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NUCLEAR MAGNETIC RESONANCE RELAXATION OF OXYGEN-17 
IN A~UEOUS SOLUTIONS OF FERRIC ION 

Malcolm Robert Judkins 

Inorganic Materials Research Division,. La-wrence Radiation Laboratory, 
and the Department of Chemistry; University of California, . 

Berkeley, California 

ABSTRACT 

The 017 NMR signal in aqueous solutions of ferric ion was studied ~s 

a function of temperature, frequency,and solutioncomposition'in order 

to separate the various effects arising from ferric ion and its hydrolyzed 

species. The principal species affecting the 017 NMR width by water ex-

3+ _2+ ( ) 5+ change were found to be Fej FeOIt , and Fe
3 

OR 4 • 

The ferric ion produces line broadening arising from exchange out of 

both a first and an outer coordination sphere. The first coordination 

sphere waters exchange slow'ly enough to be in the exchange controlled 

region. The outer coordination sphere exchange is rapid and the 017 

nuclear spin is probably relaxed by acoIDbination of scalar coupling and 

t::m mechanisms. The first and outer coordination sphere effects cannot 

be separated unequivocally and consequently only a range of values is 

reported for the exchange rates. 

It appears that FeOxr+ and Fe
3

(OR)45+ are in the relaxation controlled 

region for the water exchange.. Only~a lower limit for the exchange rate 

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

a consequence of both scalar coupling and t::m mechanisms. The species 

4+ Fe2 (OR)2 dOE:s not contribute measurably to the line broadening, pre-

sumably because of a low' magnetic moment. 
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I;, INTRODUCTION' 

A. Background 

In the last tvw decades many new technillue::: 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 

newer techniClues uses the broadening of the nuclear magnetic resonance 

line as a measure of exchange rates betvreen two or more sites. The 

oxygen-1T NMR in water is ideally suited for ligand exchange studies on 

solvated metal ions where one of the exchanging ligands is a water 

molecule. ,A major criterion for this techniClue is that the magnetic 

environment of the water molecule be greatly diff'erent in the vicinity 

of the metal ion from that in the bulk of solution. Generally this means 

the metal ion must be paramagnetic. Proton NMR can also be used in this 

manner, but usually chemical exchange of the whole ivater molecule is not 

the dominar..t influence in the line broadening. 

One fUrther criterion is that the exchange proceed at a sufficiently 

rapid rate for the broadening to be observable. This means ligand 

lifetimes should be less than ca 0.01 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 many paramagnetic metal ions by observing 

the broadening of the solvent water signaL 2 In principle one could also 

study the br0adening of the ligand water signal. However, the signal 

is much weaker because of the difference in population of the two sites 
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and is much broader than the solvent signal because o~ the close. proximity 

o~ the paramag~etic metal ion. 

One ion which has been studied extensively is ferric·ion. 3- 5 The 

most recent determination o~ the aquo ligand li~etime is some hundred 

fold longer than the first reported experimental value. It was this 

disagreement and also the possibility of obtaining the rates of water 

exchange on the various hydrolyzed ferric species which led to this study 

of the aqueous ferric system. 

It is useful to consider, qualitatively, the range of exchange 

rates which might be encountered in a system of this sort and their 

effect on the oxygen-17 signal. There is the trivial case of extremely 

slow or nonexistant exchange where the solvent water sign~l is. virtually 

unchanged. Also any diamagnetic metal complexes which undergo ligand 

water exchange will produce little effect on.the solvent Signal. Exchange 

from a first coordination sphere is usually considered to be the dominant 

effect because of the rapid decrease in influence of the paramagnetic 

ion with distance. However, exchange from an outer coordination sphere 

may provide some line broadening,; depending on· the lifetime of'theouter 

coordination sphere and other factors. This effect would be most evident 

when exchange from the first coordination sphere is too slow to change 

the bulk water signal. 

As the exchange rate from the first coordination sphere is increased 

by some means, such as raising the temperature, the broadening of the bulk 

water Signal becomes directly related to the chemical exchange rate and 

thus increases also. When the ligand water experiences the full effect 

of the metal ion environment before it returns to the solvent waters, 

the broadening is dependent on the exchange rate and shows ah Arrhenius 

,... 
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temperatUYe dependence. 

If the exchange rate is enhanced sufficiently, 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 respc:lds 

to the presence of the metal ion. This rate 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 only a 

measure of a lower limit to the chemical exchange rate, although in a 

few' instances where the chemical exchange rate influences the relaxation 

time} the actual rate may be obtained from the data. 1m. application of 

the theory for the relaxatton processes will delineate'these instances. 

B.. Ferric Ion 

Ferric ion} iron (III), is a d5 (Ar) system where (Ar) is the closed 

shell configuration of argon.. In aqueous solutions ferric ion forms a 

high spin (5/2) aquo complex which is presumed to be 6-f'Jld coordinated 

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

hydrolyzes to form ~~er-sphere complexes of the so~: FeoIl+, Fe(OH)2+' 

. 4+ 5+ 
Fe2 (O::-=~2 ,Fe

3 
(OH)4 ; where the ligand waters :':cave been omitted for 

simplic~~~yo Under more nearly neutral condi t.ions, the iron forms high 

molecular:·:eight polymers which are only s::"owly destroyed in strongly 

acidic media~ 6 The rate of f'or:mation of Fe
2 

(OH)2 4-1- has been studied 7 and 

is slow' compared to the water chemical exchange rate. 

Numerous attempts have been made to obtain stability constants for 

. 8-11 
the hydrolysis products. The most reliable works seem to be those 

of Hedstrom10 and Biedermann .. 11 They used the EMF method in 3 M (Na+) 
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Heats for formatibn of the hydroxy species have been reported by 

8 12 13 several workers." Since it appears from this 1'MR study that 

5+ Fe
3

(OH)4 is an important species in the exchange, Schlyter's corrected 
. 11 

values have been used in conjunction with Biedermann's equilibrium 

quotients
12

in the analysis of the NMR data. No other workers seem to 

have encountered conditions where Fe
3

(OH)45+ was important. 

The values that were reported arer 

F 3+ H_O Fe(OH)2+ + H+ e + -"2 ~ 

. + .. + ... 
Fe(OH)2 + 2H . 

~l = (9.0 ±·loO) '. 10-
4 

M 

6H = 14.7 ± 1.8 Kcal 

~l = (4.9 ± 1.0) • 10-7 ~ 

6H not reported 

~2 = (1.10. ± 0.02) • 10-3 M 

6H = 8.4<± 0" T Kcal 

k43 = (1. 7 ± 0.2) • 10-6 ~ 

6H = 17.6 ± 1.9 Kcal 

The stability constants will vary with ionic. composition of the 
( 

solution. It was necessary to estimate corrections for such effects •. 

The two most plausible procedures seemed to be to assume constancy of 

the stability constants for a given ionic strength or constancy for a 

given total perchlorate concentration. The latter procedure was chosen 

. for the following reasons. First of all, the NMR solutions are far out-

side the region of the Debye-H'uckel limiting law·. Secondly, Olson and 

Simonson14 founil. that their stability constant for FeO~+ correlated 

better with total perchlorate concentration rather than with ionic 



. ,' 

-.5-

strength for solutions containing 0.02 M and 0.04 M perchlorate ion as 
. ~ . 

they changed the inert salt cation from sodium to barium to lanthanum. 

TIlis behavior is rationalized on the basis that ions of opposite charge 

determine primarily activity coefficients and only positively charged 

ions w'ere involved,as .is .the,case.in';.theabove equillbria" Actually, it 

was found that the use of ionic strength dependehce for the stablli ty 

constants does not alter the trends in the data or the general conclusions. 

TIle perchlorate ion dependence of the stability constants kll and 

'~2 was assumed to be identical to }lilburn and Vosburgh' s9 data for 

FeOrr+ and Fe2 (OR)2
4
+, but with a match to Biedermann's data at 3 M per­

chlorate. TIle concentration quotient for Fe
3 

(OH) 4.5+ was recast in the form 

3 ) 4+ 
2" Fe2 (OR 2 + }~O =; 5+ " + 

Fe 3 ( OR) 4 '. + H 

k = 0.0466 

NI ::: .5.0 Kcal 

Based on a Debye-HUckel type argument, this equation would have 

only a small ionic strength dependence and in the ab sence of any experi-

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

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 extensively by many workers. . The reader may wish 

to read references 15-21 for a fuller explanation of the theory, and in 

particular, Marianelli's thesiso 20 For the conditions of magnetic 

field modulation with sideband detection of the NMR signal as employed 

in this laboratory, the observed first sideband signal has the form22 

S = 

= 

where Sis the observed signal 

J l is the Bess~l function of the first kind 

~ is the magnetogyric ratio 

(1) 

Tl and T2 are the nuclear longitudinal and transverse relaxation 

times, respectively 

Hi is one-half the amplitude of the rad1D frequency field 

ru is the frequency of the rf field 

(J.)O is the precessional frequency of the nuclei, 

MO is the equilibrium value of the magnetization of the sample 

H m is the amplitude of the modulation field, and 

ru is the frequency of the modulation field. ' m 

This equation is normally used under conditions of negligible saturation, 



~" 

<.I 

. ..,. 

... 7-

i~e., {CYH1 )2 T1T2 [J1 CI3)]2} «1, and is restric"tec to slow' passage 

conditions, and to the condition that mm > 1/T2 " 

The line broadening is related to the transverse relaxation time by, 

om 1 
""2 :::: T 2 

(2) 

where om is the total wldth at half maXimum of the signal.. The signals 

are calibrated by realizing'that the separation of the flrst sidebands 

is 2m • 
m 

B. Theoretical Equa~ions for T:J.. and Te 

1 .. ' !e in the Pr~sence of Exchange 

When the atoms containing the nuclei under investigation take part 

in exchange between tyro or more magnetically distinct environments, the 

expre ssion for 1/T2 is cons iderably more complicated. It is still meaBured 

by the width of the peak, but it reflects the influence of the other 

enviromnents. ,McCon,nel123 has treated this situation and SW'ift and Con­

nick2 have extended the treatment to the case of a dilute solution of 

a paramagnetic ion. For the steady state condition without saturation, 

the y f01L'1d 

where 

~ is the lifetime of the molecule in environment a a 

T2a if' the transverse relaxation time in environment a in 

the absence of exch~ge 
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'iY.l)m == ((l)~o - ~m), is the difference in precessional frequencies 

l11 the two environments 

The inc:ce?sed width arisi..'1g from the presence of th'2 paramagnetic 

ion is defll1ed as 

1 1 
T~' = To 

c:p c; 

and under conditions of equilibrium 

or 

1 
--'= 

p 
m 

''! 
m 

defini..'1g 

(4) 

where [}~Olbulk and n[M+P ] are the concentrations of water molecules in 

the two -':2te~ c:':lvi:ronments, n being the number of coordinated wutersQ 

There are two limiting regions for l/T
2p

• If the water lifetime 

is long compared to 'r2m or Dmm (l/'!m« 1/T2m + IWml); then 

1 

~ 
= 

1 

'L F'20 
(6r 

If the excha.l1ge is rapid and to the • J.. 
pOlnv. where l/r »l/T2 + m m I~I, 

then 

1 Pm 2 
(7) T2p 

= T2m 
+ p '! Dm mm m 

The first limit is commonly known as chemical exchange control and 

the second as relaxation control.. The mechani.sms responsible for relaxa-

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

'" 

\.' 
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2. ~ Relaxation Phenomena 

The principal mechanisms of relaxation of the oxygen-I? nucleus 

when it is part of a ligand bound to a paramagnetic metal ion are 

a} Lm mech&~ism, b) dipole-dipole, c) scalar coupling, d) quadrupole, 

and e) anisotropic chemical shift. Only the analytic expressions will 

be presented since excellent discussions have been referred to previol,l.sly. 

a~ Lm Mechanism. For this case the relaxation controlled expression 

for 1/T2P is dominated by the Pm (Lmm)2Tm term. 

