite-ct;vature to the experil-
mental curve irrespective'qf the relative values of the enthalples of the
two processes. This explanation must, therefore, be discarded.

It seems reasonable, then,\that the NMR experimental curve can be
resolved into ‘the three reglons: slow chemical exchange from the first
coordination sphere of fhe.ferric ion, scalar coupling relaxation for
' the second coordination sphere'interrupted by Tle; and Aw relgxation for

",the second coordination sphere.: The absolute values for these interactions

cannot be determined exactly since none of the lines can be accurately fixed.
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T Relaxation Control for the First Coordination Sphere

' The waters exchanging from the firsf éoordination sphere of ferric
ion are in the exchange controlléd_region, but the Question arises of héw’
rapid the exchange could become before relaxatidn.control becomes.noticem
" able. A lower limit to the temperature can be calculated by‘éssuming

that the A® mechanism would bevdominant in the relaxation contiolled re-
glon. - If some other mechanism is more effective than Aw, then the ex-
.change controlled region would be extended to a higher temperaturef

At the éoint of egual contriﬁutions.to l/TEp from chemical exchange“

and from Aw relaxatlon, the following relation 1s true:

P E
m o 2
m ,
. : T
and upon cancellation of terms, Tm = ‘Zﬁﬂ‘

Calculation of &b is not stralghtforward. The scalar coupiing constantr
: could be obtained from a chemicdl shift measurementvof the bulk waters,
However, when the NMR_broadening.is strongly in the exchange contro;led'
région, the chemical éhift of the bulk waters is extremely small and would
be hidden in the large shift due to the second coordination sphere waters.
Thérefore, the coupling constant must Be estimated. It seems likely that

‘ +2 - 6
it should be at least as large as the value for Mn  (A/h = 9.2x10° eps).
| 7

Thus ™ is caleulated to be ca 9X10- sec, This value of T should
' be resched near 140°C if the AHT value of 18.4 Keal is assumed. .Since the
célculation depends upon the cholce of the activation enthalpy for the ex-
change and upon the estimation of the scalar couplingvconstgnt, a smaller
ehthalpy or a larger coupling constant would move the temperature higher,

Also some other more effective relaxation mechanism would have the same

‘effect.
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8. Summary

. The,broadeningvof the oxygen;l7 MR from water exchange on ﬁnhydrolyzed
ferric ion arises from two separable exchange sites. Thé first coordina-.
- tion sphere waters exchange sufficiently slowly to be in the exchange con-
trolled regicn. Depending uponAthe linewidth attributed to exchange from
the second cocrdination sphere,'differing vaiues_of ligand water life-
times in the first coordination sphere can be obtalned and correspondingly
differing values for AH:t and.Asi. For the reSolu@ion’made in Fig;ll, the
lifetime ié 6.7><J_O"5 sec, pHT = 18.4 kcai, and AST = 12.8 e.u. A lower
- limit to these values can be obtained by drawing a line tangent to the
high.temperature part of the experimental curve. Thisvgives vaiueé of
"éé>AH¢,='12.8'kcal, AS* = -3 e;u;’and a lifetime of ]_.,62‘><i0"3 sec,

+ +

A comparison with other values of AH and AS' which have been reported

is .interesting. _Genser5 reports AH# = 8.9 £+ 1.0 keal and AS¢‘= -13 = 4

e.u. for the water exchange én ferric ion. His AH# would be somewhat -
largér if he had used a viscosiﬁy.corrected water blank and correspondihg—';
ly a more positivevvaiue of‘AS¢ would have been fbund{ It 1s possible

that his values were in error‘bedause of contributions to the width from

N %ﬂe second coordination éphere. He worked with nitrate rather than per-
chlorate solutions and this may account for some of the differences.

+

Swift and Cormi-ck2 measured AH' and AS¢ for a number of the doﬁbly

charged transition metal ions.

Ton AH#Z keal ‘ 'Asiz €.

e 8.1 2.9
+2 o

.F‘e . 707 . . : "50 O

Co™e SR 8.0 o ha

e 11.6 0.6
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It can be seen £hat all of‘fhe activation entropies afe small, The
gnthalpies all have simila£ vaiues except for Ni+2 which has-an unusually
high energy for the,reaction«intermediate; ”The enthalpy of activation .

. for water exchange on ferric ion is'larger as wOuld bg expected 1f the
'rété is. influenced by’anieleétrostatic effect.

| It has been noted_previpusly‘that rates of water exchange are quite
-similar.to rates of water replacement By suifate ion on metal cations.
The latter raté for ferric ion has been measured by Wendt and Strehlow55
by pressure Jjump. The experimentally'defivéd.quaﬁtity is the product of
the equilibrium quotient fof sulfate ﬁpving frém the bulk solution into.
tﬁe outer coordination sphere and of the rate at which the sulfate in the.
: outer:qoordination sphere moves into the fifst cbordinatién sphere to're—:
place a water molécule. If the former equilibrium quotient is assumed to
bé identical to the valﬁelfor Al+5, 19 * 3.&f1)56?then the rate constant-
for moveﬁent of the sulfate from the secondvtb the first c;ordination
sphere'is ca 50 sec_l for ferrié ion at 256, a value not greatly different 
from the water exchange rate of 150 sec™t, |

Marianelligo has reported theuonly other water exchange rate for a
plus three ion and gives a lifetime of 1.1 X 10-9 sec for a water In the
" first coordination sphere of gadoliniﬁm. He also reportsjéﬁé = 3,1 keal
-and Aé¢ = -7 e.u. The high rate reflects the relatively large radius.

