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of Aqueous Nickel Ion
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Abstract

In a@ueousvsolutionS'of nickelous ion the bulk water NMR linewidths

~ of oxygen-17 have been measured from about 0° to 150°C at 2.00 MHz and

8.134 MHz. The chemical shift of bulk water oxygen was similarly measured
17

0 NMMR spectrum of water in the first coordination

at 8.134 MHz. The

sphere of Ni 2 ion has been reexamined under more favorable experimental

~conditions. The results of these studies are consistent with six

; +
equivalent waters composing the first coordination sphere of Ni 2 over

" the temperature range covered. The enﬁhalpy and entropy of activation

for water exchange have been calculated to be 13.9 kcal/mole and 10 eu

17

respectively with a scalar coupling constant (A/n) to the ~'0 of 2.73 x lO+7 Hz.

In agreement with the results of Fiat a small residual chemical shift

1
of 7O of bulk water was observed at low temperature. It is concluded

that the shift must be attributed to second coordination sphere interactions.

17

The experimental frequency dependence of the relaxation of 'O

caused by scalar coupling has been used to calculate a correlation time

2 3

of 9.5 x lO—l sec at 160°C. 1In

the low frequency limit at 2.00 MHz, the electronic relaxation times, .
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T,, end T, , are found to be 4.7 x 1072 sec at 160°C with an
activation energy of 1.2 kecal/mole. | )

Anotheriindependént measure‘éf the'electronié relaxaﬁionvcorrelation
ﬁim¢ has been obtaihéd by'exteﬁding the work of_Mbrgan‘and Nolle on protons
‘ ’té é20 MHz. .The apparenf lack of a dispersion région in the frequency

: dépéndéhce*of the dipolar éoupling to the protons has been shown to be
“due tové cbmpeﬁing>frequency dependence of theveleétronic relaxatioﬁ.
An eieétrénic_correlatién time -of 9.5'x 10'13 is'cbnsistent wiﬁh these

data as»weil.

i,



-1- ' UCRL-19126

Introduction

The first hydration sphere-of nickelous ion in aqueous solution has

17O NMR.l-h The results of these studies have

béen.Studied in the past by
led to some»perpléxing-contradictions which have cast doubt on the

‘ + . ‘ .
previous chemical knowledge of the Ni 2 ion or on the adequacy of the

. general éxchange theory governing NMR linewidths. From proton nuclear

magnetic resonance measurements near -30°C in concentrated agqueous

5

salt solutions, Swift and Weinbérger found a coordination number of

six fof'nickei ion. Fiat3 has interpreted the'oxygen—l7 data at temperatures

- above 0°C as evidence for four "slowly" exchanging waters and two more

rapidly exchanging waters. While the two sets of data are not

‘neceSSarily inAconflict'because‘of the temperature differences, such

an implied inequiValen¢e of the six first'coordination sphere waters
is.unexpected on the basis of other chemical properties.

A recalcﬁlation of the relaxation pfocesses‘for»oxygen-l7 in
solutions of'niékelous’ion which made usé of estimates of the electronic
iélaxation time2’6 of Nif2, has revealed that there is an.appreciable

contribution from the scalar coupling relaxation process in addition

to thé Aw'process.at temperatures above T0O°C. More importantly,’thé

earlier data at 2 MHz1 were found to be inconsistent withvtheory,‘if

' the electronic relaxation time estimates are correct.

Also Morgan and Nolle6 were unable to findlthe frequency dependence

expected from theory of the longitudinal and transverse relaxation times

of protons of water in solutions of nickelous ion. They could find no
frequency dependence whatsbever up to 60 MHz.
The purpose of the present work is to clear up these apparent

contradictions.
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Theory
A discussion of the transverse relaxation of the bulk
waters due to exchange with dilute paramagnetic metal ions has been.
given by Swift and Connick.” They found the contribution to the bulk

.water relaxation time, TQP’ arising from the presence of dilute para-

magnetic metal,ions could be described by the foilowing formula

1 1 >

+ + AW
op o 2 Ty B
Ll _ m_2m ()
T Tm[(Tl +i)2+m.2]. 1
T m
2m m

where Tm is the lifetime of the water molecules in the first coordination
sphere of the paramagnetic metal ion,iﬁl— is the rate of relaxation of
. : S om .

the l70 of the bound waters,péah'is the difference in resonance
frequency of the bound waters and the observed resonance, and Rm
is a mole}ratio_of the waters in the bound sites to those elsewhere.
_ gmrls,glven by:.