24 

The Lm is given by the m 

equation of Bloembergen 

where S is 

A is 

"'Is is 

"'IN is 

ill ,is 
0 

k is 

the 

the 

the 

the 

the 

spin 

Lm 
m 

ill o 

angular 

= 
s(s + 1). A(-y s/'YN) 

3KT 

momentum of-the paramagnet ic 

scalar coupling constant 

magnetogyric ratio for the electron 

magnetogyric ratio for the nucleus 

precessional frequency of the nucleus 

Boltzmann f s constant 

T is absolute temperature 

(8) . 

ion 

The interruption mechanism for this effect is the exchange of the bound 

ligand vJi th the bulk solution. 

All the following mechanisms appear b the region where the relaxa-

tion is controlled by the term: 

. i 
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b. Dipole-Dipole Mechanism. 

s(s + ) 222 { 1 1 '"'II '"'IS n . 't" 
2b 

T2p 
= 15 r6 Pm

4
't"lb + 

(illI - ills)2 
2 

1 + 't"2b 

6'r2b 6'r2b ,~ 1 

(9) 
3'r}b 

+ 2 2 + 2 2 + 
(illI + illS)2 1 + illI 't"}b 1 + ill 'r2b 1 + S 

'Where r is the dipole-dipole distance •.. Thefollowing .. symbols are defined as: 

1 

'rIb 
= 

1 1 
+ - + 'r 'r m r 

1 
.'r m 

1 
+ - + 't" 

r 

.. 

1 
T2e 

The Cluantity 'r is the tumbling time and is given approximately by 
r 

Stoke's formula according to the'eCluation 

'r 
r = 4-rrna.3 

3kT 

where 8: is the. radius of the tumbling sphere 

'1 is the bulk viscosity 

Tle ,T2e are longitudinal and transverse electron relaxation times. 

Other terms have been defined previously. 

Since illS» illI and illI'rlb« 1 for the oxygen-17 - ferric system, 

the expression reduces to . 

222 
SeS + 1) '"'II '"'IS n 

15 r6 
(10) 
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c. Scalar Coupling 

1 "c2 ] 
-1---'+-( ru-)=2 -T-22~" -

s C : 
, 

= . (11) 

'Where 

1 1 1 
= -' + 

TIe T cl T m 

1 1 1 
= - + T2e T c2 T m 

Here A is the scalar, coupling constant.'and mIT c2 « 1 has ,been Used. ' 

do Quadrupole Coupling 

1 

T
2p 

= 3 
40 

2I + 3 

,'Where it has been assumed that ru T «1 
, 0 d 

I is the nuclear spin ~uantum number 

(12 ) 

n isa measure of the axial asymmetry of the electric field 

gradient 

Q is the ~uadrupole moment of the nucleus 

e~ is the largest principle component of the electric 'field 

gradient 

,l/rd = liT + l/T 
m r 

e., Anisotropic Chemical Shift 

1 
T2p 

= , (13) , 



assuming 

where 5 
zz 

n 

-12-

is the component along the z axis of the diagc!lalized chemi­

ca,l s~ift tensor 13 belonging to the Ha."niltonian (-"I B ~ 13 • r) 
- 0 ~ 

is given by (0- 0 )/0 . 
. xx yy. zz 

It can he clearly seen from the above equations that, under certain 

circunstances, the water exchange rate on the metal ion can be obtained 

from a knowledge of the relaxation mechanism being observed. 

.... 

4.', 
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III. EXP.B~ RruENTAL 

NMR measurements of the T2 of oxygen-17 were made on a Varian Asso­

ciates Model V43ll high resolution spectrometer at 8.134 MHz or a Varian 

Model V4200 wide line spectrometer at a frequency of 2.0 MHz. Thesig-

nals were detected using the sideband technique4 The modulation and 

detection were performed by a PAR Mo(Iel JB-8 lock-in amplifier.. A Bogen 

audio amplifier Model CF.A-10 amplified the modulation signal which was 

then applied to the sweep .coils oftha Varian probe" Most data were 

taken using a modulation frequency of 500 cps and under conditions where 

the first sideband w·as optimized (y.uJmm ::l 0.68 where 'Y is the magneto­

gyric ratio; Hm' the amplitude of the modulation magnetic field; mm' the 

modulation frequency). At modulatJon fTequencies of ca 1000 Hz, I\n could 

not be made sufficiently laTge to optimize the first sideband which 

resulted in a slight decrease in signal to noise. 

All measurements were made undeT conditions of slovr passage and 

. negligible saturation. The gross magnetic field w·as fmept at speeds 

from ca 300 milligauss/min to 1000 milligauss/min. The detected signal 

w·as filteTed with time constants from 0.1 to 0~6 sec. 

The samples were contained in 10 rmn 0" Dc pyrex glass tubes having 

a·· (18/9) ball joint. The cap had a thermocouple well which extended . 

down to the solution. Changes in pH were achieved by adding 11.85 M 

peTchloric acid with lambda pipettes. 

Temperature change was obtained by passing heated or cooled dry 

ni tTogen in the annular space between the sample and the dewared insert 

20 
in the probe.. A Varian EPR temperature control unit operating from a 

regulated voltage source was used to heat above ambient temperature. A 
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split gas flow' system was used below room temperature w:.",::',: acetone-dry 

ice as the cold bath .. ' Two·copper-constantan thermocouples were used to 

measure the t-::mpe rature; one mside and one belo·",· the sample. The dif-

ference did not exceed 1°C and an average was chosen as the actual temper-

ature of the sa..rnple. Temperature control w'as within 0.5°C. 

8~aple Preparatio~ 

The perchlorate salt was chosen for the sample preparation since 

perchlorate is believed to form only weak complexes with metal ions. 

8utton25 andother.s . have reported evidence for a. ferric -perchlorate complex, 

put CoIl ~ ~. 26~attribute the observed shift in the optical spectrum to 

partial dehydration of the ferric· ion. 

The stock ferric perchlorate solution was made by dissolving iron 

sponge in 1+ M nitric acid and. then fuming with 7010 perchloricacid* The 

crystals of ferric perchlorate w'ere washed with 7010 perchloric acid and 

then sucked partially dry in a fitted glass funnel. The iron sponge 

(99" 99910) was purchased from United Mtneral and Chemical Corp., New York, 

agents for Johnson, Matthey end Co., Ltd., London, Grade I, Lot No. 81994• 

The sponge has a typical analysis of 2 ppm ;nanganese. Ten ppm is at 

6 -1 most a sec contribution to the linewidth of a 0.2 M ferric solution, 

. which is w'ithin experimental errora Reagent grade ferric nitrate con-

tains ca 100 ppmmanganese~ 

The solution was tested for nitrate ion with the brucene sulfate 

,spot teste 21:., The cx':'nitroso-tJ-naphthol spot test Has 'usedfor cobaltous 

28 
ion. '.' ,The. manganese was analyzed, by oxidizing' with potassium per sulfate,' 

complexing the iron with phosphoric acid, and observing the solution 

<'. 0 , 

spectrophotometric ally at 5250 A witlf:,a limit bf detectibility ",'5 

ppm. All the tests were negative. 
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The total iron was analyzed by titration with ethylenediaminetetracetic 

acid using Variamine B blue as the indicator. 29 .• The total hydrogen ion 

"ras determined by complexing the iron vrith oxa.late and titrating the acid 

with O~ 1000 N NaOH back to the pH of the oxalate solution. 39 . Sodium gravi-

metric analysis was perfo.rmed by the analytical laboratory by precipita-

tion with zinc uranyl acetate.. Sodium bicarbonate was used to destroy 

some of the excess perchloric ad.d. 

All J\TMR measurements using the high purity iron were made with hydro­

gen normalized 10% 017 water obtained from the Oak Ridge National Labora-

tory. The water was weighed and a known volume of the stock fexric solu-

tion was added.. Dissolved oxygen was not removed as this does not affect 

the width of the H2017 :NMR signal appreciably .. 

. All viscbsitymeasurements were made 'With an Oswalt capillary vis­

cometer in a constant temperature bath xegulated to 0 .. 1 °C~ 

Spectrophotometric measurements w'exe made in thermostatted cells 

on either a Caxy 14 or a Beckmann DU. 

Marianelli 1;'0 reported values. of T2 ofbxygen:"17 in water were used 

as the water blank, with correction for the change in viscosity of the 

.. various NMR solutions, assum.i.ng the width of the blank to be proportional 

to the viscosity • 



IVG RESULTS AND DISCUSSION 

A. Ferric Ion 

All of the previous efforts at study:lng oxygen-17 NMR in aqueous 

ferric solutions have been directed toward obtaining the rate of water 

exchange from the first eoordination sphere of thehexaquoiron (III) 

species. The recent availability of 10% enriched oxygen-17 water now' 

makes a more accurate measurement possible. In Fig. 1 the temperature 

dependence of 1/T2p ' is shown for a. 0 .. 375 M ferric solution with '1.7 M 

perchloric acid. Approximately 0.08 percent of the total iron is present 

as hydrolyzed species and this contributes ca six percent of the observed 

l/T~ at room temperature and is smaller at higher temperatures. From c;p 

the shape of the curve it is apparent that it is a composite of several 

effects operating over the observed temperature range. In the high 

temperature region; the dominant effect is the exchange of w'ater mole-

cules from the first coordination sphere. In this region the relaxation 

is much more rapid th8.? the chemical exchange, and the 1/T2p expression 

reduces to: 

, as proposed by Genser. 5 

1. OUter Suhere Effects 
t-

In the region near ,room temperature or below (Fig.. 1) other effects 

become comparable with the exchange from the first coordination sphere. 

The first coordination sphere is in the chemical exchange controlled 

region and can only give a deereasing contribution to 1/T2p with decreasing. 
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temperature. The change in water blank arising from an increase in the 

viscosity fo!' the solution has be€ntaken into account.. rJ..rthermore, 

. the lL't1ewid.t~ per mole per liter of ferric ion is nearly independent of' 

the concentration of ferric ion, indicating that the effect at low tem­

peratures arises primarily as a result of the presence of the ferric ion 

in solution.. Therefore,this effect must originate in an outer coordina­

tion sphere of the ferric ion. 

The unhappy task of resolving the data into the component contribu­

tions must now be faced.. From the temperature dependence at low· tempera­

ture, it is obvious that the observed effect ·is due to some relaxation 

controlled phenomenon. If' this -were the only infoI'lP.ation available, 

the experimental curve could be resolved into anyone of a family of 

lines.. Additional information is available, but, evenstill j the inter­

pretation is subject to a verJ: great deal of uncertainty .. 

The nature of the outer coordination sphere must be decided upon 

in order to. estimate the magnitudes of the possible relaxation effects. 

It will be assumed that the effect arises only from a second coordina­

tion sphere composed of eight water molecules, ·each resting on one of 

the faces of the octahedron~ Based upon the ionic radii for iron (III) 

(0.64.$.) and oxygen (1.401) .. the internuclear distance from the iron to 

the second coordination sphere oxygen is 3.1~3.$. if the oxygen just touches 

the first coordination sphere waters. Calculation of the relaxation 

effects due to dipole-dipole and to <luadrupole interactions of the oxygen 

nucleus -with the iron can now· be performed. 

