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 OXYGEN-17 NMR STUDIES OF THE RATE OF WATER EXCHANGE
FROM PARTIALLY COMPLEXED NICKEL ION

Thbmas Vincent Rowland

Inorganic Materials Research Division, Lawrence Berkeley Laboratory
and Department of Chemistry; University of California,
- Berkeley, California

ABSTRACT

~ The oxygen-17 Bulk water NMR linewidth and chemical shifts for an
aqueous solution of the’ﬁickel iminodiacetate complex, NiIDA, have Been
measured from 0°C to 140°C at 8.134 MHz in order to determine both the
rate of chemical exchangé between the two chemically non-equivalent
first coordinatioﬁ sphere sites and the bulk solvent and also the
scalar coupling constants, A/h. Linewidth measurements ffom 0°C to
100°C for a Ni(IDA)zz_ sample yielded estimates of the per cent time
of dissociation for the carboxylate arms and the resulting rate of
water exchange.

Two distinct rates of water exchange were measured for the three

waters of the NiIDA complex: one slow exchanging site with

5.3><104 sec_l, AH¢ = 11.8 kcal., AS¢ = 2.7 eu, and

ky98° =
A/h = 1.8><_107 Hz and two equivalent fast exchanging sites with
Kygge = 2.4x10° sec Y, AH' = 11.4 kcal., AS' = 4.6 eu, and

A/h = 1.9X107_Hz. The difference in exéhange rates is thought to,Be

due to the bond strain about the coordinated nitrogen group which is
partially relieved by a tendency to eliminate one of the two water
positions cis to the nitrogen group, while the third water position

remains unaffected by the strain.



_vi_

For the Ni(IDA)zz— coﬁblex,_the‘per cent time of dissociation of
some one of the four carboxylate arms was measured to be ca. 1.5%,
while the rate of water exchange was estimated to be 4><105 sec_l,
assuming that the scalar coupling constants were similar to thosé
measured for NiIDA.

Ligand labilization trends are discussed relative to these and
other complexes containing coordinated nitrogen and éarboxylate groups
for which water exchange rates appear in the literature. Electron
donor effects, configurational strain and conformational effecté are
considered in this treatment, and it is concluded that the effect of

bond strain is important for the IDA complex in the labilization of

the remaining water molecules.



I. INTRODUCTION

Nuclear magnetic resonance spectroséopy has become a widely appliéd
technique used in measuring the rate of water exchange between the first
hydration sphere of metal ions and the bulk solvent in cases Qhere
rapid exchange occurs. Témperature studies of the broadening of the
bulk water oxygen—17 NMR signal by paramagnetic transition metal ions
have in the past provided much information about water exchange rates

la,b,c - g .. .
> More recently similar temperature studies on

fpr these ions.
partially substituted metal ion compléxes have been reported.2 Much of
the work has been done on 'systems utilizing ligands coordinated at
nitrogen andlqr oxygen positions such as NHB’ en, dien, EDTA,.etc, and
paramaghg%ic transition metal ions such as cobalt and nickel. It has
been generally shown that the rate of replacement of water in the first
sphere of hydration is definitely affected by the presence of the other
coordinated ligands boun& to the metal ion. In general, coordinated
nitrogens abpear~to increase the lability of the remaining water mole-
éules while for coordinated oxygens the case is not as clear.2’3a’b
The purpose of this thesis is to measure the rates of water
exchange from the partially substituted nickel iminodiacetate complex,
NiNH(CHZCOQS2 or NiIDA,.aqd to attempt to déterminevthe reasons for
the labilization of the remaining waters. The NiIDA complex has tHree
. .
remaining water molecules. in the first coordination sphere, two of
which are equivalent. This ligand is believed to be complexed with nickél
in a cis (facial) manner, that is with. the carboxylate groups on axes
O°.l;a,b

90° from each other rather than 18 Nickel has been chosen as



the paramagnetic metal ion in this experiment since the oxygen-17
nuclear magnetic relaxation has been well characterized for the
hexaquo ion, with both the chemical exchange control and relaxation
controljregions reached over the easily attéinable’temperéturé range
of 0°C to 140°C. At lower temperatures (below about 60°C) relaxation
is cqntrolléd'by the rate of cheﬁical exchange of the water molecules,
while in the mid temperature region relaxation is con£rolled by the Aw
mechanism. At higher temperatures scalar coupliﬁg-relaxation also -
contributes appreciably.lc These same relaxation.regions are expected
to‘be found over this temperature range for the partially complexea'
NiIDA.

Previous worksa’b on the nickel nitrilotriacetate complex;
NiN(CHéCOO); or NiNTA, which has fwo'nonéquivalent waters remaining
in the first coordination sphere, one trans and the other:cis to the
coordinated nitrogen, has indicated that these two water molecules

exchange at considerably different rates (k, = ~2><lO4 sec_l,

1
k2 = ~1X106 sec—l). From the results of the oxygen-17 line broadening
temperature study it is not possible to determine which site is the
faster exchanging site. However, the case for the IDA complex,vsimilar_
to the NTA complex but with one less coordinated carboxylate arm, ié
theoretically diffefent. Since the broadening of the NMR signal is a
function of the concentration of both the paramagnetic ion and the

number of identical water coordination positions, and because for the

NiIDA complex there are two water molecules of one type (cis to nitrogen)



and one of another type (trans to nitrogen), the fast exchanging
position (s) may be distinguished from the slow position(s) as long
as the difference in exchange rates is large enough to be detectable.

In order to measure accurately the paramagnetic line broadening

of the oxygen-17 signal, -three corrections must be known. First, the

natural oxygen-17 pure wafer linewidth must be subtracted from the
experimentally observed bulk water linewidth. Although normally’a
trivial process, in this case where for stoichiometric reasons the
NiIDA sample solution was held at-a pH of 8.5, this correction was’
more difficult to make due to the dependancy of the oxygen-17 linewidth
on pH in the pH range of about 4.0 to 9.0 at room temperature and lower.
In the neutral region where the proton exchange ratevfrom a water mole-
cule is considerably slower than in an acidic ér basic solution, the
oxygen-17 linewidth becomes broadened due to the spin-spin splitting:of
the signal by the protons;6 A study wasvundertéken to determine the pH
of the.sample solution as a function of temperature and ﬁMR data weée
collected so as to know the proper linewidth blank correction both
as a function of pH and temperature.

A second correction which is of interest in itself was determined‘
By measuring the p;ramagnetic broadening which occurs in a fully
complexed Ni(IDA)if sample. Theoretically if the IDA were bound
strongly enough to the nickel ion, there would be no paramagnetic
broadening'since the totally complexed nickel would not interact with

the bulk water in a manner which would cause nucléar magnetic relaxation,



unless of course second sphere interactions were strong enough to
contribute to the bulk water oxygen-17 relaxation. Although it was
determined that the correction required due to the presence of
Ni(IDA)g_ in the NiIDA samﬁle was negligible, it still provides a direct
measurement of the complexing strength of the cérboxylate groups in the
IDA moleéule.' Whenever a carboxylate arm comes free from its coordinated
position and allows a water molecule to exchange in and out of this
ﬁosition,'paramagnetic broadening will occur. This effect has been
measured and will be discussed. Additionally, the correction for
broadening due to free nickel ion in the NiIDA sample solution was
easily made using Neely's data for the nickel hexaquo ion.

Measurement of the chemical shift of the bulk water resonance
position of the NiIDA sample solution relative to the resonance
position of a pure H2017 sample has also been undertaken. This
experiment also provides information on the water exchange rates of

the NiIDA complex as well as assisting in the determination of the

relevant scalar coupling constants.



ITI. THEORY

In general, the theory involved in interpreting the experimental
results obtained consists of arriving at equations to handle both the
NMR linewidth and chemical shift data. The well known Bloch equations7
provide a phenomenological description of the macroscopic properties
of nuclei in an external magnetic field HO in termé of a longitudinal
relaxation time T, and a transverse relaxation time T, . When solved

1 2

for the steady state, slow passage condition with no RF saturation,
I

using audio frequency modulation side band detection methods,8 the

Bloch equations yield for the absorption mode first side band signal

strength
2
[3; (B 1 YH, T M,

S = (2/8) (1)

2 + 2
1+ T2 (Aw0 -Iwm)
where B = YHm/wm, Y is the magnetogyric ratio of the observed nucleus,

Hm is the amplitude of the audio modulation in gauss, Jl is the first

Bessel function of the first kind, Hl is one half the amplitude of the

is the equilibrium magnetization, Aw,B = w, -w,

RF field in gauss, M 0 0

0

wO is the Larmor precessional frequency of the observed nucleus in the

field HO, and wm is the frequency of the audio modulation. The second

term in the denominator of this equation may be more meaningful if
rearranged and written in terms of the first side band resonance

frequency, w_ * w giving T22[(w0‘i wm) - w]z. The signal will have

0

1 1 + - = = =+
a maximum height when (wo wm) w 0 or wo YHO wm + w, and

S will be at half height when {T,[(w, * 0 ) - w]}’ = 1 or



1 _ + -
T, (g = W) = W9

of the signal at half height.

