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ABSTRACT 

The oxygen-17 bulk water relaxation times and chemical shifts 

have been measured at 8 }ffiz on several aqueous solutions of 

3+ 2+ 
Cr(H

2
0)

6 
and on ~ solution of CrF(H

2
0)

5 
. Analysis of the m1R 

data has yielded the average lifetime of water molecules in the 

second coordination sphere. Further, the data have been analyzed 

to yield the relative contributions of each NMR relaxation mechanism 

to the overall relaxation. 

The average lifetime of water molecules in the second coordination 

3+ -10 sphere of Cr(H20)
6 

has been calculated at 298°K to be l.OxlO 

seG The activation parameters are: 
:j: 

llH 
:j: 

2.8 kcal and llS = -0.8 eu. 

2..J.. 
A few measurements were made on a sample of CrF(H

2
o)

5
'. From 

these data it was concluded that the average lifetime for water 

2+ 
molecules in the second coordination sphere of CrF(H2o) 5 is not 

greatly different from the lifetime of ~ater in the second 

3+ coordination sphere of Cr(H20)
6 

. 

These lifetimes are longer than the calculated lifetime for 

self diffusion in water and consequently are thought to reflect 

the electrostatic attraction between the charge on the Cr(III) 

and the dipole of the water molecules. 
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I. INTRODUCTION 

Nuclear magnetic resonance has long been used as a tool for tl1e 

study of, solvent exchange reactions in solution.
1

'
2 

In studies of 

the exchange rate of solvent molecules from the first coordination 

sphere of paramagnetic metal ions, several r~searchers have encountered 

broadening of the NHR resonance at low temperatures where such 

3-5 
behavior is unexpected. This residual broadening has bee::1 

attributed to interactions between the paramagnetism of the metal 

ion and solvent molecules in the second coordination sphere. 

Hore recently there has been an interest in establishing a more 

detailed model for the structure and dynamics of molecules in the 

6,7 
second sphere. 

Ligan~ exchan~e reactions have been ~iscussed in a manner that 

assumed the formation of outer sphere complexes and subsequent 

3,9 
interchange of the ligand between the outer and irtner sphere. 

In a dilute solution it is reasonable to assume that any given 

complex will be surrounded by solvent molecules and ~dditionally 

there may be some outer sphere association with any free ligands 

present including the counter ion. It is iraplicitly assumed that 

the electros~atic interactions into the second sphere coupled with 

the structure of the first sphere are sufficient to impose order 

upon the second sphere other than the solvent strticture . 

It is the intent of the following work to measure the dyriamical 

parameters of solvent exchange from the second coordination sphere 

of hexa-aquochromium (Ill) ion. The reasons tor undertaking this 
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work are: First, to quantify the extent of the interaction between 

a transition metal and its second criordination sphere in aqueous 

solution and second, to obtain the average lifetime of a water 

molecule in the second sphere. 

Hexa-~quochromium (III) ion is a well characterized species in 

aqueous solution. Through isotopic dilution experiments it has 

been shown that there are six water molecules in the first 

coordination sphere and that they are substitution inert on any 

'"'1R . . 1 10-12 Iu tJ.me sea e. In fact the half life of a water molecule in 

h f d . f ( ' 3+ . f 40 t e irst coor inatJ.on sphere o Cr H2o1
6 

is on the order o 

hours at room temperature. 
3+ 

The hydrolytic behavior of the Cr 

13 
monomer has been studied by van Heyenburg, et.al. and the 

equilibrium constants for the hydrolytic dimer and trimer are 

14 
reported by T~ompson. 

Connick and co-workers observed that the linewidth of the 

17
0 NHR resonance signal in aqueous solutions of chromic saits is 

15,16 
significantly greater than the linewidth of pure water. 

Iri light of the known inertness of the first coordination sphere, 

this increase in linewidth can be assumed to be due to interactions 

between the unpaired electrons of the Cr (III) ions and water molecules 

3+ 
in the second coordination sphere of Cr(H20) 6 . 

17 Alei measured.the chemical shift of the 0 NMR resonance of 

17 
both H20 and ClO~ in aqueous solutions of Cr(Cl04)

3
. Alei's 

work is especially significant to this thesis since he measured the 

chemical shift as a function of perchlorate concentration, thereby 
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0 :!.'"' Q :;) 

making it po~sible td calculate the ratio of H
2

0 to ClD
4 

in the 

second sphere. Furthermore, the ~xistence of a chemical shift for 

the bulk waters implies that there is scalar coupling between the 

second sphere waters and the unpaired electrons since the high 

3+ . 4 18 
symmetry of the Cr(H2o)

6 
ground state ( A

2
g) virtually excludes 

pseudocontact shift as the me~hanism of the shift.
19 

As will be .. 

shown belmv, scalar coupling is a particularly tractable relaxation 

mechanism for obtaining the average lifetime. 

Several research groups have studied the 
1

H NHR of chromic 

ion in aqueous solution, the most recent and most cornpl~te study was 

20 
done by Melton and Pollak. The results of their work have led 

to a thorough understanding of the magnetic behavior of the 

r,aramagnetic elec~rons of hexa-·aquochromic ion but yielded no 

information o~ the dyriamics of the second coordination sphere. 

Olson, Kanazawa and Taube studied the 
17o Htffi of aqueous solutions 

21 
of the isoelectronic species V(II) and Cr(III). Their data are 

sufficient to give an upper limit of 3 x 10-lO sec for the lifetime 

of water molecules in the second coordination sphere of the 

hexa-aquo ions. The \vork in this thesis was connenced before 

Olson's results were known. 

From the above arguments it was concluded that an 
17

0 N~R 

investigation of Cr(H20)~+ had a very good chance of yielding 

exchange lifetir.1es for the second coordination sphere as well as t!1e 

other NMR parameters in the relaxation equations. 

Orily one resonance signal is observed fdr the aqueous solution 

of Cr(Cl04)
3 

because the waters in the first coordination sphere 
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are shifted and broadened beyond detection by the methods used 

in this work. Further, the exchange rate between ~he second 

coordination sphere and the bulk is so great that these positions 

are effectively averaged. The difference between the. transverse 

and longitudinal relaxation rates should be very close in magnitude 

to the scalar coupling contribution to the transverse relaxation 

rate. (The proof of this is shown in the Results and Discussion). 

The interruption of the scalar coupling can only be due to t!1e 

relaxation of the paramagnetic electrons or chemical exchange from 

the second coordination sphere. 

Measurements of the relaxation times of various solutions of 

3+ Cr(H
2

o)
6 

as a function of temperature allow calculation of the 

e?thalpy and entropy of activation for the exchange of waters from 

the secbnd coordination sphere of hexa-aquochromic ion. The 

techniques which have been used to study the second coordination 

' 3+ 
sphereof Cr(H

2
o)

6 
can be applied to other paramagnetic metal 

ions u~der favorable conditions, i.e. an inert first coordination 

sphere and electronic relaxation times which ar:e not much shorter 

than the lifetime of solvent rnoleculed in the second s~here. An 

example of such systems would be substituted Cr(III) complexes. 
,; 

.. 
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II, THEORY 

A. Neasurement of Relaxation Times 

In 1946, Bloch proposed a set of phenomenological equations to 

describe the behavior of nuclei wl1en placed in an external magnetic 

field.
22 

The "Bloch Equations" have been modified and solved to 

encompass virtually every condition of interest to ·the :l11R spectra·-

scopist. Of immediate concern is the modification to include 

audio modulation of the external field. Hith the above modification, 

the steady-state solution (slow-passage conditions) to the l3loch 

equations can be obtained. 23 •24 The experimental conditions used 

in this work, i.e. r.f detection 90° out of phase fbllowed by 

audio detection, yield a seri~s of sidebands. The equation 

describing the sigrial can be written: 

where: 

n 

J (8) 
n 

B 

H 
m 

w 
m 

s 

a dummy index \vhich numbers the sideband being observed, 

the n th Bessel function of the first kind, 
yH 

m 
(J) 

m 
the strength of the audio modulation field in gauss, 

the frequency of the audio modulation field, 

y the magnetogyric ratio of the nucleus being observed, 

(l) 

H
1 

one half the strength of the radio frequency field, in gauss, 

l:.w w-eD , where w is the Larmor precession frequency, 
0 0 
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w- the frequency of the rf field, 

N
0 

the equilibrium value of the magnetization, in the absence of H
1

, 

T, t:1e longitudinal relaxation time, 
..L 

T
2 

the transverse relaxation time. 