X A S

xﬂeo - 55.5 - n(Ni®" ] :

where m is the mole fraction of oxygen nuclei of mater in the indicated
environment n is the coordination number of the paramagnetic ion and
Jbrackets 1nd1cate the concentration of the enclosed spec1es in moles

per lOOO grams of water. No simplification of equation (1) rs adequate
in descrlblng the entlre temperature range covered for Nl 2- |

The bulk water chemical shlft has been shown by Sw1ft and Connlckl

to obey equatlon (3).
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- . - (3)

Aaheo Tm? Tl— + %L 2 + An>2 ' :
2m m o ) .

The notation is identical to equation (1). The chemical shift of the
bound waters relative to pure water, A“h:o -’ is expected to be glven

by the Bloombergen equatlon7

= w (s 1) A (%)
A‘“Hgo-m""- . Y, BT .

where ® is the precess1onal frequency of the nucle1 in questlon,vYS
and YI are the gyromagnetlc ratios of the unpalred electrons and the
nucleus, A is the scalar coupllng constant in ergs and S 1$ the electron
spln quantum number | | |

' The temperature dependence of the exchange llfetlme is expected

to follow the famlllar express1on for the rate of chemical reactlon

T e [ ast \ (5)
n -~ kT “P|RT R .

. | o o »
where AH and AS# are the enthalpy and entropy of activation for water
exchange.

17

The relaxation of =~ 'O caused by the Ni+-2 ion has been.shown to be

- due to scalar couplingl’e which has the following functional form:

1 s(s+1) A2 : |
T =(§-)(ﬁ) Te ©)



UCRL-19126

' .. Pe ;
T =T + ' ‘ 7
e [le L+ 0l 2] | (7)

where Tle and T2e

of the electrons and aé-is'the precessional - frequency of the.electrons.

. +2 ‘
The coupling mechanism between the Ni ion and the water protons can

are the longitudinal and transverse relaiation times

:easily be'shown td be doﬁinated by a dipdle-dipolé interaction. The

~ scalar coupling coﬁstant_in this case is known to be 1.1 x 105 cps.9
Using the electronic relakatién times in Table 'i in equation (6) for

A a 0.1 M solution yields a value.T2 [Ni+2]v= 5.75. Comparison.of this
véluéfﬁith the_daté in Fig. (5) shows the scalaf contribution fo the
tbtélmlinewidth t6 be negligibly sméll. The dipolar coupling expression

for the present conditions 159,19{11

. | -
1 _ 2 2,2 1 - ee |
T Ts 4 S(S+1) =g TT) + 5 2} - (8)

154 l+o, T

where YI‘and_Ys are the gyrbmagneﬁic ratios of the nucleus and the

electrons; d is the distance of separation of the two dipoles, mb is

the precessional frequency of the electrons,-ahd Tle and_T2e are the
transverse and longitudinal relaxation times of the paramagnetic electrons

~ on N12+Q ,‘

Experimentai

‘ , 1
Dilute nickelous perchlorate solutions in 10 percent H2 7O were

prepared in the following manner. A stock solution of Ni(ClOu)2'6H20
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was prepared from reagent'gradeicrystals in natural abundance distilled
water. The solution was ana;yzed to be 1.249 Mle in Ni+2‘with no
detectible amounts of other paramagnetic impurities. Solutions of gé:
1 ml. volume and desired concentration were then prépared by analytic
dilution of the stock solution. Perchloric acid was added in all cases
to a.concéntration of O.lo M. The water was then distilled of f in vacuum

17O distilled into the sample. Weight

énd ﬁ#ter énrighed td 10 percent H2
.differences indicated the amount of natural abundance water removed and
énriched watér'added; The concentration of the final sample could be
‘,easiiy'éalculaﬁed.‘ The sample for the bound water studies was prepared
~in ca. 20 percent'H217O enrichéd water-normalized_in deuterium obtained
. from the Weizmann Instifute. To avoid isotopic dilution reagent.grade
anhydroﬁssilver pérchlorate and anhydrous nickelous chlqride were mixed
in the appropriatevmblar amounts in the 20% enriéhed water. The silver
chloride'preciﬁitate Was:separatéd from the Solufioﬁ by decantation.
The solution was analyzed to be 3.70 M in Nio .