2. Dipole-niuole and Quad~lpole Relaxation Mechanisms 

The expression for the dipole-dipole relaxation has been given pre­

viously in the theory section, E<luation. 10. The ferric ion Tle has not 



-.. ' 

-18-

been measured) so it has been as'surned to be identical to T2e wh:i.chis 

5.8xIO-
11 

sec at 25~C for this solution. The rotational correlation time 

T can be calculated from Stokes', 'formula 
I' 

T= 
I' 

Assuming a radius of It.83Aand a viscosity of 1~18 centipoise,;T 'is :cal-
, ' I' 

, -10 6 ' 
culated to be 1. 35xIO at 25 G if the whole second coordination sphere 

rotates as a group. 

to the other times. 

I -1 1 T2p of 22 sec at 

The exchange time, T , will be assumed long compared m 

This calculation gives a contribution to the observed 

25"C. The competition between Tl and '( e I' 
is such 

as to give this contribution a maximum slightly above 25°C and a moder-

ate dropping off at higher and low temperatures. 

The quadrupole calculation is relatively straightfoTW'ard. The 

eqQjli, for oxygen-17 in the water molecule has been measured in the vapor 

phase by microwave by Townes and stevenson31 and is -8.13 Me with TJ = 0.7., 

If it is assumed that ~hese values are unchanged for the ferric system, 

I -1 6 [+3 J then 1 T2 = 700 sec at 25 C with Fe = 0.375 M. p , 
The interruption 

by T was treated as in the dipole-dipole case and chemical exchange was 
I' , 

as sumed to be slow .. 

Clearly this is a much bigger effect than is observed. It must be 

conjectured that the water molecule in the second coordination sphere 

is still capable of sufficiently random motion to provide no appreciable 

broadening. 'It should be noted this is not in conflict with the use of 

the T for the dipole-dipole calculation. A rotation of the water mole­
r 

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 vector between the dipoles with respect to the labora-

to:ry coordi..'late .system in order for relaxation to ta.ke place in dipole-

. dipole coupling .. 

3.. ScalarCoupli.."Ylg and Dm Mechanism 

Other possible mechanisms o£ :relaxation must now' be considered~' The 

scalar coupling and the !:::m mechanism contain the scalar coupling constant 

which must either be estimated or measured. There is a significant 

chemical shift of the bulk waters from the signal o£ pure water as is 

shown in Fig.. 3. T'ne l/Ttemperature dependence is an indication of 

completeave:raging of the shift through rapid chemical exchange.. This 

can be seen from the equation i'or the shift of the bulk water resonance 

arising from the presence of a paramagneticspecie2 

~l r 1- + 1:..12~+ Dm 21' 
m LT2 T m . m m 

(14) 

where the symbols have been defined as in Eqn .. 3.. In the limit of fast 

exchange, 

i .. e'f 
1 

T 
m 

·1 » ~ + IDm I , 
-'-2m m 

= Pm ~m 

and DmH20 then has the l/Tdependence o£ bmm (Eqn.; 8) .. 

Since the second coordination sphere is in the fast exchange limit, 

i.e. relaxatLm control, at these temperatures, but not the first coor­

dination sphe:re, the shii't must arise from the second coordination sphere .. 
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Upon substitution from Eqn .. 8, the equation relating the observed 

shift to the scalar coupling constant for oxygen-17 in the second coor-

dination s:;;::le:"e is obtained. .. 

Dill~O ::: 
S (S + 1) 11.( 'Y s/'Y N) 

Pm (Jj 

3kT 0 

This gives 

A 
3,,07><10

6 
rad -1 

K = sec 

fol' the second coordination sphel'e water:s. 

For comparison a scalar coupling constant fol' the second coordination 

sphere waters of ch.romium (III) can be cal¢ulated from the data of Alei32 

and is 

The waters on chromium. (III) in the first ~oordination sphere exchange 

w'ith a half lif'e of ~ 40 hours,33 so the observed shi:::t must come fl'om 

outside the first coordination sphere. The simila:.city of the two constants 

lends st:.ppol't tq the idea of the outer sphere effect with ferric ion. 

The calculation of the contribution to the linevridth from scalar 

coupling is nov/' straightf'orward, assuming that the interruption is Tle 

and not ~ 7 as assumed previously. m 

1 
T2p 

= 0.375 M 

,., 
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14 kilogauss and T
le 

~ T for all cases. 2e 

A word of COJTIJ:lent is now necessary. The sum of the contribution to 

l/T,2p from dipole-dipole and from scalar coupling has exceeded the measured 

1/T2p at 25°C. This could be due to two problems with the calculations. 

Stokes' formula is only a rough estimate of the actual rotational rate in 

the solution. Secondly,; the number of second coordinate waters may be 

different from the value which was assumed, for example because of re-

placement by perchlorate ions. A third possibility., that of very rapid 

chemical exchange, will be. considered later. 

In attempting to :re.solve the experimental curve in Fig. 1 into its 

component parts, the dipole-dipole contribution was neglected and the 
. . . 

. scalar co.upling was assumed to be interrupted by T
le 

,and have the temper-

ature dependence of the Tle~ Neglecting the dipole-dipole part is cer­

tainly not a good assumption, but it is also embarrassing to be able to 

account for more linewidth than is observed.. Further, the dipole-dipole 

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

precisely. 

4. Values of Tp and T, . e :J..e 

The T
le 

is not known., so the measured T2e and its temperature depen­

. dence in a solution of natural water made up to be identical to the NMR 

solution vras used. It is necess.ary to measure the T2e in a .solution which 

is the same as the NMR solution. At the se iron concentrations, it is .. 

believed that the electronic dipolar interaction becomes important as a 

relaxation mechanism for T
le 

and T2e and could affect both of them 

equally. Alsu increasing the solution viscosity at constant temperature 

would shorten both Tl~ and T2e for the case of illS 'r C « 1. 
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Another approximation was made in order to interpret the data. The 

T2e measured at fields of ca3.5 kilogauss w'as used to calculate the 

scalar coupling relaxation at fields of ca 14 kilogauss. It is quite' 

possible that the T2e has a frequency dependence, and not necessarily 

the same as the TIe frequency dependence~ However, there seems to be 

no method for measuring T2e or TIe at l~· kilogauss at the present time. 

5. Resolution of the Experimental 'Curve 

a. First Coordination Sphere. With all these .variables and uncertain-

ties, and having no good handle on any, one of them,. the interpretation 

of the NMR. data at low' temperatures must be viewed with considerable 

reservation. However)' persevering with the approximations which have' 

been made,. the NMR curve can be resolved into three straight lines as is 

shown in Fig. 1. 

The chemical exchange line for the first coordination sphere ,cor-

. responds to an enthalpy of activation of 18.4 kcal and 'an entropy of 

activation of 12 .. 8 e .. u. Irituitively" this entropy value is a bit too 

large. Also, the p.revious w'ater exchange studies with the transi'tion 

metal ions found entropies whose absolute values were less than ca 6 e.uo 

The lifetime for a w'ater molecule in the first coordination sphere is .: 

calculated to be 6.7><10-3 sec at 25°C. 

Since the entropy of activation is so large, repositioning the 

scalar coupling line to produce an entropy nearer zero might be of in-

terest. There is no other rationale for making the change.. How'ever, 

since the value of TIe, at 14 kilogauss is unkno-wn, such a changed line 

is perhaps as l:latisfactory as the, ,line drawnil.1 Fi'g .. 1..", One of the. many 
, ¢ 

possible changes has been made for Fig. 2, where the.6H is now 14.1 

keal, S::l: is now +1 e.u.; and the water lifetime in the first coordination 
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. sphere is 2.4xIO-3 sec. This resolution does. not account for the observed 

frequency dependence at 103/T = 3~40, however~ 

The three previously reported values for the lifetime of a water in 

the first coordination sphere of ferric ion are all shorter' than 9XIO-3 

sec. The values from Connick and Poulson3 and from Connick and Stover4 

are 9XIO-7 sec and 4.16xlO-5 sec respectively, A small part of the dis-

crepancy could be due to poorer signal to noise ratio in these earlier 

experiments since they were run with natural abundance and 0.7% enriched 

oxygen-17 water respectively. However, the principal difficulty probably 

arose from a significant Mn +2 impurity in their ferric salts such as vias 

found in the early series of experiments for the thesis. 
+2 

Since Mn 

contribut.es such a large linewidth per mole per liter, .ca five mole per­

cent impurity would account for Connick and Poulson I s observation. Genser5 

found linewidths'nearly comparable to those reported here. He did not 

perform experiments below room temperature and therefore did not recognize. 

the presence of second coordination sphere contributions at room tempera­

ture. His lifetime, 3.3XIO-4 sec, is shorter by the amount of the second 

coordination sphere contribution. 

b. Second Coordination Sphere. From the large temperature dependence 

of the low temperature line} !YJJ relaxation would appear to dominate in 

that region. Furthermore.; the low temperature points haye a strong 

frequency dependence. Of course, this CQuld also come from scalar coup-

ling interrupted by a frequency dependent Tle " However, the large 

temperature dependence would argue against the latter interpretation, 

subject of course to the uncertainty of the previous placement of the 

frequency inuependent scalar coupling line. 

If the former interpretation is correct, then the lifetime of a 
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. .. 8 
water molecule :i.n the second coordination sphere is approximately 40 2xlO-

sec with .6li* = 9·9 kcal and .6S* = 8.4 e.u. for Fig. 1. For Fig. 2, the 

lifetime is 6.9X10-8 sec with LJ{* = 7.5 kcal and .6S* = -5.0 e. u. These 

lifetimes are longer than Tle as w'as assumed previously. Presuming that 

the lifetime is roughly dependent on the strength of the electrostatic 

attraction between the metal ion and the water molecule (ze2Jr), it is 

interesting to compare this lifetime with the lifetime in the first coor-

dination sphere of manganese (II) which is isoelectronic with iron (III). 

Taking the rate from the iron data .and correcting for the different oxygen-

t 
. -8. 

me al distances and the change in charge, a value of 9X10 sec ~s pre-

+2 ·-8 dicted for Mn vs a measured value of 3.22X10 sec.. In yiev]' of the 

crudeness of the approximation, the agreement is striking. 

The frequency dependence of the Tle·deserves some comment. The 

relaxation mechanisms for Tle and T2e are not understood at the present 
... 4 

time, however J the relaxation might be of the :form propos ed by MCGarve; 

;: + 52 '[ '1 c . 
2 2 

1 + ~ill '[ 
S C 

We will not consider T2e since at all experimental fields and temperatures 

(except near O°C) the T
2e 

term is small in the scalar coupling expression 

(Eqn. ·11). In the limit of m
s
2

'[ c 
2 

«1, Tle reduces to 

= 
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As the temperature of the solution is lowered j 're becomes longer and TIe 

should start to change to the high freg,uency li:::"it .. This could give a 

frequency dependence to the scalar coupling at low' temperatures, but the 

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

would expect from 'r • 
C 

6. Rapid Chemical Exchange 

Another possibility for the relaxation mechanisms is that they are 

interrupted principally by chemical exchange. This idea has· the advantage 

that it overcome s the problem of calculating larger linewidths than are 

observed~ However, it does not allow for the observed frequency dependence 

at low temperature and therefore seems Q~likely to be the explanation. 
. . 