Under conditions of negligible saturation where 11
1 

is small enough 

that. (yH1 ) 2T 1T 2J~(8) << 1, the equation for the signal of the first 

sideband becomes: 

s ( 2) 

Under the usual experimental conditions of scanning the rf frequency, 

w, or the external field, which corresponds to scanning w , the 
0 

above equation describes a Lorentz line with half ~idth at ~alf 

l 
height (measured in radians per second) equal to 

T, 
1 25 

inhomogeneity in H is small compared to ~--f • 
0 2 

"-

if t!1e 

The signal given by Eq. 1 reaches a maximum ~!1en 6uJ+W =0, and the 
m 

height of the signal is given by: 

It is possible to vary the magnitude of the H
1 

field and meCJsure 

the peak height as a function of yH1. The functiorial form of the 

peai<. height vs rf pmver is 

y Ax 
-----~--

1 + Bx2 

(3) 

r-
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\vhere: 

y peok height, 

x r.f. power, yH
1

,·measured in radians per second, 

A a normalization constant and is of no interest, 
') 

B TlT2J:- 1 (13). 

Details of the curve fitting procedure are discussed in the experimental 

section. The value of T
2 

is measured from the half width at half 

height under non-saturation conditions. From Eq. 1 it is clear 

that the ratio of the peak heights of the first and the second 

sidebands, when there is negligible saturation is: 

J 2 ((3) 
_l-__. 

') 

2J2~(f3) 

The properties of Be~sel functions are well known so J~(8) can be 

determined from the ratio of the peak heights of the first and 

second sidebands. 

Consequently, by measurement of the peak height as a function 

of r.f. power, measurement of the liriewidth, and determination of 

J
1

(B) from the ratio of the first to second sideband, T
1 

can be 

determined with reasonable accuracy. 

26 27 
Pulsed techniques and Fourier transform NMR have made it possible 

to measure relaxation times in a time domain rather than the 

frequency domain as above. Hahn's original spin echo experiment 

allowed measurement of T
2

.26 Carr and Purce1128 and later ~leiboom 

and Gill29 modified the original pulse sequehce to eliminaie many 
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instrumental problems, nevertheless there are still difficulties in 

obtaining an accurate measurement of T
2

.30 In the systems studied 

in t~is work the 
17

Q electric quadrupole provides a reasonably 

efficient relaxation mechanism so the value of l/T
2 

is never smaller 
, 

-J.. 
than 25 sec . It is possible to adjust the magnet homogeneity 

such that the resolution is better than 4 sec-
1

. Therefore, 

measurement of T
2 

from the halfwidth of t!1e absorption signal is as 

accurate as a complicated pulse sequence and it is considerably 

easier. All T 
2 

's reported are the result of the half width of t:1e 

absorptioh signal. 

Pulse measurement of T
1 

is faster and in principle more accurate 

than the continuous wave pO\,;er saturation technique described 

above. The pulsed "progressive saturation" technique developed by 

Freeman and Hill
31 

was never attempted since it is known to be 

a difficult technique to apply in systems with short relaxation times. 

"'h . . h . ' b d 'I' ' 3 2 
~ e 1nvers1on recovery tee. n1que ~as een use to measure 

1 
s. 

In this technique a 180°, T, 90° pulse sequence is used. The 180° 

pulse inverts the magnetization, M, ~o that it points along the -z 

axis. During the time T the longitudinal relaxation time causes -M 

to increase. Then the application of the 90° pulse allows 

measurement of the z component by detection of the free induction 

signal. The _initial height of the free induction signal is 

proportional to the magnitude of !f , the value of the z component 
T 

at the end of t~e time interval T. Measurement of the initial 

height or equivalently, Fourier transformation of the free 
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induction decay and measur~::ment of the area under the resulting 

absorption signal, as a function of T yields T
1

. 

This pulse sequence measures the decav of M with M 
. Z X 

from which the applicable Bloch equation can be written: 

dH 
z 

dT 

H 
y 

Integration of Eq. 4 with the boundary conditio.n H 
z 

-;! at T 
0 

gives: 

I-1 
z 

With the amplitude, A, proportional to M. Eq. 5 can be rewritten 

in the usual notation 

Q.n(A -II. ) = Q.n211. - 2_ 
co T co T 

1 

0, 

0 

Where A is the amplitude of the signal following the 90° pulse at 
T 

time· T, and Aco is the amplitude of the signal for a very long 

value of T so that the magnetization has returned to its equilibrium 

value. The value of T1 is determined from the slope of the line 
II. A 

obtained w-hen .9"n( ;A T) is plotted versus T. 
co 

(4) 

(5) 

(6) 

Longitudinal relaxation times have also been measured by a pulsed 

saturation recovery technique developed by Narkley, et. a1.33 and 

then modified by HcDonald and Leigh. 34 1he technique as described 

by Markley, consists of applying a burst of nonselective pulses to 
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saturate ·the system, then waiting a variable time, T , applying a 

90° pulse and measuring the magnetization. The disadvantag.: with this 

technique is that the saturating pulse must be at high power and 

must have a time duration of several T
1
's. T~is situation can cause 

heating in the sample whi~h is inconvenient when temperature control 

is critical. The method used by McDonald and Leigh consists of 

applying a 90° pulse followed by a pulsed field gradient along 

the z axis to reduce the effective magnetization to zero (homospoil), 

then t-laiting a variable time T followed by another 90° pulse to 

sample the magnetization. Conceptually this technique is equivalent 

to the inversion recovery technique except that the boundary 

condition at T = 0 is M = 0. The equation describing the behavior 
z 

of the magnetization is: 

£n(A -A ) 
oo T 

T - r, 
1 

and T
1 

is determined from the slope of the line obtained when 
A -A . 

oo T . 
£n( ) is plotted vs. T. The pulsed saturation recovery technique 

Aoo 

(6a) 

has the advantage of being relatively insensitive to H
1 

inhomogeneities 

and to deviations of the pulse widths from exactly 90°. 35 

B. Relaxation in the Presence of Chemical Exchange 

The Bloch equations originally applied to a system of nuclei in 

one magnetic environment. The system under study here involves 

two distinct magnetic environments with chemical exchange of the 

nuclei bettveen the ttvo sites. l'lcConnell modified the Bloch equations 
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36 
to include the possibility of chemical exc!1ange. Swift .:1nd 

Connick treated the possibility of chemical exchange, applying 

1 
several limiting conditions. Swift and Weinberger have applied 

37 
slightly different limiting conditions. These treatments arrive 

at a set of equations which describe the shape nf the N~ffi line as 

a function of the ~~R parameters of both sites and the rate of 

exchange between the two sites. 

Leigh has solved the modified Bloch equations in terms of two 

. . 1 1 38 
generalized relaxation rates ~ and -T . This results in ex<1ct 

1 1 2 
solutions to the set of differential equations given by the modified 

Bloch equations. It is then possible to apply whatever liititing 

conditions one might desire to the exact solutions. !!cLaughJ in and 

Leigh have applied limiting conditions to the exact solutions to 

make the equations more tractable, but they have not imposed the 

conditions of one site being in much lQwer concentration t~an the 

39 
other. Therefore their equations are useful for the conditions 

used in this work. 

At this point it is necessary to estimate approximate values 

for the parameters used in the modified Bloch equations. Using 

these approximate values, one can simplify the exact solutions 

to the Bloch equations and verify the validity of the approximate 

solutions when the final NMR data are discussed. The notation used 

follows McLaughlin and Leigh. 

The system under study is a Cr(III) ion with a first 

coordination sphere which is inert on the NMR time scale. The waters 

in the first coordination sphere will have a resonince so broad 
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th~t they will be beyond detection by normal means; so for the 

purposes of this experiment these waters are non-existent. The 

17o . . d d b h 1 f . l . 1 resonance 1s cons1 ere to ~ t e resu to a two s1te c1em1ca 

exchange process. Site A is the bulk water, i.e. water outside 

the second coordination sphere of the Cr(lll) ioni. Site 8 is 

the second coordination sphere waters. For the present it is not 

necessary to define the second coordination sphere rigorously, 

only to stat~ that it will contain n.water molecules, ~hose 17
0 

nuclei interact strongly enough with the unpaired el~ctrons of the 

Cr(III) ion to increase the efficiency of their relaxation and 

to produce a contact shift, 

At this point, approximate values for the relaxation and exchange 

~arameters will be guessed at, the intent being to simplify the 

solutions to the Bloch equations given by McLaughlin and Leigh. 