| The buik water 17O resonance signals wefe recorded with a Varian
Associaﬁes Model V-U200 wide-line spectrometer operated at 8.134 and
2.000 MHz. Temperature wés controlled by flowing heated or coOléd dry
nitrogen-ﬁast the saﬁple. The probe was protected from damaging temperatures
by a dewared insert into which the sample was placed. The temperature
was meésured to £ 0.1°C with a copper-constantin thermocouple immediately
outside the sample tube and regulated to = 0.5°C. .

Bound ﬁater measurements were recorded on the same instrument at

a fixed ffequency of 8.13h MHz. Signal averaging was accompiished using
a.VarianiAssociates Model 1024 time averaging computer.i The internal

ramp of the computer was fed directly to the sweep input of the power
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‘6’,v
supply with the super stabilizer removed from the system. Derivatife
mode detection was employed with caré being taken to avoid modulational
‘broadening.» A ﬁeasurement of'absoluté field as a function of magnet
'current‘wasvmadebusingva.spinnihg_coil gauésmeter for the determination

of the chemical shifts.

Results.and Discussion -

Bulk Water Measurements

The bulk water relaxation data are given as a function of the reciprocal
of the absolute temperature at 8.134 MHz invFig. (1) and 2.00 Miz in
Fig. (2). Thé solid curve through the data points in Fig. (1) are a
fheoretiéal calculation using equation (1) and the parameterélgiveﬁ

in Table 1 which were determined from a computer fit to all of the déta

Table I.

Parameters Determined by Fitting Relaxation Data

AH#(kcal/mole) AS#(eu) % CHz): _ -Té°(sec) V(kcal)

N

12 006‘: '

7

8.134 Miz 13.9 10  2.7x100 3.8x10°

' 2.000 MHz : : 2.36 x'lo'12 1.2

o
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_
using a convergent nonlinear least squares curve fitting technique. The
Te° and V in Table I are defined by
(-]

T =7
e e

exp %% - (9)
where Te is the effective electronic relaxation tiﬁe for Ni+2 as
.defined'in equation (7) and V is the activatipn energy for the electronic
_relaxation. |

V was not a parameter in the computer program. The.fit to the
| 8.134 MHz data is insensitive to the value of V from O to 2 keal. The
value:of-0.6'vkcal was chosen for reasons fo be discussed below. Since

$

_Ythe'Q.OOQ MHz data are relatively insensitive to n AH  and AS# over

the temperafure range covered, the 8.134 MHZ parameters were used in the
ealculatien of the thedreticai curve in Fig. (2). Only the Te° and V
had to be chehge‘d in order to fit the 2.00 MHz data. These valﬁes
are given in Tabie I. '

.The velues for AH*, AS*, andv% vary significantly from those

1,2
T ¢ The variations appear to be due to the previous

given previously.

neglect of the Ti— term and to less'accurate, noncomputer fits to the
2m .

data;
“In FigS- 1 and 2 the deviations from the straight lines observed
at'low temperatﬁres may not be ;eel. The vertical error lines coffespend
to one standard deviation, but the water blank is guite laige. for
exaﬁple‘et the lowest point in';ig. 1, the value of Ti— was only 1/10
~of the observed linewidth. Calcuiations show that the geviations could

not be from dipole-dipole, scalar, or quadrupole coupling effects in

the»seeond coordination sphere.
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The chemical shift of the bulk water can provide a check on the
accuracy of the parameters in Table I. Figure 3 gives the experimental
data as a function df’the reciprocal of the absoiﬁte temperature. The
solid line is the result of a calculationvbased on equatien (3) and the
'parameters'in Table i._ The agreeﬁent is seen to.be excellent in the
high tempereture_region which is most sensitive to the paiaﬁeters; The
lower temperature shifts deviate syétematieally from fhe predieted
eontribﬁtibn from the first coordination sphere.  This effect has beeﬁ
observed previouSLy3 and was then attributed to two of the six bound
water molecules which were hypothesized to exchange much faster than the

other four. As will be shown below direct observation of the chemical

shift of the bound water resonance is inconsistent with this interpretation.