= Awl/Z’ where Awl/ is seen to be the half width

2

In general for dilute aqueous solutions of paramagnetic ions, the

oxygen-17 transverse relaxation rate can be divided into two.contribu-

tions,
L1, .
2 ,2H20 2p
where is the natural oxygen-17 linewidth of pure water and
T21,0
T represents Qhe line broadening due to the presence of paramagnetic
9p : .

ions. For dilute solutions, where exchange is occurring between bulk

and bound waters, Tl—-.can be described by the following equétion,

2p
1 + 1 + Aw 2
2 T m
P T 2m m
T Tt 2

2p o ( 1 4——l—> + w2

T

2m m

where Tm is the lifetime of a water molecule in the first coordination

sphere of the metal ion, is the transverse relaxation rate of the

1
: T2m .
coordinated or bound water molecules, Awm is the frequency difference

between the bound water oxygen-17 and the bulk water oxygen-17 signals
in the paramagnetic solution, and Pm is the mole ratio of the bound

waters to the bulk waters, defined by

X 2+ ‘ .
p = M _ n[Ni~ ] L)

H.0 . 55.5 - n[Ni’']




where n is the number of water coordination sites on the paramagnetic
. 2+ . | o
ion and [Ni~ ] is the molality of the paramagnetic ion.
To handle the NiIDA problem, where there are two chemically
nonequivalent bound water environments, the above equétion must be
) . o . . 1la .
written as derived by Swift and Connick for three sites, where
exchange is allowed from bound positions to bulk positions only and not

from one bound position to another bound position. The equation then

becomes
12 + T 1T + Aw 2
P T2v Zml ml 1
1 .M !
T T 2
2p ™. < L +‘—l—> + Aw 2
T T m, -
Zml ml 1 i
- (5)
1 + L + Aw
2T T m
P T 2m m 2
m 2m 2 2
2 2
+
T 1 2
) +—\ + Aw
TZm m m2
L 2 ©2 J

where the subscript "1" signifies the single water coordination position
and the subscript '"2" signifies the remaining two equivalent water

positions on the NiIDA complex, and thus Pm = [NiIDA]/(55.5 - 3[NiIDA])
: - 1 :
‘and Pm = 2[NiIDA}/(55.5 - 3[NiIDA]). This equation cannot be simplified
2 ' :
and still describe the full temperature range over which data were

collected, since a T relaxation region, a Awm relaxation region, and

2m

an exchange controlled region are all present.



The chemical shift measurements made on the NiIDA complex system
may be handled in the following manner. The bulk water chemical shift,

A , which is the difference between the resonance frequency of pure

W
H
2O

water and that of the bulk water in the paramagnetic solution. for
. . , 1la
dilute solutions obeys the equation
-P Aw
m_m

AwH 0= (6)

2 . 2 T1+T1>+sz
m 2m m vm

or for the NiIDA case with two chemically different bound water sites

P Aw ' -P Aw
MM ) \
2 T 2 (—‘T 1 + —“Tl ) + Aw 2 T 2 <_T 1 + —‘—"l ) + Aw 2
A m ™ M I\'2m, m My

1 1 2 ™

where all terms have been previously defined. At high temperature;-

or more specifically when —l‘>> 1 , Aw 21 , then
: T T m m
2m
Aw =-PA =-P A -P Aw : (8)
HZO m m m1 ml m2 m2 -

and the bulk water chemical shift experiment gives a direct measurement
of the value of the relaxation parameter Awm. Bloembergen's equation
gives the chemical shift of the bound waters relative to pure water,

A , and can be set approximately equal to Awm for the dilute

w.
H20—m

solution case where the bound water shift will be considerably greater

than the bulk water shift,



: Y
- - - SoA
Aszo_m = Awm Aszo wS(S + 1) v T o Awm (9)

where w is the precessional frequency of the obéer?ed"nuclei, S is the
electron spin quantum number, YS and YI are the gyfomagnetic ratios of
the unpaired electron and the observed nucleus, A'ié the scalar coupling
constant in ergs, which will be discussed later, k is Boltzmann's
constant, and T is the temperature. Again, for the NiIDA case there
will be two different scalar coupling constants, A1 and A2, represeﬁting
the two different water sites. The value of YS was calculéted from the

relationship
ueff

Yo = g B = ———— (10)
S eff S(S+ 1) :
where geff is the effective spectroscopic splitting factor or g-factor,
8 is the Bohr magneton, and.ueff is the effective magnetic moment for
nickel ion in aqueous sOlution.lO Using uéff equal to 3.22 as the

observed value reported in Tables of Constants and Numerical Data

(U.I.C.P.A.), No. 7, Constantes Selectionnees Diamagnetisme et

Paramagnetisme by G. Foex, Masson, and Cie, Paris (1957), a value of
2.28 was obtained for geff' This is in good agreement with the value-
of 2.25 obtained from ESR work on hydrated nickel sélts.ll

Both the equation for the paramagnetic line broadening, ‘¥—— .

' . 2p
,'contain

HZO

in addition to the above defined Awm.

and the equation for the bulk water chemical shift, Aw
the parameters T and T
m 2m

The exchange lifetime, Tm’ should have the normal temperature

dependence expressed by the Eyring equation,



=10~

S S Y an
m kT *P|RT R

% N
where AH and AS are the enthalpy and entropy of activation for water
exchange.
It has been shown that the oxygen-17 relaxation -caused by the

hydrated paramagneﬁic nickel ion, s, 1s due to the scalar coupling

1
T
lc Zp
mechanism, and the same is expected for the partially complexed

. ' >
nickel case. The scalar coupling interaction has the form AI-S where
A is called the scalar coupling constant and is in effect a measure .
of the amount of unpaired electron overlap at the position of the

nucleus I. The relaxation rate due to this scalar interaction is

described by the‘equation12

: 2 c
1 S(S+ ~
T. (831) (%) Tt > (12)
2m 1 1+w, T
: S ¢
2
where it has been assumed that wI << ws and where
11,1 11,1 (13)
T Tm Tle Tc Tm TZe '
€1 -2
where Tle and T2e are the longitudinal and transverse electronic relaxa-
tion times. In.the case of nickel, since T > T , T. , the scalar
. m . le 2e

coupling correlation time which will be designated T, may be written,
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T2e .
e T Te YT 22 | (14)
S "2e
Again, similar equations for and E;L_’ must be written
2m1 .2m2
utilizing the scalar coupling constants A1 and A2 respectively for

the NiIDA case. In general, since the Tle and T2e contributions to the
correlation time cannot be distinguished in the following experiments,

for computer fitting purposes the equation for the correlation time

can be simplified to the form

AN

) ‘
T, = T, exp | (15)

where V represents the activation energy for the electronic relaxation.
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III. EXPERIMENTAL

A. Saﬁple Preparation

The pH vs. temperature line broadening study of pure water to

determine blank corrections for the NiIDA samples was conducted using

17

10% H,0 "buffered with 0.1 M NH,Cl0, and adjusted to the desired pH

47774

with NaOH.V Multiple samples’weré run with pH's varying from 8.00 to
9.00 over the temperathre range of 0°C to 45°C. Above 45°C at pH 8.2
or highér no additional correction above the normél‘(acidic or basic)

H2017 linewidth is required.

NiIDA sample solutions were prepared from récrystallized

Ni(Cl0 ‘6H20 (GFS) and iminodiacetic acid (Eastman Kodak) recrystal-

4)2

lized successivély from acidic water and ethanol. The recrystallized

Ni(C1l0 was analyzed spectroscopically to be free of other

4)2
paramagnetic impurities. Solutions of about 2 ml. volume were prepared

by weight to be approximately 0.025 M in both the mono and bis complexes
17

of nickel IDA using ~10% enriched H20 . The pH of the sample -~
solutions was adjusted. to 8.5 using high purity NaOH, and all samples
contained "'5><10_4 M NH,Cl0, as a buffer. Concentration calculations

47774

were made using the complexing constants shown in Table I taken from

Sillen and Martell's compilation, Stability Constants of Metal-Ion

13 s , . ‘ . :
Complexes, and sample conditions (pH, concentration of constituents)
were such as to maximize NiIDA concentration while minimizing dependency
on the nickel iminodiacetate complexing constants without suffering

nickel hydréxide solubility problems.
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Table I. Equilibrium Constants for the NiIDA and Ni(IDA)zz_ Complexes13

Reaction log KBOOK AR® As®

(mole._l litre) (kcal) (eu)

Acid Dissociation Constants:

ut + 10A%" = H(IDA)” 9.12 -8.15 15.4

ut + m(Ipa)” = H, (IDA) 2.98

Nickel Complexing Constants:

Ni2t 4+ 10a%” = wi(1DA) 8.26 ~5.05 20.0

Ni(IDA) + IDA’™ = Ni(IDA)ZZ_ 6.35 -4.5 13.1

Nickel Hydroxide Solubility Product:

.24+ - ,
Ni® + 2(0H ) = N1(0H)2 ¥ -15.0 -6.7




~14-

The bis nickel IDA complex solutions were prepared‘inba similar
manner, but with a Ni(IDA)g— éoncentratidn of app;oximately 0.50 M
and negligible NiIDA concentration, and with pH adjusted to about 9.2.
A similar Zn(IDA)g_ sample was prepared as a diamagnetic water blaﬁk
having similar properties.

Between the temperatures of 0°C and 60°C all samples'Wére run in
11 mm.‘O.b. nyex tubes (~2ml. volume) constructed with thermocouéle.
wells immerséd in the solution, and were sealed under vacuum. Above
60°C, machined teflon sample tubes of similar dimensions were used for
reasons explained below. These tubes, which utilizéd fhreaded pressure
caﬁs, were tested to 140°C (3.5 atm.) for leaks and were sealed at
a:mospheric pressure. Difficulty was experienced in holding the pH

of the 0.025 NiIDA samples constant for the duration of an NMR

temperature study. At high temperatures a reaction occurred within the

sample cell manifesting itself by the appearance of a small amount of
white precipitate and a decline in pH. Depending on the temperature

and length of heating, the initial pH of 8.4 declined as much as one

pH unit, causing a considerable amount of neutral region linebroadening.

The precipitate was analyzed to be high in both boron and silicon -

while all sample constituents were analyzed free of these contaminants, -

leading one to suspect the glass. Using‘a teflon_sample_cell’and
0;025 M NiIDA at a pH of 8.44 resulted in considerably less pH change
(-0.24 pH units) and the appearance of no ppt. after heating for six
hours at 105°C, while ;he same treatment resulted in a much 1argér

change (-0.84 pH units) for an .identical sample in a pyrex tube.

»
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{

Care &as taken in sample preparation to use no soft gléssware and all
glass sample cells were sealed in such a manner as to preclude direct
heating of the sample solution. The pH of the sample was checked upon
transfer from pyrex to teflon tube for the high temperature work and
after each run above 100°C to ensure that a negligible pH change had

taken place.