Outer coordinetion sphere effects have been attributed to a second
coordination sphere composed of elght equivalent wéters located on the
octahedral faces of the first coordination spheré. The.observed tem@era-
ture dependence indicates the exchange is in the relaxation controlled

region. From the observed chemical shift, the séalar coupling consﬁant

has a value of 3‘06 leO6 rad :sec‘"l for the second coordination sphere



' waters. A% room tempefature,:thefrelaxation appears to be predominamtly -
ke - : : , - AR

~controlled by scalar couplingiihferfupted'by‘Tle; AL lower temperatureé;};,_v-'

‘thélrelaxation has a,fréquéncy-deﬁéndence which could arlse from elther .

le_or'a contribution from the Aw mechanism,

a frequency dependenée’in T
“;NAssuming th¢ latter effect becausé.of the largé temperatﬁre dependence e

f»for the line) a8 lifetime of a water molecule in the second coordination . .

L _SPhere'édn be calculated as M¥7x10"8 sec. Before thls value can be

"'acceptedWthe interpietaﬁibn ﬁrdpdsed needs further verifications
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B. Hydrolyzed Species

Genser5 “has noted previously that the rate of water exchange on

ferric ion appears to be enhanced by the Insertion of a hydroxide lon

18

in the first coordination sphere. Blatt™ noted that chloride ion pro-

‘duced a similar effect. Qualltatively these effects.can be explained

by realizing that the kinetics of the exchange are related to the electro~

_'static force between the ferric ion and the water: molecule, and the pre-

sence of a chloride or an hydroxide ion in.the first coordinatlon sphere
reduces the effectire charge on the ferric ion.

Obtaining the water exchange rate for the varilous ferric hydroxy
rspecies requires a detailed.knowledge of their equilibria ih solution.
The hydroxy specles are eqdilibrafed'too;repidly in solution to he

separated oh an ion exchange column and studied individually, as ishpos-
sible with the analogous chromiﬁm (III) species. The FeOH2+ 1s presumed
to be formed rapldly by proton transfer with a first order rate constant of .

’l~57 The dimerlzation of FeOH @ to form Fe2(OH)2 has &

rete constant of 450 = 50 M™" sec™ at 25°C and the dimer dlssociation

ca 5xlo7'Sec

17 . _
 has a rate constant of 1 * 0.5 sec l. No work has been reported on the

kinetics of formation of.Fe(OH)2+ or FeB(OH)A5+, but the NMR solutions

- seemed to equilibrate within ca 15 minutes. following addition of acid.

Linewidth measurements made -at various temperatures displayed no slow:: .

changes. or hysteresis effects lasting longer than ca 15 minutes,

- L. Determination of the Major Contributors to the NMR Width

Because of the great preponderance of equilibrium data on FeOH.2+
and FeQ(OH)2h+, the inltial resolution of the NMR data was attempted with

only these two species and free ferric ion. The data cammot be fitted
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by elther hydrolyzed specles individually, or by 2 combination., The

linewldth from the two species can be written in the formt

1 _a[FeO}12+] + b|Pe, (OH) LH] - (16)
T2 2 2
ph .
where
1 _ 1 1
s = -
2ph - 2p 243
and.
o 1 15 the linewldth from free ferrie ion
QFe+5 '

a 1ig the increase in the water Olj linewidth per
mole per iiter of FeOH2+ .
b 1is the increase in the water O17 linewidth per

mole per liter of FeE(QH)2u+

A plot éf l/(TgphgﬁeQH?fq>vs [Fee(OH)2u+]/[FeOH?+] should give a
straight iine of s10pé b and an intercept a. The line should be inde-
pendent of‘total iron qoncenfration if the data cah be explained WithA'

- only these two species and assuming a and b to be independen£ df,iron
) concentration. A typleal plot is shown in Fig. 4, The equilibrium
fquotienﬁs repoxrted by Biedermann were used for~calculating the éoncen- .
' frations of species'fromuthe known stolechiometric. iron ana hydrogen lon
»éohcentration. Clearly the diserepancy is outside the experimental
error. Also, the rangé of total perchlorate concentration 1s suffi-~
ciently sma’l that it is very unlikely fhat ﬁhis effect could be attii-

buted to changes‘in the équilibfium quotients with solutlon compositlon.
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‘This discrepancy could not be resolved by the use of other'stability'con-'
stants from the literature, . Bledermann has reported the presence of an

11
_addltlonal hydrolyzed speciles, Fe. (OH>u5 .

A check of the calculated
.concentrations of the hydroxy‘species in the solutions ef Fig. L4 reveals
that the upper curve, correspondlng to O. l M Fe(ClOA)5’ -contains appre- ,
cilably more Fe <OH)h then the lower curve for equal concentrations of FeOR2T .

and Fe (OH)2 (see Tig.. 5 ) Assumlng”theas1mplest-casemof.llnewidth con-

tributions from FeOH?M and Fe <OH)h Iy l/ Lean simllarly'be resolved by
= [F'e (om) 5*] |
1. o oT3 L _
U = a-+c¢ - (17)
2ph[FeOH?%] S [.FeOH2 ]

where c is the increase in the water O 17 linewidth per mole per liter of
f;lFeB(OH)LL o | | |

A typical plot is shown in Fig¢ 6. Biedermann’s equilibrium quo-n'k
tlents were used. The.agreement between the poinfs for the two iron
: concentrations 1s satisfactory. The sets of poinﬁs do not mateh per-‘
fectly, however, and the individuel sets seem to have & slight curvature.
Similar piots were obtalned at other nemperatures using the enthalpiles
.for the equilibria repofted by S11len'® from the work of Schlyter. (Fig. T7,8).
It is most! likelythat the discrepancies.are'dueﬂteinncertaintieé.inﬁthe |
perchlorate ion dependence of the stability constants, to uncertaint;es
in the enthalpies ef formation at other than 25°C, or, to a lesser:extent;

to uncertainties in the stolchlometric hydrogen lon concentration,

2. Lower ILimits to Tm

o ) . ’ . .. v . + l.' )4.
At 257 the intercept-glvés -a molar: contribution from FeOH? “of 5.95x10

rad sec™t M1 and the slope glves a molar contribution from Fe5(OH)h5+



=53~

1

of 3.14 X lO5 rad sec_:L M™". In the temperature interval from 18° to
- Lh°c both 70" and FeB(OH)fJ" maintain their respective contribution

pei molerto within cé + 20% with no significan* trends as the“temperature.
changes (Table 5)e