.Bound Water Measurements -

A representative spectrum of the bound water resonance is shown
in Fig. (4). The temperature was controlled through the use of a dewared
insert between the sample and the probe. The use of water enriched

17

to 20 percent ﬁz 0 and employment of signal averagihg gave a significaﬁt'
improvement in fesoiutibn over the previous work.

The beﬁnd water data are suﬁmarized in Teble IT for several
temperatures. The ehemieai_shift has.the expected % dependence,'however
the.linewidths appear to be temperatﬁre independeht. The rate of water

exchange in this very concentrated solution (3.ﬂM Ni(Cth)Q) appears

to have been slowed significantly relative to dilute nickel solutions.
. i .
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Table ITI .

o '~«Bound Water Chemical Shift and Linewidth Measurements

'1.5°C 8.0°C ' oh.6°¢C

8y oo (z) 1.23 x 107 1.18 x 10° 1.11 x 10
1/T2 (sec‘l) 1.0 x 107 9.9 x ioh. 1.0 x 10°

' This conclusion seems necessary to explain the lack of a temperature

-depéndence for the linewidth of the bound waters. ,The bound water

linewidth can be shown in the limit of large chemical shift to be

el (20)
2 2m m

A strong temperature dependence is-expected from the-iL-term. In fact
. m -
the observed linewidth corresponds very closely to that expected for

Tl- _aloné and Shows no significant temperature dependence. To éxplain

this'behavior the rate of water exchange must have been slowed by at least
a. factor of four felative to dilute nickel solutions in order that the éL

. _ . m
term be smaller than the experimental precision and no temperature dependence

be detectable.
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Even with the improved experiﬁental conditions ;ﬁ accurate
coordination number from relati&e signal intensities qould not be obtained.
A more accurate method is aﬁailable by combiqing the bulk and bound water
chemical shift_data;'

In the limit of rapid.exchange eéuation (3)‘reduces to
' A‘D_HQO - T Pm A_mm =T % MHQQ-m - - (1)
where X is the molé fraction_of oxygen nuclei of the wateruiﬁvﬁhe first

coordination sphere of the nickel ions and Aah 0 is the difference in
\ . o0-m "~ _
resonance frequency of the oxygen of pure water and the oxygens of waters
coordinated to nickel ion. (This equation is actually exact. for rapid
.exchange regardless of the metal ion concentration.) Substituting for

xm‘from equation (2) and rearranging

(55-5)AwH20 -

)
(i Jﬁmheo-m

n= (12)

The line ~A&® 1is shown in Fig. (3) and is approached above about 127°C.
The bound water ¢hemical shift can be calculated at this temperature
using equation (4) and the value at low temperature. The value when

inserted in equation (12) yields
n=6.0%0.20

which agrees excellently with the measurement of Swift and Weinberger5

from proton NMR at lower temperature. Thus it is concluded that,




UCRL-19126

“11-
contréry fo earlief evidence, the okygen-l? MR data.are consistent with
l‘a six fold coordinatién Of.nickel’ion with-all six watérs equiﬁalent.
The.abbve conclusion requires that the low temperature'chemical
shift discussed previously be attributed to waters outside the first
coordination sphere. A similar»effect ofvnearly‘equal magnitude has

13 3+

been obéérved foi Cr” which, because of the ext:emelyvsldw first
sphere exchénge fate, can be due‘bnly to water outside the firsﬁ
‘coordination sphere. | |

Thé magnitudes and direction of fhé Shifts can'help to identify
the typé‘df Qrbitals of'the métal iéﬁ involved in the interaction with
second éoordination sﬁhere oxygens.lh Donation of electron density
by the oxyéen into a half filled orbital of the metal ion would leave
unpairéd electron density‘on the oxygen. Since the donatedrelectrén
density must be spin,paired with the paramagnetic electrons on the metal;
:the unpaired electron spin léft on the oxygen will bé parallel to those
on the metal ion. The external maghetic field produces a net component
éf this spin aligned with the field producing a downfield or éafamagnetic
shift. .Experimentally Ni+2, which has only completely and half filleq
;g orbitals,.gives a downfield shift for the second sphére waters wﬂich
1is consistent with the above picture. Similar reasoning (using Hund's
Rule) suggests donation by oxygens into an empty orbital should produce
an upfield éhift. The downfield shift for Cr3+ indicates that donation
by the second sphere yaters into the haif filled‘teg orbitals is more
effective than that into the empty Eg orbital in prpducing unpaired electron

density én the oxygens.
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Since the attraction of second coérdinatioﬁ sph;fe waters to the
‘metal ion should be élﬁost entirely electrostatic in natﬁre, the position
of' the sécondispheré waters is most reasonably on.thébcenter of the faces
of the octrahedron formed by the first sphere wateré.' This position allows
the closest approach between the centers of charge. Assuming the bondiﬁg |