. B. NMR Linewidth Measurements

For all linewidth measurements a Varian Associates model V4200
wide line spectrometer was used in conjunction with a model V4311 fixed
frequency transmitter/receiver operaﬁing at 8.134 MHz. The diode or
leakage detection mode was:employed and care was taken to avoid RF
power saturation;‘with_power settings between 0.04 and 0.23 volts rms
depending on the linewidth.” A Princeton Applied Research model HR-8
lock-in amplifier was used to provide audio modulation and phése
sensitive detection. The modulation amplitude setting was determined
to maximize the peak height of the first sidebands and the audio
frequency was set such that the half width of the resonance signal
was always at least an order of magnitude smaller than the modulétion
frequency. A diagram of the spectrometer as used for the linewidth
measurements is shown in the right half of Fig. 1. Datavwere_collécted
bf scanning continuously through the upfield and downfield first
sidebénds four times, allowing eight linewidth measurements. Since the

separation of the first sidebands is exactly twice the modulation

frequency, the linewidths may be easily calculated.
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C. Chemical Shift Measurements

Chemical shift measurements of the bulk water resonance relative
to tHe pure H2017 resonance were made using the same spectrometer,
but additionally utilizing an external NMR proton lock system which
was used for both locking an& scanning purposes. This system consistéd
of a scannabléb60 MHz radio frequency source, a Varian piggy back probe
containing a doped water sample which was fitted inside the main probe
body, a éassive RF detection system, and an additional phase sensitive
lock-in amplifier for audio modulation and detection in the lock system
as shown in the left half of Fig. 1. During the chemical shift experiment
the magnetic field was scanned by driving the frequency synthesiéer with
a ramp generator, causing the proton RF to change which in turn caused
the superstablizer/scan unit to scan the magnetic field. This system
allowed accurate calibration of the magnetic fieldAStrength by counting
the .proton lock frequency at the beginning and end of each.scén, and
thus the absolute position of the resonance lines could be measured
accurately to determine the chemical shifts. The results of four scans
on both the water blank and the‘NiIDA samples were averaged to give
a single data point. }

The température of the sample in the probe was controlled by
flowing heated or cooled dry nitrogen gas past the sample tube which was
surrounded by a Dewared probe insert. The temperature for each run
was taken as the average reading of two copper-constantan thermocouples

read to 0.1°C, one placed in the nitrogen stream directly below the.

sample tube, the other in the thermocouple well in the top portion of
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the sample tube. Both thermocouples were read immediately before and
after each run, with temperature differences betweén top and bottom
ranging from zero at room temperature to 5°C at 140°C. 1In all rums
utilizingvteflon sample tubes, in order to facilita?e fapid température
equilibration within the probe, the sample tubes wefe preheated in an

L ) o .

external oil heat bath befpre being transferrgd to the probe. This

reduced the total time the sample remained at elevated temperatures -

in order to minimize the possibility of decomposition due to heat.

D. Computer Fitting Programs

The linewidth data were fitted to Eq. (5) using the Oak Ridge
General Least Squares (ORGLS) comp‘ut'er.program.14 Tﬁé standard
deviation (687% confidence interval) in the eight linewidths measured
for each data point was ﬁéed as the weighting factor; A correlaﬁion
matrix consisting of an array of éorrelatidn coeffiéients.Which describe
the linear dependence of eéch parameter on each other parameterv(where
oﬁe repréSeﬂts completércorrélatioh)15 was prihted at the end of the
output secﬁion.

The results of the linewidth and chemical shift measurements were
simultaneously fitted to Eq. (5) and Eq.‘(7) using‘the bye aﬁd Nicely |
General Purpose Curvefitting Program.16 Again standard deviations were
used as weighting factors for both sets of data and a list of mulﬁiple
correlation coefficients thch describe the total linear dependence of
each parameter on all other'parameter's15 was prinfed in the output of
the program. The curvefitting subroptine contained IF statementé

directing the program to fit the proper data set to the proper equation,
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as shown in Appendix II. Fortuitouéiy, tﬁe numerical values of the
linewidths and chemical shifts were 6f the same order of magnitude in
the NiIDA experiment as were the weighting factors for both experimental
data sets. 'Were this not true, one data set wbuld have to be normalized

to the other to provide a reasonably weighted fit.
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IV. RESULTS AND DISCUSSION

A. Introduction: NiNTA Complex

In 1968 Kustin and Vriesenga, in work done in this laboratory,5
obéerved two distinct water exchange rates from_the first coordination
sphere of the nickel nitrilotriacetate complex, NiNTA(HZO)Z*', which
is shown in Fig. 2(a). It is evident from the figure that the two
remaining waﬁer molecules are not structurally equivalent, one being
trans to a tertiary nitrogen, the other being cis to the nitrogen
and in the plane of coordination of the carboxylate groups. Preiiminary
results from this experiment, to be published later, have shown that
the two exchange rates differ by about a factor of seventy at room
temperature.: The linebroadening measurements, as a function of
temperature, pfoduce two easily distinguishable:miniﬁa when plotted -
as sz vs. 103/T, showing two exchange controlled and two Awm relaxation
regions. The chemical shift measurements also show two flat "rapid

exchange' areas as expected when plotted as Aw vs. 103/T.

H20

Unfortunately, while the large difference in rates for the two exchange
'positions appears to confirm the structural non-equivalence of these
sites, the oxygen-17 NMR experiment does not identify the fast or slow
site.

Vriesenga has tréated the linewidth and chemical shift data inb
two mannets.5b The first method was to determine the scalar coupling
constants, Al and AZ’ from the best visual fit of the chemical shift

+

AH_ and ASZ

+
plot, then choosing the activation parameters AHl, ASl, 2
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Fig. 2. (a) Configuration of the nickel nitrilotriacetate (NiINTA")
complex. '
(b) Configuration of the facial isomer of the mono nickel
iminodiacetate (NiIDA) complex. '
(¢) and (d) Configuration of the two possible facial isomers
of the bis nickel iminodiacetate [Ni(IDA)z"] complex.
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to give the best visual fit of the linewidth plot. A constant value
for the contribution due to the scalar coupling relaxation mechanism,

1/T , which becomes appreciable only at high temperatures was assumed.

2m

This procedure yielded the following parametersﬁ

Ap/ho= 3.2x10° Hz A2/5'= 2.9x10" Hz
‘ o
AHl = 11.0 keal = - Aﬂz = 11.3 kcal
¥ : ' £
ASl = 5.6 eu A82 = -0.7 eu
kl co= 1.1><.106 sec—1 k2- o= 1._7><104 sec—.1
298° 298°

The rate constant k o represents the rate of exchange of a water

298
molecule at a particular site.on the coordinated ion. Rigorously,
k298° is defined as l/Tm (the.reciprocal of Eq. 11), where T is -the
mean lifetiﬁe of a water in a bound site.

However, a second’tfeatment of the NiINTA linewidth daté utilizing

a six parameter non-linear least square computer fitting program

yielded a slightly different set of parameters:

7 7

Al/hv=-2.9X10 Hz ' A2/h = 2.6%x10° Hz
. ' + '
AH? = 13.6 kcal AH2 = 13.6 kcal
AS¢F = 15.1 AS# —'6 6
1 .1 eu 2 = O €u
ky = 1.3x10° sec™t . k, = 1.8x10% sec”t
298° 298° ’
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Both tﬁe AH* and AS# values are larger in this treatment than from the

original hand fitting procedure. However, the computer program does

show a strong correlation between the AHi, ASt pairs, suggesting that the

curve can be fit fairly well with a number of different enthalpy/entropy

values. Additionally, the rates calculated from the two different

data treatments do not differ greatiy and the ratio kl/k2 is quite

similar in both cases, 65 for the hand fit and 72 for the computer fit.
Data have also been collected by Vriesenga at‘2 MHz as well as

at 8 MHz in the work described above in the hope of fixing the parameters

more accurately. Proton NMR work where the proton signals of thé NTA

ligand have been studied as a function of temperature suggests that

the faster water exchanging site is cis ;o the nitrogen coordinating

position. This work has served as background and stimulation for the

NiIDA investigation, whose main purpose has been in measuring the water

exchange rates to determine which site exchanges more rapidly and the

reasons for this labilization.

B. NiIDA Linewidth Measurements and Results

A plot of the oxygen-17 water blank relaxation time, Té(H 0)’ used
2

in determining T for the NiIDA system is shown in Fig. 3 plotted

2p
against 103/T. This curve has been drawn to represent the proper

water blank correction for a buffered 0.025 M NiIDA sample. Since the pH
of the sample varies slightly with temperature (from pH 8.3 at 45°C to 8.7

at 0°C) and the linewidth varies with pH, a number of water samples

adjusted to slightly different pH values had to be run within the
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Fig. 3. x 103 veréus the reciprocal of absoiute temperature

,TZ(HZO)

for the oxygen-17 NMR of a water solution buffered with
0.10 M NH4C10, and adjusted to pH ~ 8.4 at 25° with NaOH.
For exact pH adjustment as a function of temperature see
data table in the appendix.



~25~

teﬁpgrature range of 0°C to 45°C. Data for these samples and their pH
values are listed in Appendix I. Above 45°C the curve in Fig. 3
represents the relaxation time of pure basic or acidic water, the rate
of proton exéhange from the water molecule being_fast enough to eliminate
the neutral reg?on linebroadening effect.6 Water blank correction
values for‘the NiIDA data points are aiso listed in Appendix I.