3+ 
Since the bonding between the Cr and the second sphere waters 

is very weak, the lifetime of the second sphere waters will be 

short. 
-10 21 

Olson's data indicate that Tb ~ 3xlO sec, which 

implies that for an approximately 1 !:! solution of Cr(lii) T ~ )xl0-
9 

a 

sec, where T is the avera~e lifetime of a water molecule in 
a 

Site A or alternatively 1/T is the first order rate constant for 
a 

water exchanging from Site A to Site B. From chemical shift 

experiments made by Alei
17 

llwab :::: 2x10
4 

sec, where llwab is the 

shift of the resonance position of Site B from pure water, measured 

in radians per second. The relaxation times for the bulk water, 

Site A, will be assumed to be the same as for pure acidified water 
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The transverse relaxation time for the bound waters can be 

estimated from preliminary measurements, and it is 1vell knovrn that 

2 -1 ::::: sx10 · sec 

From the above values. for the system being studied, it is easy to 

verify that the conditions are the ones vJhich HcLau~hlin and T~eiglt 

refer to as fast exchange, exchange narrmving. Hathematically the 

conditions are: 

1 >> l_l_ + _J_. I -T- I~ T 
ab J.lA lB 

1 I~-+: _1_1 >> 
Tab 1 2A 1 2B 

>> 

Although others have used these conditions to derive the equations 

which follow, it is convenient to use the formalism of McLaughlin 

and Leigh. Their solutions to the modified Bloch equations are 

given by their Eqs. (9), (10) and (14). 

There vJill be one resonance at a frequency: 

(7) 
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w (8) 

with transverse relaxation time: 

(9) 

and longitudinal relaxation time 

1 -= (lOa) 

Where fA is the fraction of time that a nucleus spends in Site A, 

i.e. 
T 

a 
fA= Ta +Tb• It is easy to verify that under the conditions of 

this work, Eq. 9 ~ay be further simplified since: 

He write: 

(lOb) 

There are five conunon relaxation mechanisms which operate in 

liquids.
41 

The relaxation times; TlA' TlB' T2A and T2B; \vill be given 

by the sum of the contributions from all of the mechanisms, added 

as reciprocals, i.e. 
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-- = 
1 __ 1_ + _1_ + _1_ + 1 + _1_ 

~ DD T S ~ Q T CSA T SR ' 
1 IA lA 1 1A lA lA 

DD = Dipole-dipole coupling, 

s Scalar coupling, 

Q = Quadrupole coupling, 

CSA Relaxation through chemical shift anisotropy, 

SR Relaxation through spin rotation. 

C. Relaxation Mechanisms 

Each relaxation mechanism will now be treated independently. 

An attempt will be made to describe the form of the interaction and 

the resultant relaxation equations will be given. 

The dipole-dipole coupling is the result of through-space 

coupling between the magnetic dipole of the 
17o nucleus and the 

magnetic dipole of the unpaired electrons on the Cr (III) ion. In 

principle there would be coupling to any nuclear dipoles in the 

system, but the ~agnetic dipoles of t~e electrons are so large 

that they overshadow any other interaction. The equations for the 

relaxation times are given: 

2 2• 2 
s(s+I)y

1
y

5
h 

15r
6 

+ -
1 + 

12r
2 

+ 2 2 
l+i.us T 2 

(11) 
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\oJhere the terms used are defined as follm-1s: 

s = electron spin, 3/2 for Cr(III), 

YI magnetogyric ratio of 170 in radians 
~1 

Gauss 
-1 = sec 

' 

Ys = magnetogyric ratio for the unpaired electrons = gG h , 

r = distance of separation of I and S, generally taken to be the 

metal...:oxygen internuclear distance, 

WI resonance frequency of 170 in radians -1 
sec 

l')s ,resonance frequency of the electrons. 

1 _1_ + L + _!_ 
Tl TlS Tr Tb 

T rot~tional correlation time for the Cr-0 entity, 
r 

Tb = exchange lifetime of t~e bound water, 

T
18 

= longitudinal.relaxation time of the electrons, 

T28 = transverse relaxation time of the electrons. 

Since w8>>wi and WIT
1

<<1, the above equations can be simplified. 

S (S+l) 2 2
tt 

2 

16•1 
14T 2 1 1 . YIYs 

+ 
TOO 1Sr

6 2 2 
1 l+wST2 

1 S(S+l)yiy~h 2 I 13T 2 / 
Too 1Sr6 7T1 + 2 2 
·2 l+WST2 

(12) 
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Scalar coupling results from the coupling between the unpaired 

17 
electrons o( ~he Cr(III) ion and the 0 nucleus through the 

' 
electronic interaction between them. This interaction may be due to 

the non-va~ishing probability of finding one of the unpaired electrons 

at the 
17 

0 nucleus or t~1rough the ·polarization of the
17 

0 orbitals 

by "back bonding" into the Cr (III) half filled orbitals. Since the 

interaction is not orientation dependent, it is not interrupted 

by molecular tumbling. The equations describing the relaxation are:42 

where A Scalar coupling constant, measur;ed in ergs. This quantitcy 

can be measured from the chemical shift and \..rill be 

discussed belm..r. 

Quadrupole'coupling arises from the existence of an electric 

quadrupole moment in nuclei with 1>1- . 1-lhen such a nucleus is 

placed in an electric field with symmetry lm..rer than cubic, there 

(13) 
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are energetically preferred orientations of the electric quadrupole 

relative to the electric field gradient. Many nuclei in molecules 

are in an electronic field of low syr.unetry due to the electrons 

in the bonds. The tumbling of the molecule modulates the quadrupole 

interaction, providing a fairly efficient mode of relaxation, the 

. f h' h 43 
equat1ons ·or w 1c. are: 

't-rhere: eQ = Quadrupole coupling constant of the nucleus, 

eq the largest component of the electric field gradient 

tensor, measured in the principle axis system of the 

-molecule, 

n = the asymmetry parameter, lvhich is a measure of the 

1 
T 

c 

deviation of the electric field gradient from axial 

symmetry, 

(14) 

The above equation is derived for the extreme narrowing case, i.e. 

2 2 w
1

Tc<<l. If the extreme narrowing condition is not met, it is 

likely that the relaxation \vill be non-expontial and the assumptions 

. 44 
underlying the Bloch equations will be violated. 

2 
The quadrupole and field gradient parameters, (~) and n, 

can sometimes be measured by nuclear quadrupole resonance experiments. 

Unfortunately, quadrupole resonance experiments have not been done 
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17 
in metal~H 0 systems so we have ·no independent measure of these 

2 

parameters. 

The theory for chemical shifts in fluids has been developed by 

45 Ramsey. Formally, the interaction is given as a bilinear coupling 
I 

-+ -+ 
between the external field, H , and the spin, I, through a chemical 

0 

shift tensor. The physical interaction can be thought of as 

arising from the external field causing the electrons to "circulate" 

which in turn produces a magnetic field at the nucleus. 'l'he magnetic 

field felt by the nucleus will be the vector sum oi the external field 

and the induced field. In principle this interaction will be 

asymmetric since the circulation of the electrons will be different 

-+ 
if H is orientated along a bond axis or perpendicular to a bond 

0 

axis. The trace of the chemical shift tensor produces a shift in 

energy and thus, the chemical shift. The off diagon~l elements 

of the tensor will produce relaxation as the molecule rotates 

-+ 
relative to H 

0 

= 

The resultant equations for the relaxation are: 

T 
c 

2 2 , 
1 +WIT c 

~:here: H = the external magnetic field strength, 
0 

8 the largest component of the c~emical shift tensor in 
z 

a molecular principle axis system, 

(15) 
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lls = the chemical shift asymmetry parameter \vhich measures 

the deviation of the chemical shift tensor from 

cylindrical symmetry. 

It is possible to obtain the values for the components of the 

chemical shift tensor by NHR of oriented systems, specifically in 

crystals. T!'lese experiments have not been done by the system under 

17 
study here; but approximations for the 0 asymmetry ivill be made 

. 13 
by analogy to C experiments. 

Using an analogy to gases, several authors have discussed 

d d . d . . f . . 1 . 4 7-51 an er1ve ~quat1ons or sp1n rotat1on re axat1on. Formally 

..... 
this interaction. is a tensor coupling between the spin, I, and the 

-)-

rotational angular momentum of the molecule, J. Physically, one 

considers the molecule as a rigid rotator. !he asymmetry of 

distributiorr of electric charge under rotation is analogous to an 

electric current in a closed loop, resulting in a magnetic field. 

Also one considers ·that the electrons are not rigidly fixed to the 

molecular framework so they ivill "slip" upon rotation of the molecule. 