" In order to establish a lower limit for the lifetime of an oxygen-
17 on either species, some assﬁmption must bBe made about the mechanism.
It séemé highly l;kely that the waters of FeOH2+ are considerasbly more
labile thdn the.hydroxide gréup; While the five waters cannot be exactly
equivalent in their exchange behavior, in the absénce of information oh‘
their differences 1t wiil be assumed>that all five behave kinetically

 the same. Then the rate atiwhich a'particularIWater molecule leaves

2p
6.6 x 10° secfl;atv25°,.aSﬁiS'seenﬁfrbm Eq. (3). Correspondingly the

thevfirst'coofdination sphere must be equal to or greater than l/(PmT ‘) =

lifetime of a water molecule is equal to o; less than 1.5 X 10'6 sec,
Since the proton transfer on and off FeOH2+ may be more rapid than

| the whole water exchange, it 1s possible thét all first coordination
:’sphere.oxygens associétéd with FeOHQ% become equivalent more rapidly

than they‘undergo chemical exchange. Then the exchange lifetime of a -
'vparticular one of the six first coordination sphere oxygens is 1.8 x:

10-6 sec.as an upper limit. The lifetime of e prbton on Fe(HéO)63+ is
~ca k x 1077 sec at 25?C;371therefore*theﬁlifetimendf a;FeOH2+wbefore'if-

10

' adds a proton would range from 10-8 to 1077 sec for the acidities used

here.
'_  The structure of Fe5(OH)u5+.is unknown. In fact Bledermann is the
j only person wholhas ﬁoted its existence. The structgre will be assumed
‘to be linear and double hydroxy bridged between the iron atoms., From

» ‘the slow decomposition rate for Fee(OH)Eu*Q'it.seems ressonable to assumef
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that the hydroxy bridge oxygens exchange too slowly tc be observed in
© the NMR-broadening; This léaves‘a first coordination sphere hydration
;number.of ten for.Fe3(OH))+5+ or a lifetime of a bound water of 5.éx10"7
'sec-as an upper limit, assuming the waters can be treéted aé'equivalent
kinetically. |

The slope obtained fof each species'is directly dependent upon the
choice of value fér-the enthélﬁy of formation of the specles. Schlyter ]
corrected value for FeOH? AH = lh I 1.8 kcal, seems to give a some-
what large value for the entropy change, i.e. AS = 35 e, U If, instead,
Milburn's data were to be used wlth their more reasonable entropy change, -
iees AH = 10.2 % 0.3 kcal.vAS =21 * 1 e.u., then the broadening caused
by FeOH2 would have an activation enthalpy of ca +u kcal.

Milburn dld not encounter conditlons where the concentration of
Fes(OH)45+ was comparablg to the'concentrations of the other hydrolyzed
species, and aé;umingAitS'molar éxtinction coefficlent might be the same
-vorder of magnitude 1t should have been unimportant in his work. There-~

- fore there is no stability constant for FeB(OH)h5+,which was measured on

& basis consistent with Milburn's work.

5«  The Dimer and Other Speciles

The lack of coincidence of the curves. for different total iron con-
' centration cannot be attributed to a contribution from the dimer FeE(OH)24+
For the same value of [fe5(OH)u54]/[FeOH2+] the lower curve of Fig, 6 has
) higher'concentratibn of the dimer as shown in Fig. 5. Since the con-
centration of the dimer is comparéble to the FeOH2+ concentration, the
dimer must eith°r exhibit a much slower exchange rate or have a much less

efficlent relaxation mechanism, as might occur through & much reduced
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paramagnetism due to spin paifinge Since thé exchange is rapid on both.
 reOH? 5 Oh)h , a slow water exchange rate on Fee(O ) " seems
unlikely. Also, Mulay and Selwood58 have conciuded that <he dimer is
diamagnetic, alﬁhough the‘interp?etation of their data leaves some un-
certainty in thls result.

The discrepancy between tﬁe curves could possibly be expléined by
some higher molecular welght speciles than the dimer or trimer,.but the

uncertainties in the corrections to the data which have been made so far

meke such an interpretation ambilguous. The Fe(OH)22+ does not. appear to

contribute to the broadening, as would be expected from its IOW'concentra- _v”'

, tion.

.A.majority“of the NMR solutions'were measured only over a limited
..temperature range. In order to check_thé fit to the experimental data
above 44°C with the previously obtalned values of a and ¢, the predicted
linewidths for t.he 0.214k M Fe( 0104‘)5 solution with 0.037 M HC1O) were
célculated from the concentrations of Fe+5, FeOH2+, and Fe5(OH)u5+.

At temperatures szbove ca 50°C the predicted linewldth from the various
ferric species is smaller than the observed linewicth, l/Tgp' At 52°C
the predicted 1/7: _ is ca 90% of the ocbserved 1/T. . and at 70°C the
precicted value is ca T5% of the observed l/Igt. fhis could be due to
~uncerteinties in the enthalpiles of the egquilibrlia, to the formation of

a new gpecies, or to a change in the relaxation mechanlsm.

b, Freguency Dependence

In an att empt to study the frequency dependence of the relaxation
| fmechanisms for FeOHT and Fe5(OH)A , a new solution was prepared which

was 0.189 M Fe(Cth)3 and 0.03%327 M HCth; This solution gave a value of
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-which was ca 20% greater than wouid have been predicted from the

J/%p
calculated ccrcentrations and the values of 8 and ¢ at room temperature.