"orbitals of the second sphere'waters are symmetric about a line joining

the oxygen and metal nuclei, 5dnding to ‘ohevteg orbitals is symmetry allowed. -

However bdndihg_to.the-centeerf the faces is incompatible with the
symmetr& of thé Eg orbital. The fact'thét significant donation to the
Egvorbitais is observed in'Ni+2 would lead one to the conclusion that
eibher the waters involved are not at the center of the faces or the
assumption.as to axial symmetry of_the 6xygen orbitals is faulty. Certainly
Aboth of these reasons could contribute to the observed result. Thev
position of ﬁhe second sphere waters remains unkncwﬁ s . however the

faces are certainly electrostaticallyvmost stable. But molecular vibrations
fabout these positions are undoubtedly large and frequent, thereby allo%ingv

significant donation to Eg orbitals..

. : +
Electronic Relaxation Rates of Ni'2

Information concerning electronic relaxation rates can be calculated

from the values of Tl— as a function of frequency. Comparison-of
2m
Figs. (1) and (2) show that Tl—.is indeed a function of frequency. However
2m “ .
straightforward calculations show that the effect is not nearly as large

as would be predicted by equation (6). An arbitrary temperature of 160°C
is chosen_for the following calculations since this lies well into the

L region for relaxation at 2 MHz. The L from Fig. (2) at this
T2m T2m . .

temperature inserted in equation (6) yields
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T, = 9.47 x 10712 sec

Egs. (6) & (7)can be used to estimate L

7 at 8.134 Miz, uSing the above, value

. @ssuming T, = T, &t 2.00 Miz. In this calculation, and those which follow,

le 2
the results are dependent upon the g value for the electron fhfough the

- . : +2 s
W term. This value has never been measured for Ni = in aqueous solution.

o | PR . :
ESR work on hydrated salts of Ni 2 indicates an isotropic g value of 2.25
which is relatively-independent of the aniohs_invblved.l5 The.assumption
will be made that this value is the same for solutions.

are assumed to be frequency ihdependent up to 8.134 MHz,

It T and T

le 2e

‘equations (6) and (7) give ~-

predicted ,
Tl— o= 1.24h x lO5 sec-l
2m
8 Miz

Experimentally §l~ has been found to be (1.0 * 0.0B)XlOssec-l- This
2m

difference lies well outside experimental error and can only be accounted
for by a faulty assumption as to the frequency independence of Tle'gnﬁ

Toe®

Regardless of the physical origin of the relaxation, the various theories

for tripiet electrohic relaxation times have identical correlation time

and frequency dependencies,16:17:18
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51 .21
1 e c
=—a 37T+ + ——— (14)
T2e ¢ 1+ mgg T 2 1+ uwse Tc2

+ ' ' ' -
Ni 2 has a triplet ground state and can have only one longitudinal and
one transverse relaxation time. The ¢ondition for the rigorous application

of,these formulas is

T, KT, Ty - o (15)

The assumption that T, =T e at 2.00 MHz can be stated explicitly as

le 2

w?1%«<1 - (16)

'Under'thésevconditions a simple manipulation of equation (13) and (14)

yiélds
' (T’:) : = (T ) | 10 8 ; e 1 (17)
- V1le! 8 MHz T “Tle’ 2 Miz [1+L;a>212 14022 ' 7
o : : o : s ¢ _ 5 ¢
, . : » -1
(T, ) (r,) 20[3+ . ] (18)
\oe’ 8 MHZ 2e’ 2 MHz l+(1)82 'Tc2 1+ uwse Tce

The T_ can now be adjusted so that the 8 Miz T, and T, when used in
egs. (6) & (7) give the experimental TE— . This procedure yields
2m