The correction for the free hexaquo nickel ion in the NiIDA
solution was calculated from Neely's datalc for a room temperature

concentration of 2.99><10—4 M N12+ and is listed in Appendix I as

T2(Ni2+)° In addition, a correction for the cis complex, Ni(IDA)ZZ_,
whose concentration is approximately equivalent to that of the NiIDA
species, must be considered. A plot of sz vs. 103/T fof this complex
is shown in the upper portion of Fig. 4. Although detectable line-
broadening has been observed with a sample of 0.5 M-Ni(IDA)g—, the
broadening due to the presence of this species iﬁ the NiIDA sample is
negligible relative to the NiIDA'linebroadening itself. For example,
at room temperature for the 0.0249 M NiIDA sample, the linewidth
contribution due to the 0.0249 M Ni(IDA)gf species will be approximately
0.3 Hz where the togal paramagnetic linewidth is about 40 Hz; thus the
Ni(IDA)Zz- can be seen to contribute less than 1% of the total
linebroadening. At higher and lower temperatures the per cent contribu-

tion is similar. The linebroadening data for Ni(IDA)ZZ_ will be

discussed in a later section for additional meaning.
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A plot of T, ws. 103/T for the NiIDA complex is shown in Fig. 5,

2p

where the curve drawn through the data points represents a six parameter
" computer fit (ORGLS) for these linewidth data. Figure 6 shows the

chemical shift of the bulk water resonance position relative to pure

H2017, AwH 0’ plotted against 103/T for a similar NiIDA'sample where
2

the solid line has been calculated using the parameters from the
linewidth fit. Figure 7 shows thé linewidth curve with the individual
fitting for chemical exchange, Awm relaxation, and scalar coupling
relaxation for both the fast and slow_exchanging sites. These lines
were also calculated from the best fit parameters of the computer

‘program. The intersection of the chemical exchange line, Tm /Pm ,
1 1

and the Aw line, 1/(P T Aw 2), can be seen to be to the left of
m m m,omy
and about a factor of two higher than the intersection of the other

exchange line and Awm line. Thus the fit indicates that there are two

fast exchange sites and one slow site. Note that neither sz nor AwH 0
2

has been multiplied by the concentration factor Pm as this may prove to
be misleading when dealing with a curve fitted by an equation involving

more than one P value (in this case P and P where P = 2P ).
T 'm 1 om, m, my
The data points may of course be multiplied by Pm = P + P = 3P

oy ) 1

for the purpose of comparison with samples of different concentration

m

or with different chemical systems, but the fitting lines representing

chemical exchange in Fig. 7 then become -% T and 3 T instead of
2 1
the simpler T /P and T_ /P_ , and similarly for the chemical shift
m, m m, m
2 2 1 1
curve.
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P
for the oxygen-17 NMR of a 0.0249 M NiIDA sample at
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and the "linewidth only" computer fitting parameters
in Table II. A - 0.0147 M NiIDA at pH 3.1.
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Aszo versus the reciprocal of absolute temperature for .the

oxygen-17 chemical shift of the bulk water in an aqueous
solution of 0.0259 M NiIDA. The curve was calculated using
Eq. (7) and the "linewidth only" computer fitting parameters
in Table II.
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T2p ><103 versus the reciprocal of absolute temperature for

the oxygen-17 NMR of 0.0249 M NiIDA where the curve represents
the "linewidth only" computer fit. The long dashed lines
represent the individual fit lines as labeled for site 1;

the short dashed lines represent the same for site 2.
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A preliminary oxygen-17 NMR study of an acidic (pH 3.09) NiIDA
sample was.ﬁﬁdeffaken by Vriesenga5b and is in general agreement with
the high pH results reported here. In the present study a number of
linewidth points were also recorded for an acidic (pH 3.13) 0.0147 M NiIDA
sample and are shown with'fhe proper concentration nofmalization as
triangles in Fig. 5 and in the data table.in Appendix I. The appropriate
corfecfions have been made for other nickéi gpecies in the solutionm.
The agreemenf ié again reasonable and suggests that there are no la:ge

pH effects on the rate of water exchange from the NiIDA complex.

C. NiIDA Chemical Shift Measurements

The correétion for the shift caused by hexaquo nickel ion in the
NiIDA solution was also calculated from Neely's-data.lC Since no
appreciable chemical exchange was observed from the Ni(IDA)zz— specie;,
no correction to the shift data was required. However, because the
chemical shift measurements were done in cylindrical tubes rathef than
spherical tubes in order to improve the signal to noise ratio, a
magnetic susceptibility correction was necessary. This corregtion was
determined using the normal equaﬁion for the field inside a long

cylindrical tube,17

- 2m
H = Ho(l + 3 K) (16)

where K, the volume susceptibility of the sample, was determined from the

relationships18

K = [Ni]xm v | (17)
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and 2 2

Ng B . ' g
_ eff 2, -
X = T S(s + 1) + 2N§ A (18)

where N is Avogadro's number, and A = %- for nickel'Where A is‘the
crystal field splitting in cm—l. The first term is the spin only term
(quenched orbital angular momentum is assumed) written with geff to take
into accountbthe spin orbit coupling. The second term is a second
order term arising from orbital contributions only. These corrections
are tabulaied in the NiIDA chemical shift data table in the appendix.

An additional correction was made to the chemical shift data in
order to compénsate for the fact that a non-logarithmic plot of

A vs. 103/T as shown'by the solid circles in Fig. 8 does not

W
H20

appear to approach zero asymptotically at low temperature as is
expected from the equation for the shift, but rather approaches some

negative value. At low temperature where for a nickel sample

Ao &> ——  —

Aw = —a (19)

and thus the correctional factor can be determined by adding a constant
to the data points in the non-logarithmic plot until the curve

approaches zero at low temperature or by adding a constant to the
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low temperature points in a semi-log plot and checking them against

a straight line fit. The second method was employed, using the seven
lowest temperature data points, adding a small constant and checking
the straight line fit by programmable calculator until a constant

was found which best allowed the log of the data points to approximate
a straight liné. Although the higher temperature points used in this

2 > 1/Tm2, the

fitting procedure do not meet the condition Awm
resulting constant, when added to the data points can be seen (open
circles in Fig. 8) to give values which closely apprbach zero at low
temperature. The value of this constant as shown in Fig. 8 and the
chemical shift data table was determined to be 44 sec_1 which is
approximately a 7% correction to the high temperature region of the
curve. Although this baseline correction is not based on direct
éxperimentai observation, since there is no reason to expect that Eq. (7)
is not valid for this experimental system, it was assumed that the
normal low temperature chemical shift behavior would occur. Such a
residual shift might be attributable to some unknown systematic error

or to improper éusceptibility corrections due either to irregular

saﬁple cell shape or to the paramagnetism of the glass sample cell
itself. The susceptibility correction calculations made using Eq. (16)
for an infinite cylinder yielded values on the order of 21 sec_l;

This correction is of the same.size as the probable error for each

data point, which is oﬁ the aQerage.abqut 15 sec—l. A quick cheék af
room temperature using a spherical sample cell for the paramagnetic

nickel sample solution showed a chemical shift virtually identical to
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the shift measured using the.cylindrical éample tube where the infinite
cylindef correction had been made. However the probable error in this
set of measurements was larger (25 sec_l) than for those made in
cyiinders‘due to the loss in the signal to noise ratid because of the
diminished sample volume. According to Dickensoﬁ,l7b'for a sample tube
with this length to diameter ratio, approximately 70% of the full
infinite cylinder correction should be used. Because of the large
probéble errors involved, this comparison does not really allow a more
accurate calculation of the susceptibility correction, but serves only
to show that within experimental error compatible chemical shift values
could be measured‘in both spherical and cylindrical tubes. Thus, the
full infinite cylinder correction was used, the difference between this
and Dickenson's suggested 707 value being small_relative to the-probable
error of the measurements. Although the spherical sample comparison
does not rule out the possibility of an improper susceptibility
correction (indeed, the combination of the probable errors from the
cylinder and sphere measurements is not much less than the 44 sec
correction), the baseline correction made'by fitting the low temperature

data appears to be a reasonable manner in which to handle the data.

D. Computer Fitting Results

The curves through the data points of Figs. 5 and 6 represent the
theoretically calculated curves using Egs. (5) and (7) respectively
and the computer fitted parameters listed in Table II, where the

computer fit is to the linewidth data only.
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Table II. Curve Fitting Parameters for 0.0249 M NiIDA Linewidth Data

and for 0.0259 M NiIDA Chemical Shift Data

N * i K,ggo
Linewidth AH As é-(Hz) To(sec—l) 298
Fit Only - (kcal/mole)  (eu) h e (sec™™)
Site 1 11.8 2.7 1.8x107  1.3x107%% s.3x10®
Site 2 11.4 4.6 1.9x107  1.3x107%%  2.4x10°
Linewidth &

Chemical Shift
Site 1 ‘ 13.8 8.8 1.9x10’ 1.5x107 12 4.3x10"
Site 2 12.1 7.2 2.0x107  1.sx107'? 2.9x10°
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The second set of values comes from a similar computer fit, but where
both the linewidth and chemical shift data were fit simultaneously
as shown by the solid lines in Figs.9 and 10. The quantities AHi, AS*
and A/h were fitted parameters in all programs; however, the value of
V in the electronic correlation tiﬁe, Tg» as defined by Eq. (15), was
assumed to be 0.6 kcal for all sites. The fit is quite insensitive
to the value of V, and 0.6 kcal was chosen as this value was suggested
in the case of a similar treatment of Ni2+ by Neely.lC Values between
0.3 and 1.2 kcal change the resulting exchange parameters negligibly.
The value of TZ was varied manually in the computer program about-é
vaiue determined by a hand fit of the high temperature linewidth data
where the séalar coupling relaxation mechanism contributes appreciably,
until the best fit of the data was obtained. No attempt was made to fit
T: and V simultaneously with the other parameters since there are few
data points in the region where scalar coupling reléxation becomes the
dominant mechanism.