The feason for this discrepancy is not known.
| The linewldth of this solution was measured at 8.13L MHZ and 2.00
MHz at 21,.52, and ﬁO?C.’ The linewldth decreased at the lower frequency
‘(Solution k). This decrease means that the exchange on one or both
‘SPecies is in'tﬁe reléxation controlled region since the exchange con-
trolled region is frequency independent. |

The relaxetion mechanisms ﬁhich glve rise toAthis type of frequency _
dependence are AW mechanism and scaiaﬁ coupling mechanism interrupted

‘

by the Tle

- The'linéwidth_contribuﬁion'ffom.Fei(OH)u5+ a£_8.l3h'MHz 1is siighﬁly )

when the latter is frequehcy dependent.

:f smaller.fhan the‘observed deerease in iinewidth betﬁeen the two frequenciéé
in.the experimental temperature range. Therefore the exchange on this

' spécies could be felaxed by'a totaily frequency aependent mechanism'and
the whole effect attributed to Fe'(OH)h5+.' On the other hand, the FeoreT
linewidth contrlbutlon at 8. lBh MHz is greater than the observed decrease.,
_If the frequency dependence is attrlbuted to FeOH? then the relaxation

h must be made up of a frequency dependent part and a frequency Independent

- part such as a mixture of Aw and frequency independent scalar coupling.

-‘ Also a scalar coupling composed of frequency dependent and frequency in-
dependent parté could produce the obsérvéd effects, The observed fre-
'-quency'dependence could also arise from a contribution from both species. -

From the negligible temperature'dependence of the linéwidth per

vmole per liter forvbéth species at 8 MHz, scalar coupling would seem to'
be the dominet mechanism. However, the changeover from one mechanism

to the other couid also appear to produce & temperature independent
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relaxaticn. A fﬁll range;of'chgﬁge in iron and hydrogen lon concentra-
‘tion at different MR frequencies could perhaps differentiate between
the contributions from.the two specles. Yet the lack of information a-
bout T, ~and T, of FeOHeT and Fe5(OH)LL5+ would be a severe handicap to
any interprefation. »

Ir FeOH?+ is assumed to have the same scaler coupling conetant as
Mh+2, then a chemical shift of the bulk waters cén be celculated for
->Solution 1k | | ‘

mea.s

—— = 62 eps. &t 8,13 MHz and 25°C.

This is large enough to be measured, except for the masking effect of
the large shlft due %o the second coordination sphere of the Fe +3 ion

(see Part A). A lower limit to the observed shift for thils solution can

‘. be calculatedvby assuming that the shift 1s due solely to free ferrie

~ ion.  Using the observed shift at 8.134 MHz of 540 eps in the 0.375 M

Fe(ClO&)B solution at 25°C, a shift of 2L5 ecps is caleulated for the
0. 189 M Fe(Cth)5 eolution from the onhydrolyzed ferric ion. The measured
shift is 210 eps at 25°C. ‘The reascn for this discrepancy is..not known.
As can be seen from the interpretation of the NMR data,va more
exactlng study of the equ111bv4 constants in the ferrie perchlorate

. system is necesgary for a complete interpretation.
Se Summary -
. ‘ ) »H2+
From the results of thls work 1t 1s concluded that FeQ and
Fe5(OH)A5+ are the principal hydroxy species whose water exchange con-

tributes to vhe broadening of the NMR signal. The water exchange from

the dimer, FeQ(OH)2h+, does not appear to contribute to the linewildth,



probably because of a reduced magnetism, but a small conuribution to the
liriewldth cannot be vuled out. - The concentration of Fe(OH)2 ls too low
to have any Influence on the NMR linewldth.

. Both FeOH-' and Fe(OE) ASJ’ exhibit sn unchenged linewldth per mole
per liter as the temperature 1s changed from ce 18°¢ to 44”C. This suggests
thet.they both are in the relaxation controlled region of tne.cnemical
exchange. of course, a change in the chosen value of ‘the enthalpy of
formation for eéither specles would change the derived linewldth temperature
| dependence by approximately theISame number of kecal so ‘the ‘temperature
; effect is not definitive proof of relanation control.

l The other argument for reiaXation control is related to. the large
"linewidth'per mole per liter of'ooth species@ Adopting the same scalar
cou?ling constant for Fe_OH2 a8 has been observed for Mn K 1t 1s possiblev
 to calculaete the correlation time for scalar coupling relexation. Scalar
‘ooupling or the Aw mechanism are thehonly'relaxation mechenlsms which are
strong enough to produce the observed linewidths; The correlstion tlime
1s calculated to Dbe ca.5><lO‘ll sec which is very close to the observed
T, for ferric ilon. Alternatively;if the relaxation 1s assumed to arise
:_entirely from the Aw mechanism, the lifetime of the water molecule in

. the first coordination.sphefe of FEOH?+’is celculated to be ca 5X10~7‘eec.
:The upper limit for the lifetime of one of six equivalent waters calculated
directly from the linewidth 1s ca 1:8x10°° sec. These caleulations are
21l congistent with relaxatlion control.

Sinece the linewidth per mole per liter for Fe (OH)A 18 approximetely

the same per iron atom as for FeOH *, Fe (OH)A 1s probebly elso in

the relaxation controlled reglon. This mlght be expected since the average
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charge per iron atom 1s Just slightly legs for Fe (OH>M than for FeOH2+
and thus the exchange rate would be expected to be higher for FeE(OH)h5+'
An ﬁpper limit for the lifetlime of a water molecule on FeB(OH)45+ is

5.8><1o"7

sec assuming ten labilé water molecules.