T, = 9.5 x 10713 sec at 160°C
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_The adequacy of the assumption (16) can now @bé seen to be excellent

The.resulﬁ raises the qgéstion of_ﬁhe vélidity of thexéalculation
in thaf.the cérrglation time for elect;onic fglaxétion isbonly.a_factor
of five or sovgﬁalier than the relaxation time and therefore condition'(l5)
is no longer strictly fulfilled.’ It Seéms r?asonable, however, that the
correlation time and frequency dePendence 6f§£he relaxation time would
' Dbe less sensitiVelto this restriction than Wéuld the calculation of an
absolute relaxation rate. |
Another:independént measure of this correlation time can'bé had by
measuring the frequency dependence of the ra?e of relaxation df water
protons in a'Ni+2 soiution. This has been dohe previously b&xMorgan and
Nélle6 for protons from 21t0'60 MHz. Their data are reproduced in Fig. (5)
"~ along with the résults of the present study ét 60, 100 and 220 MHz.
The applicatioh of the electronic reléx?tion_thebries de#eloped i
after thevwork éf Morgan and Nblle can accouﬁt for ﬁhe lack of the |
expected'dispersion region. The frequency d%pendence of the Tle and T2e

act to cancel the dispersion region of the dipolar coupling up to

60 MHz. Above this frequency the T frequeﬁcy dependence_dominates and

le

causes the linewidth to increase very sharply. The solid line in Fig. (5)
is a plot of the expected dipolar frequency dependence uSing.equatidn.(S)

and including the frequency dependence of T. and T, as predicted by equations

le 2e
+ {13) and (1L4). The correlation time which fits the data best is

'Tc = 1.7h x»lO-le sec aﬁ 30°C.
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Extrapoiating back to 160°C to compare uith:the previous result and
using V =1.20 kcal/mole glves'
T, = 9.5 x 10723 sec at 160°C

This remarkable good agreement is, of course, c01n01denta1 con51der1ng

the probable compounding of experlmental errors along the way. The |

consistency of the two methods is gratlfylng under any circumstances.
All.the.quantities necessafy to calculate'the'8 MHZ:Ei;’ as a

function of temperature are now known.‘ The results of these calculations

involving eas. 6,7,9, 17 and 18 are shown plotted in fig. (1) as the

- solid curvevthus designated. The line is'obviously not lineaf. However

for the purpose of fitting the T data in Fig. (l) an effective slope

ep
in the high temperature reglon of 0. 6 kcal/mole was used as a qulte
adequate approx1mat10n. The correctness of the T2m calculatlon is

verified experimentally by measurement of the bound water resonance
linewidth The values at several tempe}aturesvhave been plotted'as.

trlangles in Fig. (1) and the agreement with the predlcted values is

good.

Acknowiedgement: The authors wish to thank Dr. M. Klein for the proton
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United States Atomic Energy Commission. .
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Fig. 1. PmTEé versus reciprocal of absalute témperature at 8.134 MHz.

1
for the To MR of aqueous solutions. of Ni(ClOu)g. 0-bulk
water data with line resulting from curve fitting. A - bound
1"

water linewidth data with curve labelled "T2m resulting

from calculations as explained in the text.
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Fig. 2. Pngp versus reciprocal of absolute temperature at 2.000 MHz
. 1

for the bulk ~10 MMR of aqueous solutions of Ni(ClOu)g with

the sclid curve the result of curve fitting as discussed in

the text.
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Fig. 3.

for the 170 chemical shift of the bulk water in aqueous solutions
of Ni(ClOu)e. Curved line is the resul’' of a calculation using
equation (3) and the parameters in Table I. o - 0.0314 M
nickelous perchlorate 0.10 M perchloric acid A - 0.392 M nickel-

‘ous perchlorate 0.10 M perchloric acid in a spherical con-

"tailner.
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Fig, k4. H

O NMR spectra of a 3.7 M agueous solution of nickelous
perchlorate and 0.10 M perchloric acid at 25°C.' Spectrum A
" shows the bulk waters on the left l.ll‘><lO5 Hz upfield from
the bound waters on the right. A is the average of 100 scans,

B is an amplification of A.
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o - data from Morgan and Nolle (ref. 6).

A - present work.
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