It is, in fact, difficult to fit the linewidth data well with a
six parameter (AHj, AH;, ASj,»ASz, Al’ AZ) computer program, as seen in
Fig. 5. The computer shows a best fit for values of TZ and the scalar
coupling constants Al and A2 which visually do not fit the high temperature
region well, while fitfing the remainder of the curve quite well. As
seen in Fig. 6 the solid curve calculated from these linewidth parameters
is in reasonably good quantitative agreement with the chemical shift

data collected; however the fit is not excellent in either the high

or low temperature regions. In order to determine better the scalar
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T2P ><lO3 versus the reciprocal of absolute temperéture for

the oxygen-17 NMR of 0.0249 M NiIDA at pH 8.4 at 25° where
the curve represents the best fit to the linewidth and

- chemical shift data simultaneously. Fitting parameters are

listed in Table 1II.
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oxygen~17 chemical shift of the bulk water in an aqueous
solution of 0.0259 M NiIDA. The curve represents the best
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Fitting parameters are listed in Table II.
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coupling constants a coﬁputer fitting routine was'developed which could
simultaneously fit the linewidth and the chemical shift data. It was .
hoped that this more complete utilization of the experimental data
would provide a more accurate fix on the exchange.parameters as wéll.
The simultaneous fitting procedure can be seen iﬁ Fig. 9 to give a
visually satisfying fit to the linewidth data err the full temperatufe

range studied, including the scalar coupling'region. However, it

4

v - + +
should be noted that although the values for AHl, ASi and AHZ, A82

differ somewhat in the two different fitting procedures, the values

for the rate of water exchange as shown in Table II are reasonably
similar. The correlation matrices and the multiple correlation
coefficients in the output of the computer programs indicated a strong
correlation between the AH% and Ast values for a particular site in both
the 1inewidfh.on1y and the simultaneous fitting procedures, as one
would suspect in fitting an equation of this nature. There is a lesser
degree of cofrelation between the two scalar coupling constants A and

1

A2 as shown ih Table II1 below, where plus or minus OneArepresents'

complete correlation and zero no correlation at all.

E. Discussion of the Electronic Correlation Time, Te

The value of'Te at 120°C, which is in the region of interesﬁ,'
as defined by Eq. (15) can be calculated from the parameters in Table I
to be 2.8><10.-12 sec for the linewidth fitting case and 3.2><lO_lz sec

for the simultaneous fitting routine. Neelylc found the value of Te

for the hexaquo nickel ion to be,8.2><10_12 sec at 120°C while Hynes19
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Table III. Correlation Matrix for the "Linewidth-Only" Fit of the

NiIDA Data.
A A AH* AH AS AS
1 2 1 2 1 2
A1 1.0000 -0.9748 -0.8812 0.8331 -0.8499 0.8288
A2 1.0000 0.9369 -0.7264 0.9136 -0.7188
AH? 1.0000 —Q.6626 0.9979 -0.6511
AHE 1.0000 - =-0.6336 0.9996
ASj 1.0000 -0.6216
ASZ 1.0000




42~

has calculated from proton NMR work a value of approximately 5><10—12 sec

at 40°C for the same ion. Other values in this range have been reported

20,21

elsewhere. Although the value of Té is not well defined by the

present experimental work since such a small portion of the curve is
determined by the séalar coupling relaxation mechanism, the values
reported here for the NiIDA system are reasonablé'when compared to those
reported for-Ni(H20)62+. One would in general expect a shorter Tle

and T2e and tﬁus Te (as related in Eq. 14) for the NiIDA comp}ex where
there is a lower degree of symmetry than the hexaquo ion’22 as is

observed here.

F. Discussion of Fitting Parameters and Curves

As previously nofed, the visual fit of the linewidth data in the
chemical exchange controlled regionAof the curve in Fig. 5 is excellent,
with only three points fufther than one standard deviation from the
calculated line, while these same parameters give substantial agreement
with the chemical shift data in Fig. 6. It should Se noted that although
the high temperature linewidth data in the scalar coupling relaxation
region could possibly have been fit better using a higher value for V
in the expression for the electronic correlation time (Eq..15), this
would have little effect on the fitting of the same temperature region
of the chemicél shift curve where in the limit of rapid exchange qu (8),

which is dependent only on Awm or the fitting parameters A, and A

1 2°

determines the shape of the curve. Obviously a slightly increased value

for Al + A2 would produce a better fit in this region, but at the cost
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of the fit of the linewidth data, as seen below. This would also
raise the calculated chemical shift curve in the low temperature region,
moving it away from the experimental points even further.

The linewidth data fit obtained from the simultaneous fitting
procedure, while giving an excelleﬂt overall fit, greatly improves
the fit in the high temperature scalar coupling relaxation region.
Only seven of the twenty five points are more than one standard
deviation from the calculated sz line over the entire temperature
range studied. In the'high temperature portion of the chemical shift
curve the fit is excellent suggesting a good fix on the two scalar
coupling constants. However, below 50°C there is an obvious, consistent
positive deviation of the calculated line from the experimental points.
This inconsiéténcy does not appear to be due to any instrumental or
experimental error of a constant nature as this was tested by the
addition of a constant value equal to the difference between the
experimental and calculated points at 29°C (103/T = 3.305) to each
experimental point and this new data set was then used in the simultaneous
fitting routine. While this procedure results in a calculated chemical
shift curve much better fitted to this contrived data set than the former
curve to the original data set, the fit of the linewidth data deteriorates
greatly. This is in large part due to the increased value of the scalar
coupling constants produced by the addition of the constant to the high
temperature chemical shift data. This artificially high value for the
scalar coupling constants gives a bad fit of the minima of the linewidth

curve. The result is in a sense gratifying as it is reassuring to see
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that with this six paraﬁeter fitting program the other variables do not
tend to easily hide the fact that a particular variable or pair of
variables has»taken on an unreasonable value. Thus this procedure
actually allows one to gain a‘'measure of confidence in the sensitivity
of the fitting procedure.

In order to remedy the discrepéncy in the chemical shift fit it
appears that a correction which is large at low temperature (on the
order of 70'sec_l) and decreases to little or no correction above
50°C is necessary. ACtuaily it may be necessary to add'to this the base-~
line correcﬁion which has already been made earlier in order to
determine the real size or the discrepancy which must be dealt with.
Thus, at low temperature the calculdted curve would be about 112 sec
from the data points while at high temperature the discrepancy would be
reduced to the baseline correction value of 44 sec_l. A correction
with such a temperature dependence would not ariée from a paramagnetic
impurity, nor is there any reason from the linebroadening data to
suspect that an additional relaxation mechanism might be operative.
There is of course a possibility that some unknown complexed nickel
spécies is present in varying concentration over the affected temperature
range, but this also is reasonably well precluded by both the line-
broadening data and a visible spectroscopy study which showed no evidence
of such an additional species. Although the reason(s) for this discrepancy
cannot be pin-pointed,it should notinany case greatly alter the results
of the computer fit of the linebroadening data or conclusions drawn from

the fitting parameters.
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In general, thevlinebroadening data appear to be more reliable than
the chemical shift data as the blank corrections to the linewidth data
were known more accurately. Also, the standard deviations for the
linewidth points were generally smaller for a series of measurements
than for the chemical shift points. For these reasons, the fitting
parameters erm the linewidth only computer fit will be used in the

section on water exchange rate comparisons.

G. Ni(IDA)E— Results and Discussion
4

As shown in Fig. 4, a solution of approximétely 0.5 M Ni(IDA);n
produces an observable linebroadening compared to a Zn(IDA)éT blank.
The effect is thought to be caused by water exchange at thé carboxylate
coordinating sites. These sampies, unlike the NiIDA samples, were run
at a pH of‘9}2; eliminatihg'the problem of neutral region broadening
of the water blank. Since the effect was small relative to the blank,
with the maximum broadening being only about 15% of the blank linewidth,
and since the total metal complex concentration was fairly high, it
was necessary to use a blank which would be, if possible, a diamagnetic
duplicate of the Ni(IDA)g—, giving a sample with virtually identical
non-magnetic properties such as viscosity which would affect the unbound
water oxygen-17 linewidth. It should be noted that the curve drawn
in the upper section.of Fig. 4 is quite approximate dué tb the size
of the paramagnetic broadening relative to the zinc blank (about 4 Hz
broadening tb a 30 Hz zinc blank at room temperature). However, the

shape of this curve itself precludes the broadening from being a second
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sphere effect, as the rate of chemical exchange from a second sphere .
position for nickel ion is fast enough that an exchange controlled region
such as appears at the low temperature end of this plot could not be
obtained for either a dipolar or scalar relaxation mechanism. Although
the high temperature end of the curve bends over more rapidly than the
curve for fﬁe mono nickel IDAbcomplex, rough calculations show that
neither a scalar or dipolar interaction would cause a broadening of
this order of magnitude, and thus this effect ié'probably attributable
either to the uncertainty in the data, or to a longer electronic
correlation time (closer to tﬁat of nickel hexaquo idn) for this complex.
The minimum seen in Fig. 4 resembles that of Fig. 5, although not
as wide and shifted to a slightly lower temperature. This broadening
effect can be used in a qualitative numerical calculation to determine
the per cent of the time that some one of the carquYlate groups will be
dissociated from its coordinating.pesition, along with the rate of water
replacement at the carboxylate position by either anether water or the
carboxylate group. It wouid be advantageous to measure the chemical
shift for the Ni(IDA)Zz_ system as a function of temperature in the
limit of rapid exchange and, by assuming scalar cotpling constants
similar to those for NiIDA, determine Pm’ thereby allowing.the direct
calculation of the per cent of the time that some one of the'carboxylate
arms is dissociated; however the shift is too small to be measured
accurately with present instrumentation.

Although the structure of the Ni(IDA)zz— complex has not been

resolved satisfactorily, with one group reporting approximately a 60/40
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cis-facial/trans facial ratio4a‘while another reported an 80/20 ratio,4b
it is not unreasonable to assume a mixture having a two to one ratio of
the cis-facial species. As seen in Fig. 2, the'cis;facial complex has
two carboxylaté sites which when dissociated provide water exchange
positions which are cis to the coordinated nitrogen of the other

ligand. These sites approximate the fast exchange positions of the

mono complex‘where the strain on the carboxylate arms causes a
labilization of the cis water positions,'as will be discussed later.