This slippage results in the electrons having a srrialler velocity than 

the nuclei. The magnetic field generated by the moving positive 

charges is not quantitatively cancelled by the field of the moving 

-+ -)-
negative charges. The coupling between I and J is modulated by 

. -)-

collisions which can produce a change in the orientation of J 

without changing the molecular angular momentum (Gordon ~as called 

this ~1-di£fusion) 50 
or the collisions might randomize the orientation 

-+ 
of J and change the magnitude of J (Gordon's J-diffusion). 
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Unfortunately· the general physical model, in which the molecule has 

three components to the moment of inertia and in Hhich collisions 

-+ 
co~pletely randomize J, results in a set of equations w~ich arc 

difficult to solve. The equations for spin rotation relaxation !1ave 

been derived in several limiting cases. The most commonly used 

f f h 
. . 51 orm o t e equat1on 1s: 

a function bf the components of t~e spin rotation 

coupling tensor, 

TJ the angular momentum correlation frunction, 

I t:1e moment of inertia of the molecule. 
r 

This equation has been Jerived for the extreme narrm.;ring case, 

for a symmetric top molecule ~.;rhere t!-lere are only tHo independent 

(16) 

components of t~e spin rotation coupling tensor. The extreme narrowing 

2 ? 
condition, w T- <<1, is almost certainly met in all conditions where 

I J 

the model is applicable. The symmetric top condition probably 

introduces only a small error in most conditions of interest. 

McClung has shovm that for liquids, not too close to th~ir boiling 

point, 

T T 
r J 

I 
r 

6kTT ·r 
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. 48 
and TJ becomes longer as the temperature increases. (Note: 

is not the same as the condition which obtains when 
') ... 

,,,~TL >> 1 ) 
WI J ~· 

Finally there is a relaxation mechanism knm·m as the "t:.w 

this 

mechanism" Hhich operates in chemically exchanging systems. This 

is only a method of T
2 

relaxation. It ariSes because t~e nucleus 

being observed exchanges between ~ifferent environments havin& 

different precessional frequencies so that an exchange produces a 

dephasing of the mo1.1ent of the exchanged nucleus relative to the 

other nuclei in the original environment. 'Piis mechanism is formally 

derived in the modified solutions to the Bloch equations for 

1 
chemical exchange. For the rapid exchange expected in this 

work and the relativ~ly small shift of the 
17o resonance in the 

d 1 • h 1 b 11 1·1 
1 7o ' . s_econ sp.1ere w1. t. · respect to t 1e u ~ . .., resonance, t1ns 

L 

mechanism does not contribute appreciably. This can be seen from 

Eq. 9 where the third term, fAfBT~Bt:.w!B is the "6ul contribution" to 

l/T
2 

and the approximation used to derive Eq. lOb is the necessary 

approximation to exclude "6w mechanism". 

D. Chemical Shift 

The theory of chemical shifts has been treated in many different 

ways, depending upon the application, For the purpose of this work 

we will use the equation for chemical s!1ifts in paramagnetic systems 

52 
developed by Bloembergen. This is a semi-empirical equation 

relating the chemical shift to the scalar coupling constant, A, 

which is used in the scalar relaxation equation (Eq. 13). 

Bloembereen gives: 

' - i 



0 () ' :·2 .. U·CJ 4 ~" 0 2 9 5 

-23-

(17) 

Hhere: A the scalar coupling constant, 

n = the number of coordination sites on the metal ion, 

[M] the concentration of the metal ion, 

the concentration of labile water molecules .. i.e. 

all water outside of the first coordination sphere, 

6w the chemical shift, the difference in resonance frequenc~ 

between pure 

w = the resonance 

H
2

0 and the solution 

17 frequency of H
2 

· 0. 

of Cr(III), 

The quantity l.!.w x 10
6 is the chemical shift of the bulk vJater resonance 

w 

in a solution of a paramagnetic ion relative to pure H
2
o, measured 

in parts per million. Equation 17 describes the Fe·rmi contact 

interaction. It is assumed that there is no pseudo-contact or oti~cr 

interaction causing the ~hemical shift. 

Alei has measured the 
17o chemical shift of the bulk waters 

( )
3+ . 17 

in solutions of Cr H
2
o 

6 
and c10

4 
at various concentrat1ons. He 

considers the possibility of the anion, ClO-, occupying some of the 
4 

sites in the second sphere, thus excluding H
2
o and thereby reducing 

the effective coordination number of the second sphere. Equation 17 

may be modified to include this possibility as follows: 

6w 
w 

(18) 
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Where: mer = the number of millimoles of Cr (III) in the sample, 

~20 
= the number of millimoles of labile H

2
o in the sample, 

y the number of sites in the second sphere ' . I ~oJ,U.C.l are 

occupied by water molecules. 

Alei gives data on the chemical shift as a function of Clo4 

concentration; from this it is possible to extrapolate to zero 

perchlorate ~oncentration, thus obtaining the sc~l~r coupling 

constant with no complications due to ClO~ in the second sp~ere. 

We define a quantity ~W0 , the chemical shift at zero perchlorate 

concentration. The chemical shift \vill obey Eq. 17 at zero 

perchlorate since there will be no perchlorate in the second sphere 

to exclude water from any of the n sites available. Then taking 

~1e ratio of the cheQical shift at some finite perchltirate 

concentration to the extrapolated value at zero perchlorate 

concentration, one obtains: 

y_ (19) 
n 

Thus from the measured chemical shift, ~(J), the extrapolated shift 

at zero perchlorate concentration, and assuming a coordination 

number for the second sphere, n; a value of y, the number of sites 

in the second spl1ere occupied by water is obt:::~ined. The quantity 

y is needed to calculate fB used in the relaxation equations (Eq. 10). 

From the principle of microscopic reversability, 
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a 

and from the definition of f
8

, 

it is easy to show that 

T + T ' 
a b 

number of millimoles of Site B 
number of millimoles of Site A+ number of millimoles of Site n· 

(20) 

Where the number of millirnoles of Site D = y mer· 

The quantity fB is the mole fraction of water molecules in the 

second coordination sphere and consequently it is a function of n, 

the coordination number of the second sphere. There are no available 

measurements of the coordination number of the second sphere, so 

at this point f
8 

will be defined in terms of the undetermined 

quantity, n. 
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III. EXPERH1Z~TAL 

A~ Sample Preparation 

High purity Cr(Cl0
4

)
3

·xH 20 was prepared by reducing reagent grade 

Cr0 3 (!1allinckrodt) using 30% n2o2 in a 5 N sol-:Jtion of HC104 . The 

resulting solution was put on a Dm-1ex 50H-X8 ion exchange column. 

The Cr(H20)~+ was forced off the column with 1 N Ba(Cl0
4

)
2

. This 

d ' ( 0) 3+ r: h d. 1 . 1 proce ure separates t~e Cr H
2 6 

Lrom any .y ro yt~c po ymers, 

which adhere to the column more strongly. The 'resulting solutio:1 

of Cr(Cl0
4

)
3 

was the~ put on a vacuum line at room temperature 

to remove H
2
o. After there was considerable crystallization, 

the crystals were filtered and stored in a dessicator over P2o
5

. 

3+ The Cr(H
2
o)

6 
samples were prepared by weighing the crystals 

of Cr(Cl0
4

)
3

·xH
2
o into a special flask, followed by weighed 

dd . . f H 17o . I d 6 12 . 17o A a 1t1on o 
2 

, enr1c1e to to atom percent 1n . t 

the same time a sample of the Cr'(Cl04) 3 crystals was \veighed 

for analysis of the percent Cr. 

" 
The perce~t Cr was determined by oxidation t6 Crot- in alkaline 

H
2
o

2 
and spectrophotometric determination of CtD~- ~sing a Car; 

model 14 spectrophotometer. This procedure is necessary due to the 

uncertainty in the amount of water in the crystals. 

3+ The Al(H
2
o)

6 
sample was prepared from reagent Al(Cl0

4
)

3
·xH2o 

(Alfa). The Al(Cl0
4

)
3 

solid is very hygroscopic so the sample was 

prepared by weighing the solid into a tared flask in a glove bag, 

the flask was then stoppered, removed from the glove bag and weighed, 

then the enriched water was added and weighed, and finally, standardized 

HC104 was weighed into the flask. 
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9 7 

2+ 
The CrF(H

2
o)

5 
sample was prepared using a modification of a 

technique described by Swaddle ~nd King.
53 

A solution of high 

purity Cr(H2o)~ was prepared as described above. To this solution 

was added reagent grade KF (Mallinckrodt) followed by refluxing 

for 6 hours. The resulting solution was filtered to remove KCl0 4 

and then put on a Dowex 50W-X8 Ion exchange column. It was found 

that there we~e three prominent bands on the column which proved 

to be: 

were easily separated by forcing them off the column using 1 M 

Ba(Clo
4

)
2

. The CrF(H2o)~+ band was ~ollected and found to be 

0.5 ~in CrF(H2o)~+. Various attempts were made to crystallize 

the CrF(H
2
o)

5
(Cl0

4
)

2 
salt, all of which were unsuccessful. A 

concentrated stock solution (2.9 M in Cr) was prepared by putting 
'. 

t~e dilute solution of CrF 2+ on an ion exchange column and forcing 

it off with a saturated solution of Ba(Cl04 ) 2 . This resulted in 

a solution which was 1.2 M in CrF
2
+. This solution was then evacuated 

and pumped on for several hours at about minus 5° C resulting in 

a final solution which was 2.9 ~ in CrF
2
+. The final solution was 

diluted with an equal volume of n/7
o, ca. 10% in 

17
o. 