Since both FeOt and Fe3<OH)45+ are believed to be in the‘relaxationv
controlled region, one would expect to be able to measure a chemlcal
shift of the bulk waters arising from the raﬁid_exchange. In fact the
iobéerved shift in Solution 1k is smaller than the calculated shift aris-
ing frdm the fgee ferric ion alones The reason fdr this serious discrep-
éncy'is not known. It would be explained if FeOH?f prdduced a diamagnetié
shlft, but it 1s not easy to see how such an effect would arise. |
| ‘Elgen59 reports the rate of water replacemeni by sulfate on FeOH?
in the form of a bimolecular rate constant for the overall exchange.
The value is ~ 5XlO5 M_l sec-l as compared to a value fof unhydrolyzed
ferric ion of ~ 5X105 Mt sec"l} i.e., a 102~fold increase for the hy-
drolyzed specles. The water exchange rate for FeOH2+ appears to be

> 5+

ca 3X10”-fold greater than for Fe” .

C. The T, of Oxygen-17 in Water

Mei'boomlLO has suggested that the T2 of oxygen-l7 1in water is governed
by quadrupoie relakatibn interrupted by tumbling. There is soméinewer
evidence to substantiate this claim. Marianelligo has shown that Tl‘équ&ls
T2 and that the linewidth is directly dependent on the ratio of the vis-

: cosity to the absolute temperature. However, these effects are charac-
teristic of both dipolar relaxation and quadrupole relaxation in the

" narrow limit (erc.<< 1). |

In the course of the experimental work for this thesls, it was
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noticed that éamples of enriched water gave'differing linewidths., In

particular,.a sample of 1.2% ot’

and ca, 50% deutérium enrichment gave
a linewidth (l/WTQ)fof,ﬂfcbé a 25°C. Andtﬁer-sample containing 10%
OlTIand normal abundance deuterium-gave a linewidth of 49 cps. The vié-
cosity of the highiy enriched deuterium is ca 10% greaﬁér than that of
normal water. Clearly the linewidth depends again.on the viscosity.
However, if oxygen-17 were rélaxed'bf the dipolar mechanism; the deuterium
‘enriched sample would be équcted to_give a sﬁaller lineWidﬁh siﬁce the

| ‘magnetogyric ratio is smaller for deuterium than for hydrogen (see Equa-

tion 10).
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Solution 1, 8,134 MHz: 0.21L. M.Fe(ClOu)5

Table I. HéOlT MMR Linewidths

0.,0370 .M HCth

o 0.11k M NaCl0) -

T°K o °K;l 1 oot : I seé'l £ sec”t
' T Mo "0 "2H,0 Top
296.1 3377 1165 57;0 187
303.1 3.299 . 138 _ L8k 282
310.5 - 3.221 | 176.5 .5 - bes
318.8 3.137 . - 246 . 34,5 . 665
326.9 B 3.059 ' a3 | 29.9,.A" ',i51oh5
3339 2.995 . 520 265 1550
3400 2.907 818 21.9 2500 -
5oo.d 3.333 111 68.0 135
285.0 3.509 112 - 79.5 | 102
280.3 3.568 118 91.0" 85
276. L 3.618 127.5 101.5 83
273.1 : 5;662 138 115 2.5
- 298.1 3.355 12k k.5 218




Table I. (Cont.)

f5j-.‘

Solution 2, 8.134 MHz: 0.214 M Fé(ClOu)E

0.0578 M HClOu

 0.11k Mi\TaCloLL

, 3 _ '
o 10”7 o, -1 1 -1 n 1 -1 1 -1
TK — K ——— sec —— el g@C = gec
. T 7TT2 o nHQO TFTEH_EO T2p
297.1 3,366 108 55.0 173
289.8 3.451 '1oh 67.2 - 116
302.8 3.303 120 - k7.8 226
- 309.3 3.233 1k ke 330
317.6 3.1k 22 35.3 525
Solution 3, 8.13h MHz: 0.213 M.Fe(ClOu)B
' 0.0781 M'Hc1ou
0.114 M NaClOu
o 107 o -1 1 -1 0 1 -1 o1 -1
T°K . e K — sSec e sec = Sec
L o M50 "T2my0 Top
296.0 3.378 97 56.5 127
289.2 3.458 - 99— 68. 4 96
302.7 3. %0k 106.5 49.0 181
308.3 3,24k 123 43,3 250
316. k4 3.161 16k 36.5 Loo




 Table I. (Cont.)

e

Solution 4, 8.134 MHz:

0.2125 M‘Fe(cmu»)3

0.0986 M HC10),
0.1135 M NaCth ‘

NI et

3
,TO.K % o=l | 7.-%—2- see” e ﬂTzHeo -T-el—p- sec™t
296.3 3.375 - 56. 4 111.5 -
288.9 3,461 -96 | 68.% 865
302.6 3.305 98 . 49,0 | a:15u
509.3 3.233 111.5';1 ez 218
317.6 sk 153 35.3 370
.Solution 5, 8.13% Miz: 0.2075 M Fe(C10,)5
0.397 M HC1O,
0.111 M NaCl0,
T°K l%z-°K'l Loseer 1oL geet logee
2 50 T28,0 2p
296.0 3.378 76 56,4 61
288,14 3. L67 87.5 - 61.2 63
302.3 3.308 70.5 49.0 - | 67.5
308.6 3.240 67.5 - 2.2 80
317.1 3.5 T3 135.3 120
25,3 - 89 30.8 182

5,07k
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‘Table I. (Cont.)

Solution 6; 8,134 MHz: 0.202 M Fe(C10) )5
0.680 M HC1O),
0.103 M NaCl0),

T°K 1—_%3_ K 7%;2- sec™t ﬁﬁ;@ sec™ - -T-];-; sec
- 296.k 3.3TH 72;5 | 56:k | 5045
288.8  3.463 8l | 68.% . k9
303.0 3.300 65 L7.8 - sk
309.6  3.230 e b.o - . 66
‘517-3J'V:‘" 3.152 ~'v, 63.5 35.3 ‘f”i'.  88.5

eho 30 1 3.8 126
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Table I. (Cont.)