The remaining two sites on the cis-facial complex provide watef sites
trans to the coordinated nitrogen of the éther ligand corresponding

to thevsiow exchange position of the moné éomplex. For the trans—facial
,coﬁplex, all possible sites resemble fast exchanging positions. Thus
with a two to one cdncentration ratio of these isomers, one also obtains
a two ﬁo one fast site to slow site ratio, which is identical to the
fast site to slow site ratio in the NiIDA complex. Assuming, then,

that the ratio of fast to slow exchange lifetimes. are the same for both
.the NiIDA compléx and the Ni(IDA)ZZ_ complex and also that the scalar
coupling constants are identical for both systems, the two linebrbadening
curves (Figs. 4 and 5) can be compared and both a value of the per cent -
time of dissociation and the rate of water replacement can be estimated.
Thus for single exchange sipe systems at the crqss'point of the exchangé
line, Tm/Pm, and the Awm relgxation line, 1/(PﬁTmAwm2), a compariéon of
the paramagnetic linewidths gives the ratio of the Pm's for the twov

systems if it is assumed that the Awm values are the same. Using the
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values of l/T2' at the minima of the two curves and the known value of
Pm for the NiIDA system, the value of Pm for the Ni(IDA)ZZ—.system

was calculated to be l.3><10--4 and the per cent of the time that some one
of the four carboxylate groups is dissociated was calculated to be 1;52.
Assuming the same percentage dissociation will hold at 25°C, and that
the activation energy is about the same as for the NiIDA fast site,

the rate of water replacement from a fast site on the bis complex was
calculated to be 4><105 sec_l. It should be noted that it is not known
whether the water is being replaced by another wéter molecule or by

the acetate arm.

Since the sz minimum in the Ni(iDA)zz_ éurbe is somewhat narrower
than that for the NiIDA, a value for the rate of water replacément and
the per cent time of dissociation was also estimated aésuming that only
one exchange rate exists for the Ni(IDA)ZZ— complex. 1In this case the
site 2 theoretical lines of Fig. 7 were used for comparison and the
per cent of the time that some one of the Carboxylate groups is dissociated
was calculated to be 1.2%. The rate of water replacement was calculated
to be 3><105 sec-l as compared with 4><105 sec—1 from above. These values
are similar to the rate measured for the fést site of the NiIDA éomplex‘
(2.4><105 sec_l) which is not unreasonable. Although the uncertaintyviﬁ
these calculations is large, they serve to give a good idea of the
strength of the carboxylate.éOOrdination in these complexes and insure

that the linewidth correction to the NiIDA data from the Ni(IDA)zz_

complex is negligible.
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V. DISCUSSION

Ligand Labilization Effects

In the past the‘rates of water exchange,frbm partially complexed
nickel ion.héve been measured for a number of different complexes and
in particular for those with coordinated nitrogen sites. A number of
complexes with both coordinated nitrogen and carboxylate oxygen have
also been investigated. Much of this experimental work haé been done
using oxygen-17 NMR and the resulting rates of water exchange and
activation ﬁarameters are listed in Table IV for a'ﬁumber of_these
complexes. Also included for comparative purposes are rates of water
replacement from the first sphere of coordination by ammonia for some
of the same nickel complexes, where the temperature jump technique was

23,24 Often both the exchange rates and activation parameters,

employed.
AH:t and AS#, have been reported and thus the effect of ligand substitutions
may be examined in terms of the effect on these pérameters as well as

the exchange rate in general. It should be remembered in comparing

data for the different chemical systems that the rate constants reported
often have standard deviations of about 10%, with AH* values-reliable'

at best td about #0.5 kcal and AS# values to an eﬁtrqpy unit 6r two.
Differences in sample variables such as ionic st;ength, pH, and type of-
anion present may also result in differing values being reported.

Scalar coupliqg constants are usually reported for.the NMR experiments

and in general are similar for most nickel complexes. As previously

defined, k

298°,is the reciprocal of the lifetime of a water molecule



Table IV.

Water exchange rates and activation parameters.

HZO Exchénge NH3 Replacement
“H.0
: -1 + + 20t

Complex k298°(sec ) A (kecal) AS (eu) A/h(Hz) Ref. k298°(sec ) Ref.
Ni(HZO)§+ 3.2x10" 13.9 10 2.7x10° © 1c 2.8x10% 24

3.0x10" 10.8 3.0x10'  1b

2.7x104 11.6 0. 4.3x107 la

4o4x10" ' 10.3 -s. 2.2x10" 25

3.4x10” 12.1 2. 26

4 ) 7
3.6x10 12.3 3. 2.3x10 27
5 .
Ni(HZO)S(NH3)2+ 2.5x10 10.6 1. 2.5x10° 27
Ni(H.0), (N )2T 6.1x10° 7.8 6. 1.9x10° 27
12904305 s |

Ni(H20)4en2+ 4.4x10° 10.0 10 2.2x0° © 25 1.8x10° 24

Ni(HZO)B(NH3)§+ 2.5x10° 10.2 5. 2.6x0° 27
Ni(H20)3dien2+ 1.2x10° 5.5 2.3x10" 2 8.6X10° 2%
Ni(HZO)zen§+ '5.4x10° 9.1 2.3x10" 2 2.1%10° 24

_ | | .

NL(H0) trien’t  2.9x10° 7 2.1x10" 2 3.6%10 24

...Og_



Table IV. Continued.

HZO Exchange NH3 Replacement
-H,0

| -1 + £ 21 -

Complex k298°(sec ) AH (kecal) AS (eu) A/h(Hz) Ref. k298°(se9 ) Ref.

1\11(}120)21;et2+ ~ | 3.9x10" 3a

. 2+ 6

Nl(HZO)(NH3)5 ‘ . 4.3x10 24
5.3><104 11.8 2.7 1.8X107 bk '
Ni(H20)3IDA 5 : 7 6.4%10 23,24

2.4%10 11.4 - 4.6 1.9%10 :
*

Ni.(H,0) EDDA 1.8x10° 23,24
. 1.7x10% 11.3 -0.7 2.9x10’ - Sx
Ni(HzO)ZNTA_ 6 7 32 1.6x10 23,24

. 1.1%10 11.0 5.6 3.2X10 : ‘
_ 5 : 6%
ot 8.2%10 : 8.0 28 - 7..8%10 23,24
N1(H20)2tren 9 x106 : 8.0 . - ,
Ni (H,0) EDTAZ~ 7.0%10° 8.0 ~7.0 2.6x10° 29 2.6x10° 23,24

+

‘Margerum's experiments gave no evidence of two different exchange rates for any of the
complexes studied. 1In cases where two rates do actually exist, this technique probably
reflects the faster rate primarily.

-1

* ¢
Calculated from the value of k12 in reference 24 using Eq. (20) and Kos = 0.1 M. All other

. -H_O .
values for k298° were calculated by Margerum et al. using the same equation and value for Kos'

_.'[g_



Abreviations:

IDA iminodiacetate NH(CHZCOO_) )

NTA nitrilotriacetate N(CH,C00 ),

EDTA  ethylenediaminetetraacetate (CH,C00 ),N(CH,),N(CH,C00 ),
en ethylenediamine NHZ(CHZ)ZNHZ

dien diethylenetriamine (NHZCHZCHZ)ZNH

trien triethylenetetramine NH CH?(CHZNHCHZ)ZCHzNH2

2
tren B,8',B"-triaminotriethylamine (NH CHZCH2)3N

EDDA ethylenediamine—N,N'—diacetate_(CHZCOO_)NHCHZCHZNH(CHZCOO_)

), NH,

tet 1,4,8,11-tetraazaundecane NHZ(CHZ)ZNH(CH2)3NH(CH2

bipy .2,2'—bipyridyl <:§

=/

ﬁérpy 2,2',2"~terpyridyl /Ef;><<:_ﬁ\
: ’. ’ N X-N Q

=/
,\[6\/
N.. —

_ZS'_
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coordinated to the nickel at 25°C. Where more than one type of site

exists for the water (e.g. NiIDA with two types of sites), each type

of site should have its characteristic value of k298°' Where more

than one type of water coordination site exists but the separate rate

constants could not be resolved from the data (e.g. Ni(HZO)S(NH3)2+),

the results have been treated as if a single type of site were present.
‘ -H

The ammonia substitution rates listed in Table IV as k298? are the

rate constants for the exchange of water in the innér coordination

sphere as defined by the relationship

k’Hzo _ R 6 (20)
298° K no. of H. O
os 2

where k12 is the forward rate constant for the ammonia substitution

reaction and KOS is the outer sphere association constant of the amine
complex.

Experimental results have tended to support the theory that
coordinated aliphatic nitrogens tend to increase the rate of water
exchange from the first sphere of hydrétion. In fact, Hunt2 has shown
in general that for the mono-, di, and tri-amine, en, en,, dien.and trien
complexes of nickel, the log of the exchange rate; k298°’ increases
roughly linearly as the number of waters per nickel ion‘decreases, and
this is shown in Fig. 11. The log of the rate of water replacement by

-HZO
ammonia,

k298°>’ can also be seen in Fig. 11 to increase linearly as the
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Fig. 11. The first order rate constant for water exchange from

a particular site, k298°’ versus the number of coordinated

waters per nickel complex, HZO/Ni, for:

® - nickel complexes with only aliphatic nitrogen coordinating
ligands as labeled. The solid line is drawn through
these points.

_A - nickel complexes containing both aliphatic nitrogen

and carboxylate coordinating ligands.

0 - The first order rate constant for water replacement by
-H,0
k298°~’

complexes as labeled. The dashed line is drawn through

-ammonia for a particular site, for nickel

the points containing only aliphatic nitrogen co-

~ordinating positiomns.
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number of waters per nickel ion decreases for the en, dien, trien and

pentamine complexes. Only the en, and tet complexes are in gross

2
disagreement with both the linear trend and the value expected from
the water exchange rate determined by the NMR method. For the
rates determined by NMR there does not appear to be any well defined
+ * )
trend in AH and AS wvalues as the number of coordinated nitrogens
increases (no activation parameters given for the ammonia substitution
1: N
reactions). Whereas there is a AH increase in going from the en to

2

S t .
values. The same holds true for AS values although they are most

the en, complex, the mono-, di-, and tri-amine complexes give irregular

commonly small and positive. The same rate enhancement factors are not
found for ligands coordinated at unsaturated nitrogen sites such aé
bipy, terpy, bipyz, or NCS_, although again fqr ;hé,firSt three
complexes the logarithm of the éXchange rates increése roughly linearly
as the number of water coordinating positions deéfeaées,'but with a
much smaller slope than for the aliphatic nitrogén complex.