The compositions of the samples \vhich were used for the ~'l!R 

experiments were: 
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Sample 1 Sample 2 Sample 

millimoles 
3+ Cr(H

2
o)

6 1.04 1.77 1. 92 

millimoles + 
H 3.06 5.01 3.26 

millimoles Cl04 6.19 10.33 9.02 

millimoles labile H
2
o 68.88 99.55 85.39 

Sample Al 
3+ 

Sample CrF 
2+ 

Al(H 0) 3+ 
?+ 

1.08 millimoles 
2 6 2.07 millimoles CrF(H2o); 

3.16 millimoles H+ 0.27 millimoles H+ 

-6.28 millimoles Cl0
4 4.40 millimoles Cl0

4 

70.06 millimoles labile H
2
o 59.46 millimoles labile H

2
0 

The term "labile H
2
0" as used above includes all water in the 

system except that in the first coordination sphere of the metal 

ions. 

The samples described above were put in NHR sample tubes, 

frozen, evacuated and sealed, The sample tubes for T1 and T2 

measurement were 11 mm o.d. cylindrical tubes (~2 ml volume) 

constructed with a thermocouple well immersed in the solution for 

temperature measurement in the N}ffi experiments. The sample tubes 

3 

for chemical shift measurement were spheres, 11 mm o. d. with a 4 mm 

neck for filling. They were filled to the neck and sealed. Care 

was taken to minimize the amount of solution in the neck. The 

spherical sample shape eliminates making shift corrections for 

the bulk stisceptibility of the solutions which is a large correction 

for concentrated solutions of paramagnetic compounds. 
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B. Continuous Have Saturation Measurements of T
1 

All saturation measurements were made using an NMR spectrometer 

comprised of a Varian V-4021A Electromagnet operated at 14 kGauss, 

using a Varian flux stabilizer-~lo~ scan unit for field sweep. 

A Varian V-4311 fixed frequency rf unit and V-4331A probe operated 

at 8.134 MHz provided the rf detection. Audio modulation and 

phase detection were carried out with by a Princeton Applied Rese;Jrch 

. . . 
. model HR-8 lock in amplifier. The right hand portion of Fig. 1. shO\vS 

~ . ·, 

.... -a. block diagram of the 8 MHz spectrometer as used in these experiments. 

Temperature regulation was accomplished by using a dewared 

insert in the probe, through which heated or cooled nitrogen gas was 

forced. The temperature was measured above and below the sample, 

before and after each saturation experiment and the four readings 

avera~ed. The deviation between the top and the bottom of the 

sample ranged from 0° at ambient temperature to 5° at about 100°C. 

The temperature stability (between the outset and c6mpletion of a 

power saturation series) was better than 2° at 100°C over 

approximately 3 hours. 

The saturation measurement of T1 requires accurate knowledge of 

the rf field strength, yH
1

. The rms output voltage from V4311 rf 

transmitter was measured with a Hewlett:-Packatd Model 411AR rf 

millivoltmeter. The millivoltmeter was standardized by repeatedly 

.power saturating a sample of acidified H
2

17o where it is well 

T 54, 55 known that T1 = 
2

• From these power saturations a 

proportionality constant between volts rms and yH
1 

in radians 
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-1 . 
sec was established. 

As shown in the theory section, the power saturation experiment 

is accomplished by I?easuring the peak height of the resonance 

signal as a function of rf pm·1er. The peak height was measured by 

repetitively scanning through both the upfield ahd downfield first 

sideband absorption signals a minimum of 4 times. This gives 

at least 8 measurements of the peak height and the baseline can be 

accurately measured between the two peaks (see Fig. 2). During 

each power saturation experiment, the peak height of the second 

sideband was measured by repetitively scanning through the second· 

sideband at least 8 times. From Eq. 3, it can be seen that twice 

·the ratio of the first sideband to the second sideband yields 

the ratio of the squares of the Bessel functions, J
1
(8)/J

2
(B). 

From an accurate plot of J
1

(B) versus J
1

(B)/J
2

(B), the value of 

J
1

(B) was determined. A non-linear curve fitting computer program-

was used to fit the peak height vs rf voltage. Knowi~g the 

proportionality constant between rf voltage and H
1

, J
1

(6), and 12 ; 

T
1 

\vas determined. Figure 3 shows the results of such ,a computer 

fit, where the points are the measured peak heights and the solid 

line descibes the best fit to the data. The details of the curve 

fitting program are described below. 

c. Measurement of T 
2 

It was shown earlier that T2 can be measured from the half 

width at half height of the absorption signal. The NMR instrument 

was set up in exactly the same configuration as described above 
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(Saturation measurement of T 
1
). In fact, the line\vidth \ViiS nH:>asured 

at the same time each power satur~tion was accomplished, since T2 

is a parameter in the T
1 

curve fitting. At some power setting, 

below saturation, the halfwidth of the sidebands \vas measured. 

The separation bet\veen the sidebands is exactly twice the modulation 

frequency which was counted on an electronic counter; from this 

the linewidth in Hz was easily calculated. Figure 2 shows the 

results of collecting a continuous scan through both first sidebands 

in a Fabritek Xodel 1074 computer of average transients, then 

transferring the data to a CDC 7000 series computer and performing 

a non-linear curve fit on the data. The points are the raw data, 

the solid curve is the best fit to the data and the lower curve 

is a plot of the difference between the measured points and the 

calculated value for the points, plotted on a greatly expanded 

scale. Figure 2 shows a trace of dispersion in the center of the 

spectrum, probably due to a slight mismatch in the audio phase 

detector. In spite of this slight error, it can be seen that the 

data conform very closely to the Lorentzian function used in 

the curve fitting routine. Normally the data were not taken 

in digital form but rather taken in analog form on a strip chart 

recorder and the linewidth was measured with a ruler. 

D. Measurement of Chemical Shifts 

All chemical shift measurements were made relative to the 

resonance of an acidified sample of pure water. The shift was 

measured using the same spectrometer as was used for the saturation 

- ! 
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measurements of T
1 

and the linewidth measurements, with the 

addition of an external proton lock system, used for both locking 

and scanning the external field. The left half of Fig. 1 sh01.;s a 

block diagram of the locking system which consists of a General 

Radio model 1164 frequency synthesizer as a scannable rf source, 

a passive if phase detection system and a PAR model HR-8 lock in 

amplifier providing audio modulation and phase detection; all coupled 

to a Varian "piggy back" probe. 

The synthesizer was operated at 60 MHz. which frequency was 

continuously scanned by driving the synthesizer with a ramp. voltage. 

The result of changing the pr6ton rf frequency was to cause the 

superstabilizer to scan the external field. Calibration of the 

magnetic field was accomplished by counting the proton rf frequency, 

with an electronic counter, at the beginning and end of each scan. 

The shift \vas measured by a minimum of four scans through the 

170 resonance of the sample, replacement of the sample by a pure H
2 

sample followed by four scans through the pure water resonance. 

The total of eight scans, at each temperature Here averaged to 

give a single data point. 

E. Pulse T
1 

Measurements 

h d 1 f 170 '[' I T e spectrometer use to attempt pu se measurement o 1 s 

was a "home built" ,pulsed spectrometer using a superconducting 

solenoid magnet with the 
17o resonance at 14.4 HHz. The spectrometer 

is described in detail by Pines, Chang and Griffin.
56 

The 90° 

-6 pulse width was approximately 8xlO sec, which corresponds to an 

rf field strength of 54 Gauss. The data were collected as free 
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induction decays in a PDP 8/e minicomputer and then transferred 

to a CDC 7600 computer where a non-linear curve fitting program 

was used to fit the free induction decay, yielding the amplitude 

of the magnetization as a parameter in the fitting routine. 

The pulse sequence used was the ptilsed saturation recovery 

technique described earl-ier. In this technique the amplitude of 

the magnetization is measured as a function of a variable delay 

time, T. These data were then fitted to the appropriate exponential 

function using a non-linear curve fitting program. 