It might be thought that a way to circumvent the lack of low tempera-

ture frequency dependence and still retain chemical exchange as the in-

terruption mechanism is to assume that scalar coupling is interrupted 

principally by chemical exchange at room temperature and is interrupted 

at lower temperature s by Tl in the (J)2'r region. The two correlation or . e . c 

interruption times would be cow)ined at all temperattITes according to 

l/'r cl = l/'rm + I/Tle • When the contributions from the two effects are 

added, the resulting curve has just the opposite curvature to the experi­

mental curve irrespective of the relative values of the enthalpies of the 

. two processes.. This explanation must, therefore, be discarded. 

It seems reaso:p.able, then, that the NMR experimental curve can be 

resolved into the three regions: slow chemical exchange from the first 

coordination sphere of the ferric ion, scalar coupling relaxation for 

the second coordination sphere interrupted by TIe' and 6ro relaxation 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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7. Relaxation Control for ·the]'irst Coordination Sphere 

The waters exchanging from the first coordine<ti2n sphere of ferric 

ion are in the exchange controlled region, but the Question arises of how' 

rapid the exchange could become before relaxation control becomes notice-

able. A lowe.r limit to the temperature can be calculated by assuming 

that the Dm mechanism would be dominant in the relaxation controlled re-

gion.. If some other mechanism is more effective than Dm, then the ex-

change controlled region would be extended to a higher temperature. 

At the point of equal contributions to 1/T2p from chemical exchange 

and from Dm relaxation, the following relation is true: 

:;= 

and upon cancellation of terms, 

Calculation of Dm is n?t straightforw:ard. The scalar coupling constant 

could be obtained from a chemical shift measurement of the bulk w·aters. 

However, when the NMR broadening .1s strongly in the exchange controlled 

region, the chemical shift of the bulk waters is extremely small and would 

be hidden in the large shift due to the second coordination' sphere waters. 

Therefore, the coupling constant must be estimated. It seems likely that 

+2' 6 2 
it should be at least as large as the value for Mn (A/h = 9 .. 2XIO cps). 

Thus T is calculated to be ca 9XIO-7 sec. This value of T should m m 

be reached near 140 0 C if the 6H:f: value of 18.4 Kcal is assumed. . Since the 

calculation depends upon the choice of the activation enthalpy for the ex-

change and upon the estimation of the scalar coupling constant, a smaller 

enthalpy 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 broadening of the oxygen-17 NMR from water exchange on unhydrolyzed 

ferric ion arises from two separable exchange sites. The first coordina-

tion sp:nere -waters exchange sufficiently slowly to be in the exchange con-

trolled region. Depending upon the linewidth attributed to exchange from 

the second coordination sphere, differing values of ligand water life-

times in the first coordination sphere can be obtained and correspondingly 

differing values for D.H* andD.S::J::. For the resolution made in Fig~ 1, the 

. ft· .' 6 -3 * 8 \. ::1= 2 8 II e lme lS .7XIO sec,6H = 1 .~ kcal, and.D.S = 1. e.u. A lower 

limit to these values can be obtained by draw'ing a line tangent to the 

high temperature part of the experimental curve. This gives values of 

caD.H::J:: == 12.8 kcal, D.S* = -3 e.1i.and a lifetirr;e of 1 •. 62X~0-3 sec. 

A comparison with other values of 6H* and D.S::J:: which have been reported 

is ,intere sting" Genser5 reports D.rr= = 8.9 ± 1. 0 kcal and D.S* = -13 ± 4 

e. u. for the wat~r exchange on ferric. ion. His D.IfF would be somewhat' 

larger if he had used a viscosity corrected water blank and corresponding­

ly a more positivE' vai.ue of D.S:f would have been found. It is possible 

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

the second coordination sphere. He worked with nitrate rather than per-

chlorate solutions and this may account for some, of the differences. 

Swift and Connick2 measured 6H:j: and D.s::J:: for a number of the doubly 

charged transition metal ions. 

Ion .0J-fF , kcal 'D.s* , e.u. 

Mn+2 8.1 2 .. 9 
H' +2 .:e 707 -3 .. 0 

Co+2 
8.0 -4.1 

Ni+2 
11.6 0.6 
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It can be seen that all of the activation entropies are small. The 

enthalpies all have similar values except for Ni+2 vJhich h~s an unusually 

high energy for the. reaction intermediate •. The enthalpy of activation 

for. water exchange on ferric ion is larger aswQuld be expected if the 

:rate is influenced by an electrostatic effect. ,., 

It has been noted previously that rates of water exchange are quite 

similar to rates of vrater replacement by sulfate ion on metal cations. 

The latter rate for ferric ion has been measured by Wendt and Strehlo~5 

by pressure jump_ The experimentally derived quantity is the product of 

the equilibrium quotient for sulfate Iroving from the bulk solution into 

the outer coordination sphere and of the rate at which the sulfate in the 

outer coordination sphere. moves into the first coordination sphere to re-

place a water molecule. If the former equilibrium quotient is assumed to 
136 . 

be identical to the value for Al+3
J 19 ± 3·Ml, ;then the rate constant 

for movement of the sulfate from the second to the first coordination 

-1 . 
sphere is ca 50 sec for ferric ion at 25°, a value not greatly different 

from the water exchange rate of 150 sec-I. 

Marianelli20 has reported the only other·waterexchange rate for a 

plus three ion and gives a lifetime of 1.1 X 10-9 sec for a water in the 
. :f 

first coordination sphere of gadolinium. He also reports6H= 3.1 kcal 

.* and bS = -7 e.u. Tne high rate reflects the relatively large radius. 

Outer coordination sphere effects have been attributed to a second 

coordination sphere composed of eight equivalent waters located on the 

octahedral faces of the first coord~ation sphere. The observed tempera-

ture dependence indicates the exchange is in the relaxation controlled 

region. From the observed chemical shift, the scalar coupling constant 

·6· 6 -1 ti h has a value of 3.0 x 10 rad sec for the second coordina on sp ere 
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'Waters... At room temperature, the relaxation appears to be predominantly 

controlled by scalar coupling interrupted by Tle~ At lo'Wer temperatures.· ", 

the relaxation has a frequency dependence 'Which could. arise from either 

a frequency dependence in TIe or a contribution from the ro mechanism. 

Assumi~g the latter effect because of the large temperature dependence 

for the line, a lifetime of a 'Water molecule in the second coordination 

sphere can be calculated as 4.:..7><10-8 sec. Before .this value can be 

accepted the interpretation proposed needs further verification. 
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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 ion 

in the first coordination sphere. Blatt18 ~~ted that chloride ion pro-

ducedasimilar effect •. : Qualitatively these effects can be explained 

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

static forcebetw'een the ferric ion and the water molecule, and the pre-

sence of a chloride or an hydroxide ion in the first coordination sphere 

reduce s the effective charge on the ferric ion .. 

Obtaining the water exchange rate for the various ferric hydroxy 

species requires a detailed knowledge of their equilibria in solution. 

The hydroxy species are equilibrated too rapidly in solution to be 

separated on an ion exchange column and studied individually, as is pos .. 

sible with the analogous chromium (III) species. The FeO~+ is presumed 

to be formed rapidly by proton transfer with a first order rate constant of. 

7 -1 37 2+) 4+ . 
ca 3XIO . sec.. The dimeri zation of FeOW to form Fe.2 (OH 2 has a 

rate constant of 450 ± 50 M-l sec·l at 25°C and the dimer dissociation 

-1 7 
has a rate constant of 1 ± 0.5 sec No work has been reported on the 

kinetics of formation ofFe(OH)2 + or Fe
3

(OH)45+, but the NMR solutions 

seemed to equilibrate within ca 15 minutes. follow'ingaddition of acid. 

Linewidth measurements :ina.de ·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 

and 

Because of the 

4..1-
Fe2 (OH)2 " the 

great preponderance of equilibrium data on FeO~+ 

initial resolution of the NMR data was attempted with 

only the se two species and free ferric ion. The data cannot be fitted 

I ,.-: 

.'" 
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by either h;ydrolyzed species individually, or by a combination. The 

1inewidth from the tw'o species can be written in the form i 

'Where 

and 

1 

a 

1, 
T
2ph

' = 1 1 

;p - ~Fe+3 

is the linewidth from free ferric ion 

is the mcre,ase in the 'Water 017 l:l.newidth per 

, 2+ 
mole per liter of FeO~ 

b is the increase in the water 017 linevlidth per 

4+ 
mole per liter of Fe2 (OH)2 

A plot of 1/(T2p~,[FeoI1~J)vs lFe2 (OH)2
4
+]/[Feor?-+] should give a 

straight line of slope b and au intercept a. 'The line should ,be inde­

pendent of total iron concentration if the data can be explained with 

only these two species and assuming a and b to be 1ndependent of iron 
~ "" 

concentration. A typical plot is shown in Fig. 4 .. , The equilibrium' 

quotients reported by Biedermann were used for calculating the concen-

trations of species from the known stoichiometric iron and hydrogen ion 

concentration. Clearly the discrepancy is outside the experimental 

error. Also f the range of total perchlorate concentration is suffl-

ciently sma:l that it is very unlikely that this effect could be attri­

buted to changes' in the e"quilibtium quotients with solution composition. 
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. This discrepancy could not be resolved by the use of other stability .. con-

stants _from the literature. Biedermann has reported the presence of an 

5+ 11 
additionaJ. hydrolyzed species,Fe

3
(OH)4 if A check of the calculated 

... 
concentrations of the hydroxy species in the solutions of Fig. 4 reveals 

that the upper curve, corresponding to 0.1 M Fe(C104)3' contains appre--­

ciably.more Fe
3

(OH)45+ than the lower curve for equal concentrations of FeoR+ 

and ]i'~2 (OH)2·4~ . (s~~rig .. ·5). :Assuiningtbe. simplest· case of linewidth'con­

tributioIlS from FeOrft and J!'e
3 

(OH")l:j.5+ j, '1/~2phcansiiililarlY be resolvecLby 

= a + c 
[Fe3 (OH)45+] 

[FeoIf+] , 
1 -

where c is th~ increase in the water 017 linewidth per mole per. liter of 

Fe3 (OH) 45+., 
A typical plot is shcrwn in Fig. 6~ Biedermann I s equilibrium quo-

tients w'ere used. The agreement between the points for the two iron 

concentrations is satisfactory. The sets of points do not match per-

fectly, how'ever, and the individual sets seem to have a Slight curvature. 

Similar plots w'ere obtained at other temperatUres using the enthalpies 

for the equilibria reported by Sillen12 from the work of Schlyter. (It'ig. 7,8). 

It is most llkelythatthe discrepancie sare· due to uncertainties .in',the-

perchlorate ion dependence of the stability constants, to uncertainti.es 

(, o· 
in the enthaJ.pies of formation at other than 25 C, or, to a lesser: extent, 

to uncertainties in the stoichiometric hydrogen ion concentration. 