These trends may be satisfactorily explained based on the electrog
donating/withdrawing ability of‘ﬁhe complexing ligand. Aliphatic
nitrogens, which are good.electron donors, increase the electron density
at the metal center, thereby weakening the remaining coordinated water
bonds as is manifested by increased exchange rates.. However for
unsaturated or aromatic nitrogens, the electron donor properties are
to some degree neutralized by m backbonding and thﬁs labilization is
greatly diminished from the value expected from aliphatic nitrogen

coordination. Certainly this is an overly simplified view of the
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problem as ligand geometry and configuration have not been taken ‘into
account. In view of this fact, the degree of correlation between

log k 8° and HZO/Ni is somewhat surprising.

29
The effect of configuration is immediately evident in a direct
comparison of the nickel tren and trien exchange rates and this will be
discussed along with the EDTA, IDA, and NTA complexes later. Margef(im2
has reported.fhe effects éf N-alkyl substitution in diamine ligands on
the rate of water replacement by ammonia. For example, the addit10p

of an ethyl group to one nitrogen of en produced a 2 1/2 fold increase
in the rate of ammonia substitution. Also based on a study of the rate
of water replacement by ammonia, Cobb and Hague have concluded that the
labilizing influence on the remaining water molecules is larger for
‘trans- thanfor cis-nitrogen molecules.3a They have reached this
conclusion by comparing the data for the nickel en,, trien, and tren
complexes which are all thought to have two remaining wafers trans to

30a,b,c,d with that for the nickel tet complex,

coordinated nitrogens
where the two Qaters are opposite each other. Whereas the first three
complexes have drastically labilized waters, water replacement by

ammonia on thé_tet complex occurs barely faster than for the hexaquo
nickel ion. However there appears to be no other evidence at this time

to establish this trend; indeed, with such a drastic cis-trans
labilization effect as claimed, one might have expected to measure two
water exchange rates for complexes such as Ni(HZQ)4 e&}twhere two remaining

waters are cis and two are trans to coordinated nitrogens. Thus,

although the number of coordinated nitrogen sites is indeed extremely
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important, othervfactors may also greatly affect the degree of labilization
produced by the ligand.

Carboxylate coordination labilization trends have not been as well
determined, with cases of both slight rate "enhancement and more often
small decreases being reported.24 It is difficuit to determine directly
the effect of_the carboxylate coordination since the ligands most often
also contain one or two coordinated nitrogens. EDTA (five coordinate)
gives a slighﬁly faster exchange rate for its remaining water than does
its precursor en. Again, this may be more a configurational effect
rather than an enhancement due tb the three carboxylate grohps aﬁd will
be treated as such later. Unfortunately, there are no NMR water exchange
data on eithef the N, N'-EDDA or the N,N-EDDA complexes to compare with
those of the nickel en system. The N,N'-EDDA system in particular
should yield straightforward information on the effects of carboxylate
coordination with minimal configurational considerafions, while a

i

comparison of the two EDDA complexes would yield configurational

. , 24 5 -1 :
information. Margerum = has measured a rate of 1.8x10" sec for water
replacement by ammonia in the nickel en complex and from data given in
this same reference an identical rate of l.8><105 sec_l can be calculated
for the N,N'-EDDA complex, suggesting that the carboxylate groups have
little labilizing effect. It is not surprising that the carboxylate
group does not provide a large labilization of the remaining coordinated

waters, as it is not nearly the electron donor that nitrogen is. 1In fact,

the carboxylate oxygen may not differ drastically from the water oxygen
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in its sta;ic.electronic (point dipole) properties, and thus would not
be expected to have a much different effect from that of water itself
on the remaining coordinated water molecules.

For .the complexes of nickel with IDA, NTA and tren a different
approach is necessary in order to explain the observance of two different
water exchange rates. The results for the EDTA complex will also be
considergd here since this complex is to some degree structurally similar
to these three ligands. 1In both the NiNTA_ and Ni(tren)2+ éomplexes'

;he two remaiping waters are located at structurally nonequivalent
positions énd similarly for NiIDA the cis and trans to nitrogen water
sites are structurally quite different. Since in the NiIDA study it

. has been determined that the slower exchanging site is trans to the
nitrogen group, it is assumed here that the same should hold frué for the
NiNTA™ complex (as postulated by Vriesénga on the basis of proton NMRSb),
and for the Ni(tren) complex the equivalent position will be that site
trans to the tertiary nitrogen. The NiNTA and NiIDA trans site

exchange rates generally fit the expected trend with a labilizing effect
due to nitrogen being partially balanced by a small delabilizing effect
-from each carboxylate coordinating position. Although slightly slower
than would be predicted from the Ni(trien)2+ and Ni(en)22+ results, the
trans site rate for Ni(tren)2+'is cohsiderébly faster than fbr the NTA

or IDA complexes as is expected due to the four nitrogen coordination

sites.
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The water exchange site on the five coordinate EDTA cpmplex may
either be cis to one ﬁitrogen and trans to the other, or cis to both
nitrogens. A structural study of the solid nickel EDTA complex by
Smith andeoard has shown that one of the cis/trahs positions remains
uncoordinated by the EDTA ligand.32 This isomer appears to provide
a water exchange site similar to the fast IDA site in terms of the
effects of bond strain about the coordinéted'hitfogens, while‘the latter
provides a site similar to the fast NTA site. Since.thevEDTA complex
has one more coordinated nitrogen than the NTA complex, should the
cis/trans isomer prevail, an exchange rate enhanced by about a factor
of thtee might be predicted along with an additional enhancement of about
a factor of four and a half due to the IDA type.strain thought to be

present. This procedure yields an exchange rate or about 2><lO5 sec_l

compafed with the reported value of 7X105. For the cis/cis isomer'the
strain enhancement factor would be expected to be considérably greater
as with the NTA complek (enhancement factor of about 70), and thus
including the enhancement of the additionmal coordidatéd nitrogen a rate
of about 3><106 sec_l would be predicted. Although the strain prqduced
in each of these isomers may not be exactly like that of eithér the IDA
or NTA complexes due to the steric interactions of the ethylene link
in the ligand, it seems reasonable that the observed value félls some-
where between the two predicted values.

The fast exchanging sites on the NTA and tren complexes are both
cis to a tertiary nitrogen and the two fast IDA sites are cis to a

secondary nitrogen. Fisher-Hirshfelder models of the complexes show a

large degree of bond strain about the tertiary or secondary nitrogens,
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making it hard to fasten all of the remaining coordinating positions
simultaneously. This strain about the nitrogen would of course operate
to puéh the éomplex into such a configutation as to allow tetrahedral
bondingAto the central nitrogen. This can be achieved if the complex
becomes trigonal bipyramidal in shape, elimiﬁating one cis coordinating
position. A number of similar Ni2+ complexes sdch as nickel tris

(2- methYlaminoethyl)amine, where the aliphatic substitution to the
tren ligand has steriéally increased the strain in the octahedral
configuration, are known to have trigonal bipyramidal structure in the
solid state and are thought to retain this structure in solution.3la’b
For the nickel IDA, NTA, tren, and EDTA complexes a tenaency toward

such a configurational intermediate would explain the unusually high

rates of water exchange from the cis water sites. One would expect

the greater strain in the tren and NTA tertiary nitrogens to produce

a faster water exchange rate than the strain in the secondary nitrogen

of the IDA complex, as is observed, NTA's fast rate being approximately
five times that of IDA. Additionally, the faster exchange rate for the
tren éomplex relative to the NTA is in line with the fourfold increase

in coordinated nitrogens. The Ni(IDA)22_ where exchange is occurring

‘at a dissociated carboxylate group also appears to fit the general pattern
described above, giving a rate somewhat faster than‘for the fast site

of the mono complex, as would be expected due to the addition of both a

nitrogen and a carboxylate coordinating group.
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The above observations lead to a set of conclusions which establish
or reinforce a number of ligand labilization trends. First, coordinated
aliphatic nitrogen labilizes the remaining.watef mélecules present
in the complex, although the degrée of labilization may be affected -
by substitution on the coordinating nitrogen group.. Secondly,
coordinated carboxylate groups have a small delabilizing effect.

Third, the strain produced by certain ligand configﬁrations may cause

a large degree of labilization. In particular, tértiary nitrogen bond
strain can produce a water exchange rate enhancement as great as that
expected from thé coordination of three aliphatic nitrogens. Secondary
nitrogens appear to have a similar but diminished effect. Fourth,
conformation of the ligand causes meaéureable ligand labiiization effects
which'are'yet of an unclear nature. However, based on the currently
available daté, one or more exceptions can be found to any one of these
trends, which illustrate, in general, the complexity of predicting ligand
labilization trends where the effects of ligand electron donor ability

of the particﬁiar ligand involved, configurational strain, and conformation
may all have roles of nearly equal importance in determining the degree
of labilization of the remaining coordinated water'moiecules. Due to

the limited number of systems which have been studied to this.date and
due to the complexity of these systems, no numerical treatment of either
the carboxylate labilization or the nitrogen bond strain effects can be

given.
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APPENDIX I. EXPERIMENTAL DATA

Table Ia. Oxygen-17 bulk water linewidth data as a function of v
temperature (below 40°C) and pH using 0.10 M NH,C10, adjusted

to the desired pH with NaOH.™ 4 4
e 3, 0,-1 3
Temp (°C) 10°/T(°K ) T x 107 (sec)
2H,0
Sample 1: pH 8.42 at 26°C
40.36 3,190 8.73
36.07 ©3.234 7.97
28.85 3.311 6.96
Sample 2: pH 8.53 at 16°C
20.07 3.410 . 5.60
'15.75 3.461 4.92
11.26 3.516 4,20
Sample 3: pH 8.61 at 5°C
8.56 3.550 3.88
4.32 3.604 o 3.17
1.41 3.642 2.81

*The change in pH of the 0.10 M NH4CIO4 solution as a function of
temperature was similar to, but slightly larger than the 0.025 M NiIDA
samples.