The saturatin~ pulse length was approximately 35 milliseconds 

and a delay of 4 sec was inserted between each repetition of the 

pulse sequence in order to keep the duty cycle low, thereby 

minimizing the rf heating of the sample. To i~prove signal to noise, 

each free induction decay consisted of 20 to 50 transients summed 

in the PDP 8/e. 

F. Computer Curve Fitting Programs 

All computer fitting was accomplished using the Oak Ridge General 

57 Least Squares (ORGLS) computer program or modifications of that 

program Hhich only changed the input and output formats. 

The power saturation data consisted of peak heights versus rf 

output volt.:Ige. The equation to which the data were fitted is: 

h 2 , 
l+P v 

2 
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where h is the peak height and v the rf output voltage. The vari<1ble 

parameters, P
1 

~nd P
2

, were obtained as the results of tl1c fitting. 

The parameter P
2 

implicitly contains T
1

, a~,was described earlier. 

The peak heights were weighted by the average deviation i!1 the 

measurement of eight peak height~. Convergence was assumed to 

have been obtained when the value of T
1 

was the same to four 

significant figures on two successive cycles of the least squares 

iteration. 

The free induction decays consisted of 1024 data points 
- . ' 

representing the signal amplitude as a function of time. The points 

were equally weighted in the_fitting program. The equation fitted 

was: 

where A is the signal amplitude and t is the time. The fitting 
' 

parameters describe the free induction decay for a single Lorentz 

line with: 

P3 proportional to the initial amplitude of the magnetization, H, 

P
4 

proportional to the heterodyne frequency in the detector, 

i.e. the difference between the resonance frequency and the 

spectrometer ~f frequency, 

:'< 
P

6 
proportional to l/T

2
, the half width of the line, 

P
5 

and P
7 

are the phase shift and the baseline corrections 

and are of no particular interest. 

The exponential behavior of the pulse saturation recovery data 
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was treated by fitting the quantity M, whic~ is parameter P
3 

obtained 

above, versus the variable delay time, T. The equation fitted was: 

where P
8 

is proportional to the equilibrium value of the magnetization, 
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IV. RESULTS AND DISCUSSION 

A. Discussion of Electronic Relaxation Times 

In the analysis, of the 17o NHR data, it will be necessary to 

use the magnetic relaxation times of the par~magnetic electrons 

3+ 
in Cr(H

2
0)

6 
. These relaxation times have been measured by Melton 

and Pollak
20 

in a 
1

H IDfR experiment. Their experiment involved 

measuring the 
1

H NMR relaxation times as a function of field 

strength and temperature and curve fitting the results to a five 

parameter relaxation function. They analyzed their results in 

d d 
. 58 

terms of a model develope by Bloembergen an Horgan where 

collisions between the complex met~l ion and bulk water molecules 

produce a modulation of the quadratic crystalline field splitti~g 

which then causes the electronic relaxation. The equation for the 

relaxation is: 

1 -- = 

where TV the characteristic correlation time for the relaxation, 

C = a constant related to the deformability of the crystal 

field around the Cr(III) ion. 

Melton and Pollak give the values for the parameters in the above 

equation: 

-14 
9.3xlO exp(2.1 kcal/RT), 

c 1.3xlo20 sec-2 

(21) 
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17 
In the relaxation equations for ~he 0 nuclear magnetic resonance, 

there exist terms involving T
28

. In the following sections it will 

be shown that these terms are unimportant relative to the terms 

involving T18 , so the transvers~ electronic relaxation will not 

be considered. 

In the following discussions of the 
17o NMR relaxation data, 

preliminary studies of the fluorochromic ion, CrF(H20)~+, were 

undertaken and compared to the data on hexa-aquochrom{c ion. The 

electronic relaxation time, T
18

, for the fluorochromic ion is 

needed to analyze this system. Unfo~tunately there are no 

available data on the electronic relaxation of CrF
2+. As a point 

2+ . of reference, the value of T
18 

for CrF w1ll be taken to be equal 

3+ 
to T

18 
for Cr(H

2
o)

6 
. This approximation is undoubtably not rigorous 

since the quantity C in Eq. 21 is related to the dynamic deformability 

of the crystal field around the Cr(III) ion and it is possible 

2+ 3+ 
that this quantity will be different for CrF than for C~(H2o) 6 . 

Further, the F- ion will undoubtably distort the crystal field 

around the Cr(III) ion, providing zero field splitting of the 

electron spin energy levels which is anisotropic and will be 

. 3+ 
modulated by rotation of the CrF(H

2
o)

6 
complex. This additional 

electronic relaxation mechanism will have a relaxation time witl1 

a form essentially the same. as Eq. 21 but \vith different values 

59 
for the parameters C and TC. The zero field splitting should 

h h 1 . . f h C F2+ 1 . act to s orten t e re axat1on t1me o t e r re at1ve to 

3+ 
Cr(H

2
o)

6 
but the exact relaxation times are not known. 

- ; 

' 

' '• 

•. " 
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To the extent that F ion is a similar ligand to H~O, the 

approximation of similarity between CrF
2
+ and Cr{H2 0)~+ may not 

3+ 
be too bad and almost certainly 1/TlS for Cr(H

2
0\ is a lower limit 

2+ 
to the value of 1/TlS for CrF(H20)

5 
. 

B. Chemical Shifts 

Alei
17 

measured the 
17

0 chemical shift of perchlorate ion and 

labile water in aqueous solutions of Cr(Cl0
4

)
3 

at 20°C. He 

analyzes his data in terms of Bloembergen's equation for chemical 

shifts in paramagnetic systems (Eq. 17).
52 

Bloembergen's model 

is develope~ for paramagnetic metal ions with a well defined first 

coordination sphere but it can equally well be applied to the second 

coordination sphere of paramagnetic metal ions. 

Alei found that the chemical shift of the H
2

17o resonance is not 

proportional to the concentration of chromic perchlorate as is 

. 
predicted by Eq. 17. The reason for the deviation is thought to be 

the complexation by C10
4 

in the second sphere of Cr(H20)~+. Alei 

also reports the chemical shift of c104 in the aqueous solutions. 

This shift is further evidence for the complexation of Cl04 ion 

in the second sphere. Unfortunately there is not enough information 

available in these experiments to determine both the number of 

second sphere ~ater sites occupied by each CI0
4 

ion, n 0 , and Cl 4-

the relative affinity of ClO~ for the second coordination sphere, 

Q, '"here Q is defined as the ratio of the moles of ClO 4 to moles of 

water in the second coordination sphere divided by the ratio of 

total moles of c10
4 

to total moles of water. 
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Alei concludes that the product QnClO~ = 2, which might be 

taken to mean that Q=l, i.e. the ratio of Cl0~/H2 0 is the same in 

the second sphere as in the bulk and nClO~ = 2, i.e. each Cl04 

ion occupies two second sphere waier sites; or perhaps each Cl04 

ion occupies only one water site (nClO- = 1) and the second sphere 
4 

is twice as concentrated in ClO~ as the bulk; or some other 

combination which gives a product QnC10- = 2. 
. 4 

In terms of this thesis, the most inunediately useful dntum to 

be obtained from Alei's experiment is the chemical shift of H2
17o 

0 
at zero p~rchlorate concentration, w . As was ~t~ted in the theory 

section, the chemical shift at zero perchlorate concentration is 

used to obtain the average number of water molecules in the 

3+ 0 second coordination sphere of Cr(H
2
0)

6 
. Additionally, w is 

necessary to determine the value of the scalar coupling constant, 

A, which is a parameter in the scalar coupling relaxation equations 

(Eq. 13). 

The data in Alei's Table I have been plotted as 

where the quantity.~ 0 used in this work is the quantity· 
~120 2 
whH:.h Alei calls N, i.e. the number of millimoles of labile water 

in the solution, and mer and mClO are the mollimoles of the 
4 

species indicated. Figure 4 shows the plot of Alei's data as 

stated above. A linear least squares fit to the data gives an 

3 
intercept of 2.84 10 • Using Eq~ 17 and the intercept, values of 

1.45xlo5 radians/sec and An=l.89xlo-20 ergs are calculated. 
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At this point it is not necessary to assume a v.alue for the number 

of water coordination ~ites in the second coordination sphere, n, 

but rather it will be carried ~long as an urtdetermined parameter. 