2. 

rad 

Low'er Limits to 1" 
~~~~~~~~m 

At 25~ the intercept.gives·amolar contribution fr6~ Feort+o:f' ).95X10
4 

sec-l M-l and the slope gives a molar contribution from Fe3 (OH)45+ 
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of 3.14 x 105 rad sec-l M-l • In the temperature interval from 18° to 

44 0 C both ?eOlf+ and Fe
3 

(OH\5+ maintain the ir respecti "Je contribution 

per mole to "within ca ± 20% with no significa:;.J~. Jcrends as the temperature 

changes .. (Table 5) .. 

In order to establish a lower limit for the lifetime of an oxygen-

17 on either species, some assumption must be made about the 'mechanism. 

It seems highly likely that the waters of FeOJ+ are considerably more 

labile than the hydroxide group. While the five waters cannot be exactly 

equivalent in their exchange behavior, in the absence of information on 

their differences it will be assumed that all five behave kinetically 

the same. Then the rate at which a particular water molecule leaves 

the first coordination sphere must be equal to or greater than 1/(~mT2p) = 

6.6 x 105 sec ~1 at 25 0
, . aS'is seen from Eq. (3). Correspondingly the 

~6 
lifetime of a water molecule is equal to aT less than 1.5 x 10 sec. 

Since the proton transfer on and off FeoJ+ may be more rapid than 

the whole water exchange, it is possible that all first coordination 

sphere oxygens associated with FeOJ+ become equivalent more rapidly 

than they undergo chemical exchange. ~hen the eXChange lifetime of a 

particular one of the six first coordination sphere oxygens is 1.8 X: 

10-
6 

sec, as an upper limit. The lifetime of a proton on Fe(I~6)63+ is 

ca 4 X 10-7 sec at 25 °C.;3Ttherefore·the~lifetimeof a FeOrf+ ,before it 
-8 -10 adds a proton would range from 10 to 10 sec for the acidities used 

here. 

The structure of Fe
3 

(OH\5+ is unknown. In fact Biedermann is the 

only person who has noted its existence. The structure will be assumed 

to be linear and ,double hydroxy bridged behreen the iron atomso From 

, the slow decompo~ition rate for Fe2 (OH)24+/ it seems re.asonableto assume 
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that the hydroxy bridge oxygensexchange too slovJly to be observed in 

the NMR broadening. This leaves a first coordination sphere hydration 

number of ten for Fe
3

(OH)45+ or a lifetime of a bound water of 5.SXlO-7 

sec·as an upper limit.!' assuming the waters can be treated as eq,uivalent 

kinetically. 

The slope obtained for each species is directly dependent upon the 

choice of value for the enthalpy of formation of the species. Schlyter I s 

corrected value for Fe Orr + j &r =: 14.7 ± 1.8 kcal, seems to give a some-

what la,rge value for the entropy change.!' i. e .. L,S = 35 e. u. If; instead, 

Milburn I s data were to be used with their more· reasonable entropy change, 

i. e" L,H = 10.2 ± 0 .. 3 kcal, L,S = 21 ± 1 e. u., then the broadening caused 

~2+ . 4 by FeOnwould have an activation enthalpy of ca + kcal. 

Milburn did not encounter conditions where the concentration of 

Fe
3 

(OH)45+ was comparable to the concentrations of the other hydrolyzed 
,j 

species, and assuming. its molar extinction coefficient might be the. 'same 

order of magnitude it should have been unimportant in his work. There­

fOTe there is no stabiJ_ity constant i'OrFe
3

(OH\5+ which was' measured on 

a basis consistent with Milburn I s work .. 

3. The Dimer and Other Specie~ 

The lack of coincidence of the curves for different total iron c9n-

. 4+ 
centration cannot be .attributed to a contribution from the dimer Fe2 (OH)2 .. 

For the same value of [~e3(OH)45+J/[Feorr+J the lower curve of Fig. 6 has 

a higher concentration of the dimer as shown in Fig. 5. Sj.nce the con­

centration of the dimer is comparable to the FeOrf+ concentration, the 

dimer must eith"'r exhibit a much slower exchange rate or have a much less 

efficient relaxation mechanism, as might occur through a much reduced 
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paramagnetism due to spin pairing. Since the exchange is rapid on both 

FeOrf+ and Fe
3

(OH)45+, a slow' wate'r exchange rate on Fe
2

(OH)24+ seems 

unlikely. Also, Mule.y and Selwood38 have concl\:.ded that -~:~e dimer is 

diamagnetic)' although t~e interp;retation of the:'.y data leaves some un-

certainty in this result. 

The discrepancy between the curves could possibly be explained by 

some higher molecular weight species than the dimeror trimer, but the 

uncertaintie s in the corrections to the data which have been made so far 

make such an interpretation ambigUous. The Fe (OH)2 2+ does not appear to, 

contribute to the broadening, as would be expected from its low concentra-

tion. 

,A majority of the NMR solutions were measured only over a limited 

temperature range. In order to check the fit to the exper:l.mental data 

above 44"c with the previously obtained values of a and c, the predicted 

linewidths for the 0.214 M Fe(C104 )3 solution with 0.037 M HC104 were 

calculated from the concentrations of Fe+3, FeOrf+, and Fe
3

(OH)1?+. 

At temperatures above-ca 50°C the predicted linewidth from the various 

ferric species is smaller tha,n the ob served linewic,t]::". 1!T2p• At 52°C 

the p:redicted 1/T2p is ca 90% of the observed :/T2 -:.. 2.nd at 70°C the 

prec::.:~cted value is ca 75% of the ob served liTe::.' -'::-::_1.s could be due to 

uncey-'c..:::.inties in the enthalpies of the eq'C_ili"0:'<a, to the formation of 

a new spc:cies, or to a change in the :':sla:{e.-::ion mechanism. 

4. Freque~cy Dependence 

In an attempt to study the freCluency dependence of the relaxation 

mechanisms fCl' FeOrf+ and Fe
3

(OH)45+, a new' sblution was prepared which 

was 0.189 M Fe(C104 )3 and 0.0327 M HC104~ This solution gave a value of 
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I/T2p WhiCh w·e.s ca 20% greater than would have been predicted from the 

calculated ccrcertrations and the values of a and c at room temperature. 

The reason for this discrepancy is not known .. 

The linew'idth of this solution was measured at 8.134 MHz and 2.00 

MHz at 21, 32, 8..'Yld 40°C.· The linewidth decreased at the lower frequency 

(Solution 14). This decrease means that the exchange on one or both 

species is in the relaxation controlled region since the exchange con-

trolled region is frequency independent. 

The relaxation mechanisms which give rise to this type of frequency 

dependence are 6w. mechanism and scalar coupling mechanism interrupted 

by the TIe when the latter is frequency dependent. 

The linewidthcontribution fromF~3 (OR) 45+ at. 8 .. 134 MHz is slightly 

smaller than the observed decrease in linewidth betw'een the two frequencies 

in the experimental temperature range.. Therefore the exchange on this 

species could be relaxed by a totally frequency dependent mechanism and 

the whole effect attributed to Fe
3

(OH)45+ •. On the other hand, the FeOrf+· 

linew·idth contribution at 8.134 MHz is greater than the observed decrease. 

If the frequency dependence is attributed to FeOrf+, then the relaxation 

must be made up of a frequency dependent part and a frequency independent 

part such as a mixture of 6w and frequency independent scalar coupling .. 

Also a scalar coupling composed of frequency dependent and frequency in-

dependent parts couId produce the observed effects. The observed fre-

quency dependence could also arise from a contribution from both species. 

From the negligible temperature dependence of the linewidth per 

mole per liter for both species at 8 MHz, scalar coupling would seem to 

be the domina"lt mechanism. However, the changeover from one mechanism 

to the other could also appear to produce a temperature independent 

.. 
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relaxation. A full range of change in iron and hydrogen ionconcentra-

. tion at different j'0?1R frequencies could perhaps differentiate between 

the contributions :from the two species. Yet the lack of information a-

. _2+ 5+ 
bout TIe and T2e of FeOn and Fe