© 'Solution 7, 8.134 MHz: 0.1975 M Fe(ClOu)j:
' : ©.0.950 M HC10)
0.1055 M NaCl0)

T°K £%ZI°K-1 %%Ejsec'l‘ ﬁéig ﬂig;éo sefz"l Ti; see”
296,1 EX O T 56k .55
288.8 .63 BL5 68k T 50
| Csose 3.298 61 M9 60
’;_- 369.9 . 3.227 . 6k :‘g '. 10 ‘:,,'; 72
Comraosask e s o
| k9 3.078 e 308 . ?l, 116
Comle oo s et 165
' 292.9' BRI 78 .; o 60. 1 55
285.6°  s.s26 95 82.0 0.8
' 278.0 3.597 ~ 111 . 98.0 - 40.8
27h.b 5.6l e 108.5 lo.h

337.2 | 2.966 95 . 2L, 0 - o3




Table I. (Cont.)

Solution 8, 8.134 MHz: 0.1105 M Fe(ClOu)B
0.0192 M HC1O),
0.709 M NaCl0),

3
K l—%— ?K-l 7—%—2- sec™t ﬁ-ﬂ-— w7 L see”t -,fl—- sec”
Hp0 " "2Hp0 2p
296.1 3.37T 110.5 - . 5h.5 : 176
289.1 3.459 102 : 63.2 122
- 282.h 3.541 10h.5 ' - T2.5 - 100.5

277.9 3.598 110 81.5 . 89.5
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_Table I. (Cont.)
Solution 9, 8. i3u MHz: 0.1105 M Fe(ClOA)B
- 0.0325 M HC10),
0.708 M NaCl10,
K lf ox~? 7-;%—2- sec™t o P sec™t A sec™
. HpO '~ 2H,0 2p
- 296.5 3373 A 54.5 121
- 289.1 3.459 %0 63.2 8k -
2843 3.517, ok 76 s
280,35  3.568 9 8T .- . 28
B  275,7 . - 3,627 10 | '10‘»5_."‘5 - o éo.5:
302.6 3.305 1035 7.3 T
309.3 3.233 12k ‘ Lo.2 | - 263
319.0 3.135 175 3345 oLk
329.1 5.03%9 . 267 27.5 753
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 Teble I. (Cont.)
Solution 10, 8,135k MHzt - 0.110 :MFe(C10}),
' 0.0538 M HC1O),
£ 0.706 M NaClOy

0 el A R W -1

o 10 1 -
T°K — K . == gec sec - —— gec
ST M T My Moo Tap
296,k 3.37Th 79.5 5k 5 78.5
- 290.0 5.&%8' : 81 : 65 | 5042
3023 - 3.,30% 86 | 6.2 125
© 308,8 3,238 100 50,7 186
- 317.6 3.1k A 5 P 3h1 310
Solution 11, 8.134 MHz: 0.110 M Fe(Cth)B-
0.075 M HC10,
0.705 M NaCL0)
3 , .
T°X _l_%__ o=t TT]T;— see™t o W sec™t T]-‘—- see™™
2 "m0 21,0 2p
| 296.6 5.372 74 52.8 68
289.2 3.458 78 | 63.2 : 46,5
302.8 5.303 —— TT— L6.2 ' - 96.5
309.4 3.232 85 B Lo.7 . 139

317.7 3,148 108 35,5 N
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' Table I. (Cont..)

Solution 12, 8.13L4 MHz: 0.108 M Fe(ClOu)B
0.283 M HC10),
© 0,692 M NaCl0),

107 o -1 1 -1 n 1 -1

'TOK = X : 7?T-—2—sec‘ | ﬁ-I_{;gﬂTeHQo sec -T—;L;sec‘l
296.6 3.572 62.5 55 30
289.2 3,458 .' T . | 63.2 | 27
303.6 3.29L 57 | 16,2 : ' :54

- 3092 3.23% 55 , -  kot ks

AT 5.8 s .5 Th

5.3 3386 65 s sLs
286 1 3,167 = e 28
.285,64 3.6 .85 2.5 38
279.6  5.577 o . sok 26
277.2 | 3,608 . 100 s 45,5

27heT 3.640 107 R | 90 534k
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Table I. (Cont.)

Solution 13: 0.375 M Fe(C10,)
 1.705 M HC1O,
© 0.T30 M NaC10,

T°K 2%;3 gt ﬁ%z; sec™" ﬁéﬂ—-,nTJ' seec™ = sec”
| M0 Manmo 2p
8.13L MHz |

295.4 3.385 98 61 9%
291.2 5434 105 | 76 8k
287.8  Z.h75 0 11k 2 o 82 o 101
o 28h0 - 321 12L.5  ¢ 92,5 .. - .. 8k
281.1 3,557 o 152 o 102 o Y
- 278.6 | 5589 - 139.5 ". 109 : - 96
275.7 5.627 150 | 121 91
38,2 3.245 8.4 | 50,1 123
3150 395 88.7 45,1 137
316.6 3,159 . 8943 .7 150
320. 4 3.121 95.1 | 39 | 170

%25.9 3,068 - 10k.3 v 35 218
- 330.9 3.022 121 C30.3 0 - - 285
. 335,6 2.980 1k 29.3 : 353
| 5&1?17i' 2.9722 - 182 H_' 26.4 489
Csigh 2.6 o0 25,k TS
27k  5.6uk 158 126 10

271.3 5,686 113 139 107
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Table I. - (Cont.) |
Solution 13 (Cont. )
. _ —
o 107 o=l 1 -1 1 1 1 -1
T K — K —— Sec sec. = sec
T o 120 21,0 Ty
267.2 3.Th3 9k 158 113 .
303.8 5.292 89 55.5 105
. 308.2 3,245 86 50 113
313.0 3,195 - 87 L5 1
l_'517.h" 3.151 87 } 41,5““ o  1&5
2,00 MHz | e o
293.9 3. 403 9 685, 96
' 261.0 3,830 ~ 209% 188 66
S 272.0 3.676 : 15u,5‘5* 134 | 64