The above treatment of the chemical shift, to a first approximation, 

corresponds to considering the Cr(III) solution as a two phase system 

with the second sphere being one phase and the bulk solution being 

the other phase. There is an internal inconsistency in fitting 

the chemical shift data with a straight line. A more detailed 

treatment of the chemical shift as a function of mClO /~1 0 shows 
4 2 

that the data should h~ve a slight curvature (concave upwards) 

as the concentration of Cl0
4 

increases. This inconsistency in the 

0 
above treatment of the data means that the value of 6w reported 

above is somewhat smaller than would be obtained using a more 

consistent treatment. The comparison between samples 1 through 

3 does not suffer greatly due to this inconsistency since all 

three samples have similar conce~trations of perchlo~ate. A more 

accurate model than the t\vO phase distribution used above would 

be to treat the data using successive equilibrium constants for 

second sphere complexation, but the equilibrium constant model 

introduces too many variables. Treatment of the data by the 

straight line, two phase model, probably introduces no large error 

and is justified by the crudeness of all of these models. 

The chemical shift of the three chromic ~amples used in the 

relaxation experiments, was measured as a function of temperature. 

As was shown in the section on the theory of chemical shifts 

0 
(Eq. 19), the. ratio of the measured chemical shift to 6w can be 

used to calculate the ratio of second sphere sites occupied 
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by water molecules to the total number of sites in the second 

sphere. In the derivation of Eq. 19 it \vas assumed that both 6w 

0 . 
and 6w were measured at the same temperature and concentration. 

The correction to Eq. 19 for 6w measured at some arbitrary temperature, 

0 
T, and 6w measured at. 298°K is: 

Y.. 
298(1.45 10

5 
rad/sec) n 

mer 
where 

~20 
the mole ratio of Cr

3+ to labile H.,O, and 1. 45x105 = 
..... 

the normalized value of 6w
0 

as determined above. 

Figure 5 ~hows the results of calculating y/n fro~ the chemical 

shifts of the Cr(III) samples as a function of temperature, where 

y is the number of water molecules in the second coordination 

sphere and n is the number of available sites in the second sphere. 

2 . 
Therefore (y/n)lO is the percent of the second sphere occupied by 

(22) 

water and (1.0-y/n)xlOO is the percent of the second sphere occupied 

by perchlorate ions. The data are plotted in this manner to 

investigate the possibility of a temperatuie dependence for the 

equilibrium between ClO~ in the bulk and ClO~ in the second 

coordination sphere. Although the data may have a ~light positive 

slope, the scatter in the points percludes drawing any definite 
I 

conclusions. If there exists a temperature dependence, it is so 

slight that over the temperatures used in this study it \vill be 

assumed that y/n is a constant. The data in Table 1 give the 
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Table 1. The ratio of water molecules in the second sphere to sites 
in the second sphere and the mole fraction of second sp!1ere 
\vaters for the Cr(H20)~+ samples used in this work. 

=========================================================-
y/n fB 10

2 

Sample 1 0.856 1. 298 n 

Sample 2 0.849 1. 514 n 

Sample 3 0.817 1.837 n 

Note: The mole fraction is given above in terms of the total 
number of sites in the second sphere, n. 
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average y/n for each sample and the value of f
8 

in'terms of the 

number of coordinatiou sites in the second sphere (Eq. 20). 

A comparison has been made between Alei's chemical shifts and 

the shifts measured in this work. Alei measured his chemical 

shifts at 20°C which corresponds to 103/T=3,41. T~e c~emical 

shifts of samples 1 through 3 have been interpolated at that 

me w -4 
temperature and the quantity r t-wx10 calculated for each 

~0 
sample. This quantity is the on~ plotted on Alei 's Fig. 1. J.'he 

correspondini valfies predicted from Alei's data were calculated 

from his slope and intercept by inserting the values of 

mClO 
4 

mH 0 
2 

Sample 

Sample 

Sample 

for samples 1 through 3. The comparison is: 

Alei This Hork 

1 4.02xlO -2 
4.05Xl0 

-2 

2 4.12Xl0- 2 4.13xl0-2 

4 .13Xl0-2 -" 3 4.24xlO '" 

Percent Difference 

1% 

0.5% 

3"' /o 

The agree~ent is better than the scatter in the measurement of the 

shift might indicate. 

21 
Olson,~· al. report a comparison tc Alei's data. They use 

different units but the result is that their shift is 4% lower than 

predicted by Alei's shift data. Again, the agreement is very good, 

considering the experimental accuracy. 

2+ 
The chemical shift of a sample of CrF(H

2
0) 

5 
\vas measured 

at ambient temperature (28°C). From the measured chemical si1ift and 
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. 2+ 
the known concentrations of CrF and H

2
0 in the solution, y/n 

-2 
0.695 and fB = 2.42Xl0 n can be calculated as above. This 

calculation req.uires the assumption that 6w0 is the same for CrF2+ 

3+ 
as for Cr(H

2
0)

6 
. The calculated value of y/n above is surprisingly 

- 2+ 
low, since the concentration of Cl04 in the CrF sample was 

3+ 
relatively lower than in the Cr(H

2
0)

6 
samples. This low value of 

y/n indicates that the second sphere of CrF
2+ has a higher affinity 

3+ 
for Cl0

4 
than does the second sphere of Cr(H

2
0)

6 
, if tl1e assumption 

about 6w
0 

is correct. 

The behavior of the second coordination sphere is undoubtably 

governed by the electrostatic attractions between the charge on 

the metal ion and the dipole of water or charg~ on ClO~. To a 

2+ 
first approximation, the charge on CrF · is reduced by one, relative 

. * . . . ~ 
to Cr(H

2
0)

6 
so one would expect that the attract1on between CrF 

and Cl0
4 

would be weaker than in hexa-aquochromic ion. In fact, 

2+ 
the rationale in studying the relaxation behavior of CrF was 

primarily to investigate the possibility of an increased rate of 

water exchange from the second sphere. 

2+ 
Without performing a detailed study on the CrF system, it is 

impossible to give a quantitative estimate of the extent to which 

2+ 
the second sphere of CrF is similar to the second sphere of 

3+ 
Cr(H 20)

6 
. We have chosen to assume that the value of the scalar 

coupling constant, A, is the same for the two ions and this 

assumption with the chemical shift measured leads to the indication 

2+ 
that the second sphere of CrF has a greater affinity for ClO~ 

3+ 
than the second sphere of Cr(H

2
o)

6 
• This result seems unlikely and 
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therefore calls into question the above assumption. that A is equal 

. 3+ 2+ 
for the second spheres of Cr(H

2
0)

6 
and CrF . 

C. Interactions Responsible for Relaxation 

1. Spin Rotation 

The spin rotation relaxation arises from the generation of a 

magnetic moment by the rotation of the molecule in solution. 

Systems which have small, symmetric molecules frequently exhibit 

significant spin rotatiori relaxation but usually it is neglected 

as a relaxation mech~nism in aqueous systems because the extensive 

hydrogen bonding precludes free rotation of water molecules or 

hydrated ions. 
60 

Haryott, et. al. have measured the extent of 

spin rotation relaxation in the 
19

F NMR of liquid Cl0 3F~ where 

they were able to evaluate the spin rotatioh coupling constant and· 

the angular momentum correlation time. Hindman, et. al. 
61 

shm..red 

a significant spin rotational contribution to the proton relaxation 

time in water at temperatures approaching the critical temperature. 

Tl 'J'SR h d f 30 .. 1 280° 1ey report .
1 

on t e or er o sec at approx1mate y . C. 

As the temperature is lowered, spin rotation is expected to become 

a less effective relaxation mechanism. As a result of the above 

discussion, spin rotation will be neglected as a significant 

17 . 
contribution to the 0 relaxation. 

2. Anisotropic Chemical Shift 

The anisotropic chemical shift relaxation .arises from modulation 

of the off diagonal elements of the chemical shift tensor by 

molecular reorientation. The equations for the relaxation are given 

b E ] 5 · ' 1 · r 1 3c 1 · · d · · h y ... q. . 1n t11e t 1eory sect1on. n re axat1on stu H:'S 1t as 

been found that the off diagonal elements of the chemical shift 

. ' 

. ; 
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tensor may be approximately the same size as the diagonal elemcnts. 62 

This implies that the ter~ 6z in Eq. 15 may be several hundred parts 

"11" 63 per m1 1on. In order to estimate the anisotropic che~ical shift 

contribution to the relaxation, a value of 6 =lXl0- 3 will be assumed. . z 

The asymmetry parameter, n
5

, ranges .between zero and one so it will 

b d b b . 1". 1/TlCSA. e assume to e one to o ta1n an upper 1m1t to Finally, 

a value of lxlo-
12 

will be assumed for T , the molecular orientation 
c 

correlation function. With the above assumptions, a value of 
I 

1/TCSA = 1 sec-lis obtained. 
1 

This number is an upper limit to the 

contribution due to chemical shift anisotropy. .·The real contribution 

. b bl 11 h I . . . 13c 1 . d. I 1s pro a y sma er tan t11s s1nce 1n re axat1on stu 1es t1e 
' 

chemical shift anisotropy relaxation time is usually on the order 

64 
of a few hundred seconds. It can be coricluded that the chemical 

shift anisotropy will make only an insignificant contribution to 

the 
17

0 relaxation discussed below. 