3 
(OH)4 would be a severe handicap to 

any interpretation4f 

If FeOrf+ is assumed to have the same scalar coupling constant as 

Mn +2, then a chemical shift of the bulk waters can be calculated for 

Solution 14 

= 62 .cps 

This is large enough to. be measured,except for the masking effect of 

the large shift due to the second coordination sphere of the Fe +3 ion 

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

be calculated by assuming that the shift is due solely to free :ferric 

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

Fe(CI04)3 solution at.25°C, a shift of 245 cps is calculated for the 

0.189 M Fe (CI04 )3 .solution from the u....'1hydrolyzed ferric ion. The measured 

shift is 210 cps at 25°C. The reasen for this discrepancy is· not known. 

As can be seen from the ir:terpy-etation of the NMR data, a more 

exacting study of the equilibrium const~~ts in the ferric perchlorate 

system is neceSS:l::'y fa::- a complete interpretation. 

5. Sunrrnary 

From the results of this work it is concluded that FeOrf+ and 

Fe
3

(OH)45+ are the principal hydroxy species whose water exchange con­

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

4+ the dimer, Fe
2

(OH)2 ,does not appear to contribute to the linewidth, 



probably because of a reduced magnetism, but a small contribution to the 

liriewidth cannot be ruled out. The concentration of Fe(OH); is, too low 

to have any :~~luence on the NMR linewidth. 

Both FeOH2+ and Fe
3

(OH)45+ exhibit an unchanged linewidth per mole 

per liter as the temperature is changed from c.a. l8,GC to 44JJ c. This suggests. 

that they both are in the rel~xation controlled region of the chemical 

exchange. Of course " a cha...l1ge. in the chosen value of the enthalpy of 

formation for either species. would change the derived linewidth temperature 

dependence by approximately the same number of kcal so the temperature 

effect is not definitive proof of :relaxation control. 

The other argument for relaXation control is related to the large 

linewidth per mole per liter of both species. Adopting the same scalar 

2+ ',. +2 
coupling constant for FeOH as has been observed for Mn , it is possible 

to calculate the correlation time for scalar coupling relaxation. Scalar 

coupling or the t:f.Dmechanism are the only relaxation mechanisms which are 

strong enough to produce the observed linewidths. The correlation time 

is calculated to be ca-5><10-l1 sec which is very close to the observed 

T2e for ferric ion. Alternatively' if the relaXation is as'sumed to arise 

entirely from the t:f.D mechanism, the lifetime of the water molecule in 

the first coordination sphere of FeOIt+ is calculated to be ca 5><:1..0-7 sec. 

The upper limit for the lifetime of one of six equivalent waters calculated 

directly from the linewidth is ca ~~8XlO-6 sec. These calculations are 

all consistent with relaxation control. 

Since the linewidth per mole per liter for Fe
3

(OH)45+ is approximately 

. ~ ()~. the same per iron atom as for FeOH ,Fe
3 

OR 4 is probably also in 

the relaxation controlled region. This might be expected since the average 
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charge per .iron atom is just slightly less for Fe
3

(OH)45+ than for FeO~+ 

and thus the exchange rate would be expected to be higher for Fe
3

(OH)45+. 

An upper limit for the lifetime of a w·ater molecule on Fe
3

(OH)lj.5+ is 

5 .. 8xIO-7 sec assuming ten labile water molecules. 

Since both FeO~+ and Fe
3

(OH)45+ are believed to be in the relaxation 

controlled region, one would expect to be able to measure a chemical 

shift of the bulk waters arising from the rapid exchange.. In fact the 

observed shift in Solution 14 is smaller than the calculated shift aris .. 

ing from the free ferric ion alone... The reason for this serious discrep­

ancy is not known. It would be explained if FeO~+ produced a diamagnetic 

shift, but it is not easy to see how such an effect would .arise. 

Eigen?9 reports the :rate of water replacement by sulfate on FeOJf+ 

in the form of a bimolecular rate consta.n.t for the overall exchange. 

The value is ~ 3Xl05 N-l sec-I as compared to a value for unhydrolyzed 

102,-fold increase for the hy-. . 3 -1 -1. 
ferr~c ~on of ~ 3XlO M sec,~ .. e., a 

drolyzed species" The water exchange rate for FeO~+ appears to be 

ca 3XI03 -fold greater' tha.n. for Fe3+. 

c. The T? of Oxygen-17 in Water 

40 
Meiboom has suggested that the T2 of oxygen-17 in water is govel'ned 

by quadrupole relaxation inter:rupted by tUJnbl1ng. There is some newer 

evidence to SUbstantiate this claim.. Marianelli
20 

has shown that Tl . equa.l.s 

T2 a."ld that the linewidth is directly dependent on the ratj.o of the vis-

cosity to the absolute temperature. How·ever, these effects are charac-

teristic of both dipolar relaxation and quadrupole relaxation in the 

narrow· limit ((lyrc « 1). 

In the course of the experimental work for this thesis, it was 
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noticed that sample s of enriched w'ater gave diffe:ring linewidths. In 

, 17' , 
particular, a sample of 1 .. 2% 0 , and ca'50% deuterium enrichment gave 

a linewid th (lj'ITT2 ) of 54cp s ~ 2'5 0 
C. Another sample containing 10% 

017 and normal abundance deuter~um gave a linewidth of 49 cps. The vis-

cosity of the highly enriched deuterium is ca 10% greater than that of 

normal water. Clearly the linewidth depends again on the viscosity. 

However, if oxygen-17 were relaxed by the dipolar mechanism, the deuterium 

enriched sample would be exp~cted to give a smaller linewidth since the 

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

tion 10). 

", !I 
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TOK 

296.1 

303·1 

310·5 

318.8 

326.9 

333.9 

344.0 

300.0 

285.0 

280.3 

276.4 

273.1 

298.1 
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Table I. ~017 I'iJMR Linewidths 

Solution 1,8.134 MHz: 0.214. MFe(CI04)3 

0~0370 M HCI04 
0.114 MNaCI04 

3 .1 -1 1 -1 10 0K-1 7TT"'" sec .-.!L sec T 
T] H20 rrr2~0 2 

3·377 116.5 57.0 

3.299 138 48.4 

3.221 176.5 41.5 

3.137. 246 34.5 

3.059 363 29.9 

2~995 520 26.5 

2·907 818 21.9 

3·333 111 68.0 

3.509 112 79.5 

3.568 118 91.0 

3.618 127·5 101.5 

3.662 138 115 

3·355 124 54 .. 5 

1 -1 - sec T . 2p 

187 

282 

425 

665 

1045 

1550 

2500· 

135 

102 

85 

83 

72.5 

218 
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Table I. (Cont. ) 

TOK 

297·1 

289.8 

302.8 

309·3 

317.6 

TOK 

296.0 

289~2 

302.7 

308.3 

316.4 

Solution 2, 8.134 MHZ! 0.214 M Fe(CI04)3 
0 ... 0578 M HCI04 
0.114 M NaCI04 

3 1 -1 1 -1 10 0K-l 
~ sec _11_ sec 

T 2 TJ B20 7fT2H20 

3.366 i08 53·0 

3.451 104 67.2 

3.303 120 47.8 

3.233 147 42 .. 1 

3.149 . 202 35.3 

Solution 3, 8.134 MHz: 0.213 MFe(CI04)3 
0.0781 M HCI04 
0.114 M NaCI04 

103 
° -1 1 -1 _TJ_ 1 -1 

T K 7fT sec sec 
2 TJ H20 7fT2B20 

3.378 97 56.5 

3.458 . ---- 99--- 68.4 

3.304 106.5 49.0 

3.244 123 43.3 

3.161 164 36.5 

1 -1 - sec T2p 

173 

116 

226 

330 

525 

1 -1 -sec 
T2p 

127 

96 

181 

250 

400 
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Table I. (Cont.) 

TOK 

296.3 

288 .. 9 

302.6 

309.3 

317.6 

TOK 

296.0 

288.4 

302.3 

308.6 

317.1 

325.3 

Solution 4, 8 .. 134 MHZ! 0 •. 2125 M Fe(C:i.04)3 
0.0986 M HC104 
0.1135 M NaCl04 

3 1 -1 1 -1 10 0K-1 
. 7T~ sec ---!L sec T Tl H20 7TT2B20 

3.375 92 56 .. 4 

3.461 96 68.3 

3 .. 305 98 49 .. 0 

3.233 111.5 42.2 

3.149· 153· 35.3 

-Solution 5, 8.134 MHz: 0.2075 M Fe(C104)3 
0.397 M HC104 
0.111 M NaCl04 

3 1 -1 1 -1 10 0K-1 - sec -2L sec T 7TT2 TlF'20 7TT2~0 

3.378 76 56.4 

3.467 87.5 67.2 

3.308 70.5 49.0 

3.240 67.5 42.2 

3.154 73 35·3 

:;.074 89 30 .. 8 

1 -1 - sec 
~p 

111.5 

86.5 

154 

218 

370 

.. 
", . 

1 -1 - sec T2p 

61 

63 

67.5 

80 

120 

182 
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Table I. (Cont. ) 

296.4 

288.8 

303.0 

309,,6 

317.3· 

324.9 

Solution 6; 8.134 MHZ! 0.202 M Fe(CI04)3 