* Sample starts to ?reéze here so this nurber is a little high.
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Table I, (Cont.) . ‘
Solution 1k, 0,180 M Fe(Clobr)5
. 010327 M HC1O),
0,101 M NaCl0)

"] - 10 o, =1 1 =1 Ui 1 -1 1
T°K — 'K : —— Sec —_—e sec = sec
T _ n@a T2,0 ﬂIéHQO Top
- 8.13h VHz _

20l, 6 3,39k - | 125 . 58 o 210
©500.1 3,333 W s eo
C305.1 . 3.278 170 16 390
3.9 3206 . 2090 . B9k o s
2,00 Mz |

293.5 | 3,407 10k L _ ‘ 60. 4 ' 138

304.5 .28 113.% TS . 212

334

N
(@]

3130 3.191 141
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Table 2. ESR Linewidths at 9.2 GHz

T°K - AH gauss

Solution 13
299 S 1iko o
373 590
Solution T
299 900
375 550

Table 3. Chemical Shift at 8.13L4 Miz
Solution 13

T°K 5 Hz
295,6 546
306 » 20
515 507
322 ‘ 4136
557 b6

343 L5
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Table 4. ' Viscosity of Solutions at 25°C

(normal sbundance water)

e See i vismeter 1/
1 1.063 ' 170 : 1,15
o 1.062 168.2 L
3 1063 - 168, 1.1k
N _.i,oéu 18 Lk

5 1.078 1608 R |

6 11.092"11 163, Lk

7 1105 0 16 oLy
8 1,of8 - 158. 1 | 1.09
9 1.079 159.2 " 1.10
10 Lod& - 158.8 1.10
11‘ | 1;081 ‘ 158. 4 1.09
12 : ' ‘1.085 : .~ 159.2 1.10
13 L1866 17h6 1

B0 o1 o 156.5 1. 00
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Table 5. .. Slope .and Intercepts for Equetion 17 .

%;» = ra[FeOH?+] + c[FeB(OH)Asf]
~2ph o B
T omMt . mut
- 3,16 N _9,8_5><1o5 600"
| 3.2k B 9».6v5><1o5 | 5.9><10Av
5,30 10.1X100 byt
3,36 9.55%10° k4, 5><10LL :
3.0 8.6o><1‘o5 ) hsxao™t
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Table 6.
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Concentrations of Specles iIn Solutions

tFeOH2+]

[Feg(OH

)5t

[FeB(OH)A5+]

tFe+3]

-+

(1]

LC4h400
.03G187

L0CE3%56

.009158

.001052
L0011 20

.1/’77(7(3
162126

R
LORGCGR,

Q1681
.0CR1G1

. 005242
008425

001067
_.000750

«172134

. 18¢78¢C

NS CEEE
065000

LC1222¢C
LC5723

.0CS021
L007861

NOND28
«NOCH 2N

180124
. 190694

LTI 794
L DN6N0A26

L3577
002431

L007132
LO06204

«N0CA9G
+ 000349

. 194200
. 198115

»05T7200

L0Hh227272

»CC1559
L001057

. 005345
LOC4E3G

~.D002418

.201005
« 203124

N502472
« DAK]NOHT

.000586
42767

.003697

LCCT1234

»CCC1L 8N

L0Gg108
» 000767

L205698
L154262

« 0454173
118205

027296
.G17763

LO007749
2007636

- 000757

« 163625

'7000679MmMwwf}jaqquWMMmi

103623
Q938210

011259

. 007126

«CNC543

. 18684C

L085507

L L6942

L4787

2006337

«GC56R3

000407

. 000309

+183179

» 1969320C

LLTGC74
L075189

003277
.FCLEBS

005014
. 004089

.00C229

2000145

. 200007
2073449

072022
NHRLDL

.0C3356
.002785

L ONCO%4
000063

«205794

. DHENDC
LOAH62 1

2207427

039037

L2088 .

LNC62373

L000033

000540

2092971,

L 15G€87¢

0625467
131741

L024%69
.015704

.00A399"
LNCH0CY

000501

LODC47

1878673

0117/371
107654

003756

- L5900

N05454
LNCA6GS

L000310
-N00213

»GC3993
. L2686

«N040CAT3
N34 50

£0C152
.000107

~ 191405

£ 1INDCNDR

127333 .09

2 2004E5E
- 203065

L4100

L 030773°¢
AR AR

2001561
wCLO960

L002702
L002137

00004673

L0C0630
.000331

001737
.0N01240

LO00024

L 000017

L0NON38_ .
n20DRAR23

205847
207652

L0RS315

_enR348%

210154

LNRZ23ND
L8095 3

. 0033672
LCC5052

LD04154
L003535

LN00178
000119

. 201

. 195287

L115691
Jdllias

.00327G
072222

«OCR986 -

L062503

L0nongr -
2000055

2000784

»DO1R9Y
. ‘701‘976

L000030
000018

004409
0024686

LC0060
LN0N436

T cocooo

0000072

Rt

.ZC{_ ’7"?’

2CC1374
L0N68A3

LO005T75

.CC0316

L000001
£N00001

2205697
206111

»20A 180

L2406

.000197

Ielelelakeln)

. 00CO0o

.20652¢8

. 206898

nez2ry

1nan9m'

113791

/‘!jl f"’)f\
”',(\(\'7/ I

‘C"?QO
s

£ 307C772
.39760?