Table 1b. The pH of a 0.025 M NiIDA sample as a function of temperature.‘

Temp (°C) pH
31.2 . 8.37
21.4 8.45
17.6 8.49

9.2 8.60

1.4 8.65
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Table IIa. Linewidth data for a 0.0249 M NiIDA sample adJusted to
pH 8.4 at 25°C. Sample also contains 0.0249 M Nl(IDA) - and

2. 99x10_4 M N12+ and was made by adding 32.6 mg N1(C104)2 6H20,
17.8 mg NH(CH COOH), and 1.1 mg NH4C104 to 1.8474 g of 127

H 017 (~24% H 018) Pm(N 2% ) 3.232x10-5; P (NlIDA) —l 346x10 -3

2

Temp.(°C)  10°/TCKD) T,y o¥10°(sec) T, (Ni*")(sec) T, (NiIDAYX10®
2 (sec)
3.93 3.609 3.10 7.18 17.80
6.79  3.572 3.62 4.55 13.05
11.49 3.513 4.27 2.99 9.59
15.18  3.468 4.80 2.16 7.72
19.10 3.422 5.38 1.57 6.18
23.54 ~3.370 6.03 1.08 4.92
28.24 . 3.318 6.81 0.743 4.01
28.39 3.316 6.86 0.733 3.97
28.80 3.312  6.91 0.712 3.98
34.80 3.247 7.91 " 0.446 3.44
©39.05 3.203 8.60 0.325 3.34
45.02 3.143 9.67 ‘ 0.217 3.51
51.40 3.081 10.8 0.154 3.70
58.72 " 3.013 12.3 ~0.112 4.19
66.39 2.945 14.0 0.0938 5.28
70.84 2.907 15.0 0.0913 6.14
78.24 . 2.846 16.7 0.0962 7.64
84.27 2.798 18.4 0.106 9.57
91.02  2.746 20.2 0.119 12.3
96.28 . 2.707 - 21.8 0.130 13.
104.38 ': 2,649 24 .4 _ 0.148 15.6
113.98 . 2.583 . 27.1 0.166 17.5
115.15 2.575 28.0 0.168 18.02
132.24 2.467 . . 34.3 0.191 | 20.5
142.88 2,404 . 38.7 0.199 21.3
*Values for T2H20 taken from Fig. 3. **where Pm(NiIDA) = Pm1+Pm2

&
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Table IIb. Linewidth data for a 0.0147 M NiIDA sample adjusted to
pH 3.1 at 25°C. Sample also contains 3.04x1073 M Ni (IDA)Z~ and
8.57x10~% M Ni2% and was made by adding 9.5 mg Ni(ClO§)2'6H20, and
20.7 gg NH(CHCOO0H) to 1.4220 g of 6% Hy0l7 (12% H,018).
+ - -
P_(Ni"7) = 9.265 10 5; P (NiIDA) = 7.946x10 .

ory 103 mpop-ly 3 24 , 3
Temp. (°C)  10°/T(°K ) Ty, 010 (sec)r* T, (Ni") T, (NSIDA)X10
(sec) (sec)
27.02 3.339 6.81 0.287 6.74
40.21  3.191 8.87 0.105 5.11
, |

59.57 3.005 12.55 3.78%10° 6.34

%
where P (NiIDA) =P + P .
m Tmy m,

k% '
normal acidic water blank data used.
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Table III. Chemical shift data for a 0.0259 MNiIDA sample adjusted to

pH 8.4 at 25°C. Sample also contains 0.0222 M Ni(IDA)5” and

3.63x10—4 M Ni2+ and was made by adding 31.4 mg Ni(C10,)7'6H,0,

16.9_mg NH(CH2COOH), and 1.2 mg NH4C104 to 1.8312 g of 10%
H2017 (~20%_H2018). YH¢ is the magnetic susceptibility correction. All
measured shifts were downfield shifts. Pm(Niz+) = 3.922x1077;

Pm(NiIDA)* = 1.400x1073,
103/7¢x7h '—AwNiz+(sec—l) VH(sec™) -, (sec™V)  -bu 4 (sec)
| H,0 X H,0 H,0 . |
3.446 0.01 25.1 ~42.8 0.7
3.404 0.05 24.8 -0.17 43.3

3.305 - o0.11 24.1 56.8 100
3.258 - 0.22 23.7 113 157
3.236 0.28 : 23.6 . 148 191
3.220 10.39 23.4 178 222
3.207 . 0.45 23.3 28 ' 291
3.183  0.67 23.1 281 325
3.167 0.82 23.0 . 286 329
3.159 0.86 22.9 293 336
3.131 1.33 22.7 352 396
3.095 .00 O 22.4 410 454
3.060 C2.86 22.2 480 - 524
3.010 4.71 21.7 537 | 581
2.962 . 7.26 21.4 590 634
2.894 - 11.9 20.8 s82 .. 626

*where P (NiIDA) = P +P .

m ml m2

%k -1
C = 44 (sec 7).
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Table III. Continued.

103/T(°K_1) —Awgiz+(sec-l) YHK(secfl) —Awﬁzo(sec—%) ' -AwH7O+C**(sec—l)
2.850 . 14.9 20.4 628 672
2.819 o165 20.2 620 664
2.747 - | 19.4 19.6 636 ' 680
2.706 2000 ( 19.2 616 660
2.642 20.6 | 18.8 562 606

2.617 - 20.8 18.5 : 585 _ 629
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Table IVa. Linewidth data for a 0.497 M Ni(IDA)g— sample

adjusted to pH 9.2 at 25°C.

The sample was made by

adding 328.8 mg Ni(C104)2°6H0, 264.0 mg NH(CH2COOH),

18

and 10.7 mg NH,C10, to 1.8080 g of 7% H2017(~1az H,0
Temp;(°C) 103/T(°K—l) -TéH 0*X103(sec) T2 X102(sec)'
. 2 P
10.80 3.522 3.12 6.62
15.60 3.463 3.66 4.98
19.78 3.414 4.13 4.48
24.54 3.359 4.70 3.98
29.39 3.305 5.38 3.43
34.29 3.253 6.06 3.60
38.64 3.207 6.66 3.80
© 40.93 3.184 7.00 4.29
44.26 3.150 7.51 5.10
48.74 - 3.107 8.19 5.18
' 55.02 3,047 9.26 5.81
61.20 2.991 10.3 6.21
65.61 2.952 11.2 6.21
73.42 2.885 12.6 8.02
84.33 2.797 14.8 8.05
94.13 2.723" 16.7 7.95
103.94 2.652 18.9 8.83
*T determined by measuring T, of a 0.515 M Zn(IDA)Z_
2H.,0 _ 2 2

2 .
sample.

).
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Table IVb, Linewidth data for a 0.515 M Zn(IDA)g— sample
~adjusted to pH 9.2 at 25°C. The sample was made by
~ adding 334.3 mg Zn(C10,),*6H20, 263.7 mg NH(CHCOOH),
and 11.3 mg NH4C104 to 1.7740 g of 7% Hp0l7(14% H018),

103/7¢kh

3

Temp. (°C) T2H20X10 = Tz(Zﬁ(IDA)g_)(sec)
1.46 3.641 2.27
3.74 3.611 2.46
7.35 13.565 2.75

10.58 3.524 3.11
14.88 3.472 3.57
18.88 3.424 4.00
23.59 3.370 4.57
28.24 3.318 5.20
34.10 3.255 6.07
39.69 3.196 6.82
47.07 3.123 7.94
53.88 3.058 9.05
60.39 2.998 10.2
68.73 2.925 11.7
76.20 2.862 13.2
84.40 2.797 14.7
93.39 2.728 16.7
101.60 2.668 18.9
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APPENDIX II.

Computer Programs

An example of a computer subroutine for the Dye and Nicely General
Purpose Curve Fitting Program 6 for fitting two equations (linewidth

and chemical shift) simultaneously:
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(rtnxxanewwaS [ MULTANLOUS (CHEm[CAL SHIFT AND ulN;VIDTH SUBROUT [NE R arraruaat taniuen

cocooocCcoceocoeC

SUBROVT INE c N

COMMUN KOUNIT ¢ TTARPE s UTARE ¢ JwT o LARP s A INCRINOPT aNUV AR NOUNK YA sUs [ TMAX ¢
|uIAultgloloAv'R;aluolukccpavlTYP'AAONATYPoUAxloFovaUcFuoPc‘LoTo.
celuovAL s AT e ToLl s tMieudu e Yo UY sV CToNCaT eCONST oL Uu

VIMENSION Xlgsiuu)s Ul2u)s WiAlgejuu)e RX(G)s FOP(IUUYY FULLIUU) »
IFUlluu) e P2UsDL)e VECT(Z2Ue21)y i lluu)e TO(2U) s EIGVALIZ20)
2A3TL1UUY e YOlu)e UY(Lu)s CUNIT(16)s CHuKHTLG) s CMUKLI(G) sy PHZD(G) o
3Tty TLtgys Tatg)e enqljuuye exk7Ciuu) s akHbIuvye eM1UU) seK] L 1UU)
GU Tu (sedensosleTeple [TYR -

CONT INVE

iTaPe = o

JTAPe = 6

LOG = U

wRiTc (UTAPc ec)

FURMAT (lnedsincmivac SHIrT anD LINEwiOTH OaTrt)

NauNK = © ’

NwV AR 2
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Te = leca4t-lc -
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RETuURN
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* = (CURl2,099L119)IMIU] )nrg ) #TEXRTE A AP ({=U(3) AR ] ) *0e0UI2E~])

T 1HUeHUIENU IS )+ LAK( ] ) H6el33E=1) ) AR ) I+ 19 0BVETEIR (U] ) 222 *TER

TEARP((=v{3)*AA( ) #H ] eUULGE=5)+]1 eVUBGRVID) +(RAL])I*3eu]lYE—]1))7

CAAL )RR 4] bt oV) ¥l ] ) ¥Rz ) RAAl ] ) hp Akl (=Ll ) *ARL] ) *Uanul2E=1)
STV HUSEcPUln) ) )/ Ll3enws U7 IR (vl | ) #Ra )R i # T AP LAAL] ) *GeusBL=1)

G+ (D069 6TI*H Ll ) #R2) AT RE AP (L =LI3)RAAL] ) RueDuLZb~5) +uesUlchulyn)+
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