0 .. 680 M HCI04 
0.108 M NaCI04 

3.37l~ 

3.463 

3 .. 300 

3.152 

3.078 

·1 . -1 
-sec 
7TT 

2 

72·5 

84 

65 

62 

'71 

41 .. 0 

1 -1 
- sec T

2p 

50.5 

49 

54 

66 

88.5 

126 
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Table I.. (Cant.) 

TOK 

296~1 

288.8 

303.2 

309·9 

317.1 . 

324·9 

331.8 

292·9 

·283 .. 6 

278.0 

274.4 

337.2 

So;tution 7, 8 .. 134 MHz! 0.1975 M Fe(CI04)3 
0.950 M HCI04 
0.1055 M NaC104 

103
0 -1 1 -1 --L ·1 -1 

- K - sec sec T 7TT2 TJ H20 7TT2B20 

3.377 74 56.4 . 

3 .. 463 84.5 68.4 

3.298 . 67 47.9 

3.227 . 64 41.0 

3.154 ··64 . .; 35 .. 3 

3.078 68 30.8 

3.014 79.5 27.3 

3.414 78 60 ... l~ 

3.526 95 82 .. 0 

3.597 III 98.0 

3.644 122 108.5 

2.966 95 24.0 

1 -1 - sec T2p 

55 

50 

60 

72 

91 

116 

165 

55 

40.8 

40.8 

42.4 

223 
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Table I. (Cont.) 

TOK 

296.1 

289 .. 1 

282 .. 4 

277·9 

Solution 8, 8 .. 134 MHz: 0.1105 J'f. Fe(Cl04)3 

0 .. 0192 M HC104 
0~709 M NaCl04 

103 
<> -1 1 -1 -2L 1 -1 - K - sec sec T 1TT2 'Tl~0 1TT2H20 

3 .. 377 110·5 54.5 

3 .. 459 102 63.2 

3 .. 541. 104.5 72.5 

3.598 110 81.5 

1 -1 -sec 
T2p . 

176 

122 

100.5 

89.5 



. Table I.. (Cont. ) 

TOK 

296.5 

289.i 

. 284.3 

280 .. 3 

275 .. 7 

302.6 

309 .. 3 

31~.0 

329·1 

Solution 9, B .. 134 MHz: 0.1105 M Fe( CI04)3 

0.0325 M HCI04 
0.708 M NaCI04 

. 3 
1 -1 1 -1 10 0K-1 -sec _TJ_ sec T 7TT2 . TJ B2 0 7TT2I12 0 

3~373 93 54.5 

3,.459 90 63.2 

3.517. 94 76 

3.568 99 87 

3 .. 627 ' 110 103.5 . 

3 .. 305 103 47.3 

3.233 124 40.2 

3.135 175 .33 .. 5 

3.039 267 27.5 

1 -1 -sec T2p . 

121 

84 

56.5 

38 

20 .. 5 

175 

263 

4l~4 

753 
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Table I. (Cont.) 

296 .. 4 

290 .. 0 

302.8 

308 .. 8 

317.6 

TOK 

296.6 

289.2 

302.'8 

309.4 

317.7 

Solution 10,' 8~13~· MHZ:Ooll0'M;Fe(Cl04)3 

, 0.0538, M HCI04 
0 .. 706 M NaCI04 

1 -1 
TIT sec 

2 

3 .. 374 79·5 54.5 

3.448 ' 81 65 

' 3.303 86 46.2 

3.238 100 40.7 

3.149 133· .' 34.1 

Solution I1J 8.134 MHz: 0 .. 110 M Fe(CI0L)3 

0.075 M HCI04 
0 .. 7,05 M NaCI04 

3 1 -1 1 -1 10 ,oK-l - sec .2L sec T TIT2 T] "TfT! 
'I~O ' .L2F';20 

3 .. 372 74 52 .. 8 

3.458 78 63.2 

3·303 7-7-· 46.2 

3.232 85 40.7 

3.148 108 33·5 

1 -1 -sec 
T2p 

1 

50 .. 2 

125 

186 

310 

- sec T2p 

68 

460 5 

96.5 

139 

214 

-1 



Table I. ( Cant. ) 

TOK 

296.6 

289 .. 2 

303.6 

" 309 .. 2 

317·7 

295.3 

288.4 

283.6 

'279 .. 6 

277.2 

274;;7 

Solution 12J 8.134 MHz: 0.108 M Fe(CI04)3 
0.283 M HCI04 
0.692 M NaCI04 

3 . 1 -1 1 -1 10 0K-l -sec ~ sec 
T 7TT2 7l B20 7TT2H20 

3·372 6245 ' 53 

3,.458 72 63.2 

3 .. 294 57 46.2 

3 .. 234 55 40 .. 7 

3.148 57 33·5 

3 .. 386 65 55 

3.467 75 66 

34526 85 72 .. 5 

3 .. 577 94 80 .. 4 

34608 100 , 85.5 

3.640 107 90 

-. 

1 -1 -sec T2p 

30 

27 

34 

45 

74 

31.5 

28 

38 

42.6 

45.5 

53~4 



." 

--- --- - ----

Table I. (Cont. ) 

TOK 103 °K-1 
T 

8.134 MHz. 

"295. 4 3.385 

291.2 3,,434 

287.8 3.475 

284.0 3.521 

281.1 3.557 

278.6 3.589 

275.7 3.627 

308.2 3,,245 

313.0 3·195 

316.6 3·159 

320 ... 4 3.121 

325.9 3.068 

330.9 3.022 

335.6 2.980 

341.1 2·932 

349.4 2.862 

274.4 3.641+ 

271.3 3.686 
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Solution13t 0.375 M Fe(CI04)3 
1.705 M HCI04 

" 0.730 M NaCI04 

1 -1 -2L 1 -sec sec 
7fT2 T]~O 7fT2~0 

98 67 

105 76 

114 82 

121.5 92.5 

132 102 

139 .. 5 109 

150 121 

89.4 50.1 

88.7 45 .. 1 

89 .. 3 41.7 

9541 39 

" 104.3 35 

121 30.3 

142 29 .. 3 

182 26.4 

" 270 23.4 

158 126 

173 139 

." .. - '. ,.-,' .. ....... ~, . .-.. , .- .... ". ~ . . "" 

-1 1 -1 - sec T2p 

96 

84 

101 

84 

94 

96 

91 

123 

137 

150 

170 

218 

285 

353 

489 

775 

101 

107 

-:. ,~, . ~ .. , . . . 



-60-

Table I" (Cont .. ) 

Solution 13 (Cont.) 

..... , ... , ..... - , ...... ~. ~~ .. ' ...... 
,~ 

3 1 -1 1 -1 1 -1 TOK ~ °K-l -sec --L sec - sec T 7TT2 T] H20 7TT2H20 T2p 

267.2 3.743 194' . 158 113 

303.8 3.292 89 55.5 105 

308 .. 2 3.245 86 50 113 

313.0 3.195 . 87 45 132 

317.4 3.151 87 41.5 143 r 

2,,00 MHz 

293 .. 9 3.403 99 68~5, 96 

261..0 3 .. 830 209* 188 66 

272.0 3 .. 676 " 154.3 134 64 

* Sample starts to freeze here so this number is a little high .. . 



Table I~ (Cont.) 

3 
TOK -10 0-1 - K T 

8.134 MHz 

294.6 3.394 

- 300.1 3 .. 333 

305.1 3.278 

311 .. 9 3.206 

2.00 MHz 

293-5 3.407 

304 .. 5 3.284 

313. 4 3 .. 191 

Solution 14, 0.189 M Fe(C101)3 

0;0327 M HCI04 
0 ... 101- M NaC104 

1 ;';'1 1 ---2L 7TT sec sec 
2 T] H20 7TT2~0 

125 58 

144 51 -

170 _ 46 

209·' : 39.4 

104.4 60.4 

113.4 46 

141 38 

-1 1 -1 -sec T2p 

210 

292 

390 

532 

138 

212 

334 



Table 2. ESR Linewidths at 9.2 GHz 

TOK 6H gauss 

Solution 13 

299 1140 

373 590 

Solution 7 

299 900 
373 550 

Table 3. Chemical Shift at 8.134 MHz 

Solution 13 

TOK' e Hz 

295.6 546 

306 51"\0 Co", 

315 507 

322 ~B6 

337 468 

348 455 

( ..... 

" 

,4 



,~, 

Table 4. Viscosity of Solutions at 25°C 

(normal abundance water) 

Solution Specific Time 
in Viscometer T]/T]~0 Number Gravity sec 

1 l.063 170 1..15 

2 l.062 168.2 1.;,,14 

,3 1.063 168.4 1..14 

4 1.064 168 1.14 

5 1.078 164.8 1.14 

6 1.092 163.4 1.l4, 

7 1 .. 105 162 1.14 

8 1.078 158.4 1.09 

9 1.079 159.2 1 .. 10 

10 1.081 158.8 1.10 

11 l..081 158 .. 4 1..09 

12 1.085 159·2 . 1.10 

13 1~ 166' 174 .. 6 1.32 

~O ,1 156.5 1 ... 00 
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Table 5.. Slope. and Intercepts for Equation 17 . 

103 a .,..;. 

.c 
1 H· M.-l . Z 1· Hz ~l 

. ~~16. 9 .. 85xl03 6.1Xl04 

3 .. 24 9 .. 65xl03 5.9X10 4 

3.30· ··10~lXI03 . 4 .. 2Xl14 

3.36 9. 55x103 4.5x104 

3.44 8 .. 60X103 4. 45xl04 



.. 

Table 6. Concentrations o£ Species in Solutions 

I'· 191 .0464C6 .OC8356 .001058 .1/t77CS .U)/~V,') 
L-tCn. ____ .J1--e'lQJJ:U .. ___ !....QJ: <) J_,!_~,-. _----'-_. O!lJ.J]~ __ -' .. _U~~L2.!; ____ ~y::Jl.S_~3 '! __ I ICE .OlS9P.l .OCS3l,2 .001067 .172134 ."7q o11· 
,124 .Oe8151 .OOf){,25 .0007S(l.18c7~i; • (;6SN)(\ 
r-l1 t: • C I 2 \1 2 0 • 0 0 S 0'-'. P"'-. "'-1 -----=.~OO-.:o Cry 28 • 1 q 0 1 ? I'~i --~.'-.(':";1 7:.:..... :':""1 7-0-. It--
I 
i __ G C • 0 C ? 7 2 3 • 0 0 7 86 1 • () 0 C 6 2,.-'. 0:-__ =-. ~l 9 0 (, 9 . ....:..L, __ ---.-::.'-.8 () I) q? f, 

1~6 .CC3S?7 .007132 .00C490 .194290 .n~7?nG 

, 1 .; 4.---..,,---_.!9lL?_~]-'1=---__ • 0 9~2_~~ • 00 rn .; 9 • 1 <) 8 J 1 "3 0 C r; 3 ? ) ? __ 
!~-C5--1- .CC1.559 .005345 0000248 .?Olonf, .0.sn2/t2 
i_. _~ 5=-:7'--_-:0 Q G ~ 0 5 7.'--__ ~0_"'O-'.:('_· 4 C 3 9 • G C (J BOo ;.' r: ~ 1. 2_'-,-' __ .--:00-0,1. 9 (1 r.,--) -,-I _ 
! 166 .000586 .003697 .00CI08 ;20~69~ .045~13 
L-~_~J,-' __ -co C 4? 7 6 7' __ ~'_.DSU:3 "»:.c-L.-,-t __ -". 9.0_QLf? 7. ___ -"_L'S!t} 6_.":3-,,-___ d-1X~~!2._: 
i 2CO .027296 0007749 
l __ ;U'-'-f:.--_--'. (j LUi."J_)'--_---C" 0 0 7 h 3 n 

.000757 01689?S 
.... I} 0 00 7 (+'==~c-=.~LI~..2_:1. 11-c-:-=~~}"g~ .. S)_~ __ . _~ 

__ 2_~ 6 ~J)_LL2_? <) • 0_0 7 1 3 6!.-LQS 5 4 3 • . tB_6 P. '-I C • 0 8 ~ ') '2-?_; ~ 
22 It • C C 6 <) It 2 • 0 0 6 '3 3 7 • 0 0 04 0 2 ,. 1 9 3 1 7 9 • (} 7 c; C ? I~ 

__ ( :3 c •. SJ,-~J p. 7 • G_C.5J]l2 :3 • OJUJ_l.0 q • L(:UL~2S' • CLl.2L R I') _ 

236 .003277 .005014 .OOC??9 .200ae7 .G7207? i 
2'-t 4 _"J1LL2"3J3 • C1 (l/t_Q!L9 • OJlQ.1_~~5 • 2...:-.'D._t~.1., <) • C':!~_~~'-~ 

-! -251: .0017.1.3 .(1(3356 .00C09/, .20S79"l .t;6(,nQQ I 
t ___ 2_~L ____ •. .9Qr.~~Qf) 0 (l_{)?}3-,? .0_QJlQfJ3 • 7,-Q}!~}_7 ___ ._,_.~SJ~!"_ t.'2!~ 
. 266 .000434 .CC7~88 .000033 .209291 oOh25~~' 

_, _~_~).J}-,-:L9..Q_1J .00() 2 '3 3 ._Q_Qg2_lt 0 • ~5_tLS ____ ·J_'l.1J (,-L . .J 
3(( .0;:>4569 .006399 .• 000501 .17413C ot17~71 I 

_. ___ J_C_B _____ ~.iJ_.L2.7J2..L{ ." ()J~!~~9J • .Q!l_Q_'LtL ___ .J_:~._.,Jlf'-?~J_O'L(, c:; !~ __ .. _J 
'316 .009756 .n05454 .000310 .191405 .1n0005' 
'_, _3_2 .. ~ __ ... ___ ._.((5.9D_.C ._r:J:'~~'J~J:!~ .. !2(l.Q7_L3 •. _t93J~'33 ______ ... j1..<?~tJ~_~ ___ _ 

330 .003998 .004041 .OOC15~· .20045f .Cq07~f: 