000319

.N000141
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Teble 6. (Cont.)
4

mENT® [reos™t] [mey(om),"t] re (01),%) [meP) ]

! 551 000191 .0N0Y06 L000000 207067 PEXNIE

L €C8 0CP4T6 000225 000000 199073 L0257 ]
€16 .001383 L000163 L006000 206260 LERLTIC
c24 ~LCCT6T LNO0DT1 T L0N0NND . W 200995 L0100
eag .CGC4H95 000092 .COCN0N0 2011221 LABDATO

L €36 0603220 2 00NQ 72 000000 201535 | .6RN46S

; eunh L.OCCL177 .0CQns? .C00000 201719 AR02A]

: 651 ¢ 000106 .000035 000000 LPO1E17 .60an1Q2

: 7¢1 L0C5771 NOQZ42 L0N0001 191242 e5672517

; 71CC 003000 LNC016T .CCCOCO 194165 L3532%6

§ 7¢C8 .0C1676 2000121 000000 .195580 L 251920 !

; 716 6C0S3s .0000s? .000000 .19628] .0%1119 %

; 7C4 000520 «DC0062 000000 - 166854 LY S %

? 73¢C .CC0332 .000049 .0000N0 . 1S70170 LESN4AAN

F12¢ .CC0216 .000039 - L.060000 L1672C7 L08R Q203

§ 14 4 .0N0119 .000028 _.£00000 197326 L G501 74

; 151 .0CCCT1 coo021 - .C0C000 .197388 LOBN112

3 757 L000046 000016 .000000 . 157472 .S50078

] Je6 .GC0024 000611 000000 197455 LE50N4H5

P g3g (3012 .0C5218 .00C517 . 095607 L034G15

5 844 001864 LOCHT4 L T 000387 LCGB2CE .0322091

i £5] L001214 L0CH717 L0002 91 L1N0277 oﬂonxA

i gs7 .0C0839 .0C2791 .00C225 L10170¢ .\78%1

? £ee .CCC4 T3 -N03123 .000144 . 102648 02605

i SCO .015418 004529 L C0CH21 .079240 nhq?ﬂ‘

% SC8 012917 005073 .0N0589 L088671 .05791¢

: clé¢ .(CE8344 . CC4509 . .000503 .0908320 NEPHTD

r 924 .005238 V004527 . .000397 .C95017 LLAR280

I ¢a2g .CC3659 004165 - - .0N0318 .0575%5¢ L0ASTE™

! €26 602525 .0C3736 L0002 44 .089770 LNHRL T

: S44 .001526 .003181 .000166 102114 041067
<51 .CCC369 .CC2686 L0001 12 .102819 020294
957 000645 002274 .000N 78 .1050¢8 038010
<SEé6 .000353 001729 L0000446 BLECEED LC26506

C 1016 .qggaL7 .002222 .000216 .025587 .N6A129
1C 24 004143 L0867 000150 L9672 L0RH2TE
1020 ff? 121 . 002507 «000110 ,,__Wl°_2?§ NLHPOTE
1026 .CO1506 .002158 .000077 .103¢€45 L0AN327D
1044 .CC1107 .N01692 .000045 10*474 gggg]g‘
10¢) .CCCHB? .001349 . 000028 NG6G36 L057297
1€57 2GC0AGT -0C1090 000017 ~197ﬁ?2m_m,_nﬁiiiilw__
1116 LCC5631 . 002267 .ONCo97 L099543 .085554

1124 MOEEES! .CC1R53 L00C061 .1¢278¢ .n02982 L
1120 .CC2228 001564 L000042 L1c4570 L0522
1126 LCC14E3 <0C1206 .0C0028 .105822 LCT7TOP04
1144 .CO00R%44 L000583 .000015 107144 LOT7767] ;

ey
1216

£ CLCBL2

» O (C_7_5\/+

.000009

.107920

«sGC14A 0_/‘_- DU

-00CLED

.0CC0cl

» 106771

ALY EEYS

LOTTOTT
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Teble 6, (Conmt.)

ToENT™ [FeorT) [Fee(OH)2h+] [Féj(OH)45f1 [Fetd] (5]
1224 . -CO0986 L0001R4 000001 LNO606AN W 2R4561
1220 CCGE24 .NCG146 L0000N0 107070 .28393N
1236 000413 000116 .C0000N .1n725¢8 C 2873645
1244 .CCC229 . 000083 .000000 LNTE0S . 2973397%
1251 Q00127 .0CCC62 < G0CO00 107728 $ 2832610
1257 000088 cON004S 000000 L107815 | L283188
1266 .GC0045 .0CN033 - 000000 .J078RS L282111
1261 005596 .N00344 000001 .268714 1. 711297
12(¢C +0C2795 .000237 L00D000 .37173]1 1.708267°
13(8 001555 L0CCLT7Y . .00C000 .373107 1.7069297
131¢ .0C0872 .000125 . .£00000 .373876 1.706122
1224 (00483 .CCCCRY 000000 2374229 1.7056m1
133¢ . CCO309 LNC0069 000000 . 374552 1.705447
1226 .CCO199 000054 . .000000 $ 374654 1.705200
1244 _L.000110 .0CC0o28 . 0000CO 374814 1.705186 -
128} - L000066 000029 - L.C0C000 .3T4R77 1.7051273
1357 LCCO04? £ 0CN022 000000 2740917 1.705097
1366 .000022 L000015 - . 000000 374648 S 1.708C52
141¢ .01265¢0 0081953 - .000875 .15732g .055237
1424 .C0B045 .CC7702 . .00CT721 « 163398 .050034
1420 .0C5648 . D07204 - .N00601 167141 L055160
1426 .CC365¢ L 006652 . 000486 .170282 051904
1444 .002413 005766 000246 174016 LO4803RC

* IDENT is keyed for both solution number and temperature.
- Example: , o
o —— solution number 11k
102k L
T temperature as 103/1‘

o 10°

T T
91 - 2.91 36 - 3.36
00 - 3400 W< 3,k
08 - 3.08 51 - 3.51
16 - 3.16 57 = 3457
o - 3.2L 66 - 3.66
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11.

12,

13.
1k,

- 15.

16.

.. 17.
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