33 f • GLl.AS!'" ~.:':!DJ!.-L?_9 ~_~2SlQJ..QJ _____ !'_LQ3_QJ:,_~ .. __ !!.'J'L~J!!}-_! 

1---3-~-/f " n r 1 5 6 1 • r C 2 7 0 2 • n 00(1 6 3 . ~ 2 0 5 2 L, 7 . • n 8 ') '3 1. 5 i 
_. ___ 35,J.J}LQ3J)_Q "J1Q2~L~J ____ ~..D..Q Cl.0..JJ) _ .• 2J).Lt_;_.:L ___ . __ ."_r.:..l}!l3 I:; ___ J 

3~1 .aCG6~O .001737 .• 000024 .208821 .nR2?01 I 
! 36A .000331 .001240 .00001? .• 710154' .nqnoSA I 
!-·I:-1·-6----~-00-R-:3-6-~---~r)-6-l.t-1-5 .. 4---·:.r)·06-1 .. 7-i----.-1'-ql5 .. 2~-·:7--··-·-.. ·-.. -~-1--1-5-q-p-.. l--
__ .~. f/~ ______ . __ ~J2...C~.2~!) ] ___ .. _ .. ~_.r~D.l5,--?_~ ___ ~._QQ .9J.l::~ ______ ·]9.(~.~) .. ?_J.,. ___ ... _._ .. _._ .. • J_u..J.._r:..t~ __ _ 
i 4 30 • a en -, 9 • 0 ( 2 9 86 • 00003 ? ? C ? 0:; r: I~ • 1 n r) ;? 7 7 
~ __ /-I...39._ .. _ ..... _ .. ____ ~.Q.c.?.2._2J ___ .. __ .~ __ (H;Z.-=-S2J _____ !' .. Q.D OiX5.r:; .... __ . ____ .. "_? () ~;.n75 .. __ .. _ ... _ .. _ .. _ .. ~J .G}'0_~_()_' -

44 4. C () 1 7 8 1+ • 00 1 :3 9"3 • 0 (} 00 J (\~- - ... ~ ') r; 7 -) ~ r; • I '1 3 79 1 
L_/~_S .L_ ........ _ .. _ .... ~.Q_QQ}_$!t __ . __ .~~J...QJ_~JJ)·~Dr!.'!Q.JFL_._'_~ .. ___ ..... ?(\. (' -r 1.? __ ...... _ .. _'!-1!!.2.~.r~ 

509 .004409 .000060.CO(000 .202970 .~~1~?0 
'-__ 5.J.Q ___ ._ ....... __ ... _ ... ().fl2jl~.:'1 " () 0 0 I} 3 6 . • 0 non 0 7 • ? 0 I, 1 5 () . • '1 r 1 (] ~ (l (~ : 

: 24 • eel 3 7 4 ~-·6C 0 3-1-6-----:-.-cl-66o .. 6-i--· ---.-?T)-·5 .. 1;'9· .. 1··----·--·-~-~'rj-(7·r-l·0-: 
. __ 53J] __ ' ~_ .• J)..c''.0.P'_~U~ ____ .dHLC .. 2.!~_9 ___ ~_I).Q.G.QQ . .L .. ____ ·2_(lJ_LIJ __ " ..... __ ..• _·~ .. 5JP3.3 __ ~ 

536 .000576 .OOOlQ7 .000000 .20652P .3~?S7?· 
54~ .000319 .000141.00COO() .2.Q6_B.QJt .... ___ ... :~97(-0? 
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Table 6. (Cant.) 

IDENT* [Fe
3 

(OH)45+] 

"--''''-''' ;----;:-;:-:-;-----:~~:------;:--:-:::--::-;:-:----:-::~:-:::------::-::-::'-::-::-:::----"-""!'""'~~----
5 '5 1 • () 0 () J g 1 • () no, 0 6 co a () 00 I) 0 • 2 0 7 ". S 7 " ?, r:17 tl W' 

,_, __ t:.J. ... 8."--_---:o Q ... C.? ... ~Jh. __ __'. Q(; 0 7 2 5c ___ ~. 0 GQD.f!" ___ -,._1.93.!)..L:':· ___ ~J:::',?.~:}..:.7_---, 
'616 .OOllAl .000163 .OOGOOO .?CC2Sn .~H1710 

' __ {;2 1{ .... CTJ;,L0J ·.0.r:J'_LU ._Qf1CtOJ',-0· .2.0.0.95.5. • .f;3.LGi:U __ ' 
f~C .CCC~95 .000092 .cocoon .201~7J 

'_' . _.6).6 .... 0 C 9.3,.2Q. ___ o .. 0.Q!J ... Q3? .J)iJJHJ.G.D .2 Q 1 '5 ~ Cj I • r: r, n I~ (~S i 
e4 /-t .. OCC177 .0(0052 .000000 ·:'?()'1'7J"'0·--""'."';~'no"?·r.!"'J--! 

___ f'l"'5_1._· _---!~JI () Q.J.D 6 .0 (' 0 C"3 n.,,::.... --:-~-'~JdDJ~.QS! () .. o • .? ... ~LfJ 7 • (~'1 n 1 Q ~ I 
7S1 0005771 .. 000242 .000001 .lg12 /i? ·.-q-,)-(;";'''S'''-''--l 

_. __ 7 ... C C ___ .j;:.fl1D..Q,,,,,,0,-, ___ ,a 0 r: (LL6 7'--_-'. Ulf; 0 C 0 ... J ... ~_~1. . .t:~ __ .... ,7.~.:1.3 . .3 ... 6 i 
7(8 .OC1676 w n C0121 .COOOOO .195580 .S~19?~ 

, __ 7_.16 :.:.. __ --=. 0 eQ. 93 '5 • C C_r _c C:_. ? __ ~. Q.9J)SLQ ()~ __ • 1 q6 ? ~ 1, ___ • ...:?r~U·-'1_q'------' 
'7C4 .or052C .000063 .000000 .lS~R5~ ~qSOA~A 

7 ~ C • C'~c.g) 3 2 .0 po (')I~9 • OOQQ!':i2 ~ 1 <:; 7 07 n ._.~.~ f'I~ -:I.:.....,. r_, __ 
736 .C(0216 .000039.,00(000 .lG72C7 .CS0201 
74 It • a O_GJJ 9 .J!.D...O (1? R • CO 0000 ..J ... ::U ... :t? ... Q ~.5:....~.(U)~_ 
751 .(CC071 .000021 '~cooo-on' .l97388 .\)<-rHl? 

'--_...07 5, 7 .. !).0fJ.Q!t 6 • 0_ 0 O.QJJ1 • QitQ_O n () • J~ .. ~.?? ~ s ~~nc:.c.n:...:7-,,8,-. _--' 
766 .000024 .0onOll .OOOOOO.197~55 .q5cn~5 

__ 8",-.. ? 6 ~S.s~1JH 2 ~ O_c'5"'::c..L8 • ('02.(5 . .1 7 ! ... 095p...Q..,?, • O.3!t<! l,_r::_) _-'-
844 .001864 .004741.0003A7 .·CS22Gf .0;2091 

__ 2 ... ;) .J) O_t2J_4 • ..i'.:..C!l...?J 7 •. .o.D.C2 ... 9J • UJ..o ... 2 ... IJ • 07(2.~J.!l __ 
i 8 5 7 • 0 C G 8 3.9 • 0 (' ~ 7 9 1 • (} 0 C? 2 '5 • 1 0 1 7 C 6 .n?Fl':il'! 

,_. _r.t.~ .J)f).O ... lt ... L3 ,,() C:lLZJ .0 Q.OJ}! 1+ ... .!...Ln_~S~ll P.:.... ___ .. G2.L~!.S.~ __ 
sea .019418 .004939 .• CO(621 .C79340 .064?~1 

__ ~.C 8 .0 1 29 17 .005 Q...13 • n 'le.2£. 9 • C P C; 6.7 l,-.,.,..--..! ... Lt; 7 () 1 P __ 
SIc .(Ce344 .CC4S09 .000503 .090A30 
924 ___ .0_LS.? 3 (l '.00 1,5? 7 • 9J]J:.2~'.J __ --,,-. c g 5 01 7__ ._, .... _ .. _._ ..... __ 

!--S2C .CC36SC: .o.()/tl65 .000118 .09755f. .('/~57f;-" 

.1):5767') 
• ~·'+S'?Rr; 

, i~, __ 5.~_6. ___ :~;Q:L2..;:S...2.5 ......... _ ...... () C ~ 7 3 6 ............. _ .. ~. Q()Q...2 1.,-' 1,-1 ~.,......,.. •. ~.~J:5.:G~.rL-,-. ~~ ...... D~' ... ~.~ 7 ~,-", __ , 

__ <;...!~_4 ._0....0J's.2...6 • Q.Q.3...l.~.l • Q.Q ... QJ....6.6 • J~!.2JJ.~ • c 'U.!,_ ~ ;; __ 
S51 .C(C969 .CC2686 .000113 .103~19 '.n~92q4 

__ 9 ... 5.} • a 0 0 6 4 S • O .. C:.??3_'J • 0 OQ.0.!...f • 1 0 5 Q ... ~~ __ • ..!' 1 8..9 J .. ....:(';..... __ 
~(6 .C0035~ .001739 .000044 .10653P .C36S06 

' __ 1.0.1 .. 6 • Cj~ ... 9 __ 8.1...? ___ ~_Q.O) ... }2.~_ ..... (').Q().2.l9 _____ • Q1 ... ')...9_~.?' • fl!L'lJ..:?...5 __ . 
1(24 .C04141 .002867 .000150 .r9S772 .06~27E 

... _ .... l.Q.~.( •. .e.C.z. t7.,l ~.!::_C?c; .. (JJ ~_0nQIJ.0 ____ ~ ... LQ...L9..3 ... ? • 0!??/'.'J.~ ....... _ 
1()36 .Cnlg06 .002158 .000077 .l'nct'je; .cr)r13~7 

__ l-...C.t..I! ____ .J:QJ_ U21 • n .Q ... Lf_~( • QD ... QQ.~l ':i •. U:.L? ... iJ 4 .... ~~ B ~J._l _._ 
lC~l .C(C682 .001349 .000028 .106636 .CS7?9t 

__ tQ...5. 7 .0 CO 1+ 4 7 .0 C 1 090 ."D.Q~!"'Q.J3 ~_LQJ.!~?2 ... __ . __ !.!'~?:-!' ... ':.L __ 
1116 .0(5631 .CC2267 .OOC097 .099543 .0RS~S~ 

__ 1 ... t2~' ___ .. _Q .. (D ... '?.?,-1 • C C 1 r.:; '3 ___ ~JLQ.c...:'2,6J ·_l..f,-c_~'p c • 0.E.? .. Z~?_._ ... _ 
ll~a .CC22~8 .001564 .000042 .lG45?O .r;qo~2? 

1 1 ~ 6 • C Cl 4 2 '" • C C 13 0 6 • (1 .. 0 0.9..2 8 • 1 0 ') R 2 ?_~J. '( 9.J.~.'\._/_) __ 

1144 .000844 .000QB3 .000015.107144 .077871 
_ ... _l.l.~ l .... ___ .",CLC.~J}. ____ !.D ... L~Jr __ ~+ ____ • Q()_Q.D..Q.2... __ ... • .... L0J,?}.?_ ... _ .. _LI":..7. 70.},?_. __ J 

1 2 l(~ • G C 1/10:1 ....... ' • (10 Cl(,(. __ . • r.c 0 () 0 1 • I n 0 -;> 7 1 • ~) !lj n c 
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Tab le 6. ( Cant .. ) 

__ 122'i .... ___ .Cf!.(~C:: :~(~ e.-:~_QQJJLf), __ ---=. Q()i!.~HU ______ •. l!~(:.().~r: ____ ,._Z_s:~(1_·~',(:.J __ _ 
: 12?O .CCG63~ .GCOl~6 .000000 .107070 .?S~030 
, __ 12_l2 ~.~~(~Q.i..L? .0 G (n 1 6. __ -=-. _QD_Clg a n_. ____ ":-1_n~.L? '5 t;:, ___ .-:" 2 R 3 u."-~ "'-" __ 

12~4 .CCC229 .000083 .000000 .107605 .?~3~05 

__ l..25_1, ___ ·J1JJ_QJJ.l ___ .JH~Q. () 92, __ -.:~JJ!),.cJ2.r0_· ___ dDJ}3S ____ ~2~?~2!~,_I ___ · 
1 2 S 7 • 0 0 00 8 8 0 0 a 0 0 I~ g • 0000 (\ 0 • I n 7 e 1 ': • / 8 31 r. t; 

__ J2.f.f. ._Q,Q,GJ1A.? • r~QJ)_CJ,~3,--_-,. 0 0 .o_Q_Q!-,· ___ .JJ'.:J1L~ 9:' ___ .-:' ?£UJ 1 1,,--_ 
13S1· .0[5596 .000344 .000001 .368714 1.. 71 L?c:'7 

__ D._~ C:,-, __ .!H:?-J'3_? ___ " 0 (10('37 .00 O.-=-O-"-O.;.:.O __ --..:.~?~J 71 711.'-_-C.....1 • -, n 8 ? 6._Q __ 

. 13(8 .• CC15S5 .OCC171.COCOOO .37310: 
__ 1)) c'--_--'._~~LO_~!2.'-. __ -c'! 000 1]5 • CQ.Q.9_00 .!' '3 73 fiI5. __ ]c_._J.-:(:J::..L?-,~ __ 
j 132 /t .(;00483 .CCCC89.000000 .371.,339 ].705(,61 i 
_I _U-,'3S ___ ,,-CJlQJ 0'--'g'--_~!_9jJ O_v 6 3_-'-,-~. 9_ 0 O.Q_ 00 • _1.L'l .. 2.5.J L~_7 Ii ~~" L_J 

1336 .C00199 .000054 .000000 .3746S4 1.705~06 

__ 13~4 .O!JOIIO, __ -=-.OCCO~~ .(100000 .3743l'f 1.705186 
13 : 1 • a 0 0 066 • I) 0 a 0 ? 9 '. :(j-oc-o--6-b • '3 74 8 7 7 1.-'7-(-) 5-1-2-3--

_: _L:t2_7 • __ C(0S'!...-~2 ~J) C& 02 2 ~~ 0_0 OQD-'"O:.-_---'~ ~ 7!!_2J~] __ '"--,, .• 7~ <) 0 9 7,,--_ 
1366 .000022.000015 .000000 .374S42 I.70SeS? 

__ t~Lf_, _._,.J]J",f_QJj}. Q_Q8 1 9) .00 a R 75 • 1 <)J~l:3.S .~ 0. f?_~? 3 7 ____ : ' 
1424 .008045 .007702 .00C721 ·.163398 .n~qO~4 

_' _~~;_O ____ '!....9_ C 564 R .. 00 7 204 .00 C (, O~1=--~-.-:.~16 7 II.j 1::.,... ___ .:....,:05 '5 1 6_C __ 
1~36 .CC3S56 ~OC6652 .000486 .170282 .C51qO~ 
1444 .002413 .005766 .000346 .174C16 .04BC~0 

* IDENT is keyed for both solution number and temperature. 

Example: 

_~_ solution number l~l.4 

l024 

--.... temperature as l03jT 

103 103 

T T 

91 - 2·9l 36 - 3.36 . 

00 - 3.00 44 - 3.44 

08 - 3 .. 08 51 - 3.51 

l6 - 3.16 57 - 3 .. 57 

24 - 3.24 66 - 3.66 

30 - 3 .. 30 
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