3. Quadrupole Coupling 

Nuclei with electric quadrupole moments frequently exhibit 

' . 
N:t'·1R relaxation times \vhich are dominated by the quadrupole coupling 

relaxation mechanism. This interaction is modulated by changes in 

the molecular orientation and by chemical exchange. Unless the 

exchange lifetime for water molecules in the second coordination 

sphere is extremely short, the molecular reorientation correlation 

time will provide the interruption to t!1e interaction. 

An exact evaluation of the 17 0 quadrupole relaxation for the 

3+ 
Cr(H20)

6 
system would be extremely difficult. Although quadrupole 
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17 
coupling constants and asymmetry parameters for n

2 
0 have been 

d . . 65 . d 66 , . . . d d measure 1n 1ce an water vapor, t.1ere lS no ln epen ent 

measurement of these parameters in liquid water. Additionally, 

the electrostatic effect of the metal ion may appreciably change 

the values of the components of the quadiupole couplihg tensor 

for water molecules in the second coordination sphere. 

It was thought possible to measure the relaxation times of a 

concentrated solution of Al(Cl0
4

)
3 

at temperatures near room 

temperature, where it is known that the first coordination sphere 

3+ 67 
of Al(H

2
0) 

6 
is substitution inert on the NHR time scale. It 

3+ 
can be assumed that the Al(H

2
0)

6 
ion will affect water molecules 

3+ . 
in its second sphere the same way that Cr(H

2
0)

6 
affects 1ts 

3+ 
second sphere, and that Al(H

2
o)

6 
affects the microscopic viscosity 

. 3+ 
of the bulk water l1ke Cr(H20)

6 
. Then the valu~ of T2 for 

( ) 3+ . . . Q ( )3+ 
Al H

2
0 & can be used as an approx1mat1on to T2 for Cr H20 

6 
. 

Figure 6 is a plot of l/T
2 

for the sample of Al(Cl04 )
3 

described 

earlier. Several measurements were made of T
1 

for the same sample 

and are also plotted. Within the experimental accuracy, T
1

=T 2 

as is predicted by Eqs. 14. The fact.that l/T1 is consistently 

larger than l/T
2

, when in an isotropic solution l/T2 ~1/T1 , may 

reflect a small systematic error in the measurement of T
1

. The 

solid line of Fig. 6 represents a line drawn through some meusured 

17 
values for l/T

1 
and l/T

2 
for a sample of pure, acidic u

2 
0 

A comparison between the linewidth of acidic H
2

0 and the i\l(H 20)~+ 
solution indicates that there is an increase in the relaxation rate 

. ' 
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due to addition of Al(Cl04 )
3

• 

The relaxation cau be tr~ated as a two site problem, i.e. 

3+ 
the waters in the second sphere of Al(H

2
0)

6 
and the bulk, for 

which Eq. lOb applies: 

Site A will be taken to be the bulk waters and Site B, those in tpe 

3+ 
second coordination sphere of Al(H

2
o)

6 
. Since the viscosity of 

the Al(Cl0
4

)
3 

solution is greater than pure water, the pure water 

relaxation rate will be corrected for the visr.osity difference 
4na 3n 

using the Stokes-Einstein equation: T = _ ____::!_ where a is the 
r 3kT 

radius of the rotating species and n is the macroscopic viscosity. 
v 

Using the equations for quadrupole coupling (Eq. 14) and the Stokes-

Einstein equation, the relaxation rate of a simple tumbling molecule 

at a given temperature is proportional to viscosity,' i.e.· 

1/TQ an . Correcting the bulk relaxation for the viscosity increase: 
2 v 3+ 

_l_::: nv (Al soln) 1 
(H 0) The viscosity of the Al 3+ solution 

T2A nv(H
2

0) T2 2 . 

h b . 1 d f . . . d b .... 67 
as een 1nterpo ate ·rom v1scos1ty measurements rna e y ~1at 

70 
and by Neely at higher concentrations of Al(Cl0

4
)

3
, from which: 

3+ 
n (.i\1 soln) = 

v 

150 sec-l all at 25°C. -1 
Then a value of l/T

2
.i\ = 203 sec is 

calculated. The quantity fB in Eq. lOb can be calculated from 

concentration of Al3+ in the solution and fA fB - 1 = 0.89. 

Applying Eq~ lOb; 
fB 1 fA 

195 - 181 14 
-1 -- = sec 

T2B T2 T2A 

the 
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This quantity is so small that one is forced to conclude that 

the rate of relaxation in the second sphere is·nearly equal to the 

rate of relaxation in the bulk. · Wuthrich
69 

and Neely
70 

have both 

observed tl1ai water molecules in the first coordination sphere of 

metal ions have quadrupole relaxation rates considerably smaller 

than would be predicted by the quadrupole coupling constant and 

the tumbling of the hydrated metal ion. Their conclusions \vere 

that there is internal rotation of the wat~r in the first sphere. 

It is reasonable to assume that the water molecules in the seconJ 

sphere will have even more freedom of motion than those in tl1e 

first sphere, which makes reaSonable the conclusion that there is 

no great difference,between the quadrupole relaxation in the second 

sphere and in the bulk. 

4. Dipole-Dipole Coupling 

The rates of relaxation for dipole-dipole coupling are given 

by Eqs. 12. In these equations, there are only two quantities 

which are not known independently; the radius, rand the correlation 

times. Inserting all of the known parameters into Eqs. 12, the 

dipole-dipole relaxation rates can be written: 

1 1.13XlQ- 33 
{6Tl + 

14T
2 

T DD 6 ? 2} 

1 
r l+wsT 2 

( 2 3) 

1 l.l3XlQ - 33 
{7T l 

13T 
2 --- = + -2""2}, 

T DD 6 
2 

r l+wST2 
(24) 
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.. 17 
where r is the distance from the paramagnetic electrons to tl1e 0 

nuclei in the second sphere, measured in em. 

DD DD . . ( ) 3+ It is necessary to verify that T
1 

~ T
2 

1n the Cr H
2

0 
6 

system 

in order to give validity to Eq. 25 used in the discussion of 

scalar coupling. First we assume that T
1

=T
2 

since the electronic 

relaxation times are very long and either chemical exchange or 

molecular tumbling will dominate Tl and 1
2

• 

conditions fot Eq. 23 and 24 are: T~w~<<l 

-33 
1.13XlQ {ZQ } 

6 T 
1 

or T
2 w2

>>1 d 1/T = 2 S an 1 
r 

DD DD 
Tl "'T2 . 

Then the limiting 

1 
and 

TDD 
1 

In either case 

At the end of the discussion of scalar coupling below, an 

estimate of the dipole-dipole contribution to the transverse 

relaxation rate, l/T
2

, is made. 

5. Scalar Coupling 

17 Scalar coupling between the paramagnetic electrons and the 0 

nuclei can be a source of relaxation in transition metal solutions. 

The interruption of the scalar coopling interaction is either the 

electronic relaxation or chemical exchange. The electronic 

relaxation times for Cr(H20)~+ are relatively long,
20 

so it t..ras 

thought that an analysis of the scalar coupling relaxation of the 

17
0 would yield an exchange rate for the second coordination sphere. 

The equations for scalar coupling are given by Eqs. 13, which 

can be written functionally as: 
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Inserting the following values into the above equations in order to 

estimate the relative magnitude of the two relaxation terms: 

22 . 8 -1 
6.2xl0 , l/T15 = 7.3xlO sec at 298°K (from Eq. 21), 

and 1/Tb 1x1010 , the scalar relaxation times can be calc~lated 
s -13 s -10 

as l/T
1 
~ fcn(A) 3.2x10 and l/T

2 
~ fcn{A) 1x10 . From the 

\ 1 1 ~ 1 
above approximation it is clear that -s - -s ~ . 

T2 Tl T2 

If it is assumed that water molecules in the bulk, Site A, 

exhibit relaxation behavior analogous to pure, acidified water, 

this implies that TlA 

1 1 
- -= 

T2A. From Eqs. 10: 

1 f [---
B T2B 

It was shown that the chemical shift anisotropy and spin 

_1_] 

TlB 

rotation relaxation mechanisms make negligible contributions to 

and l/12B. 

= 1/TQ) and 
2 

conclude that: 

From the above discussions on quadrupole coupling 

d . 1 d' 1 1' (l/TD1°~1/TD2D), 1po e- 1po e coup 1ng - we 

(25) 
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The relaxation times, T
1 

and T
2

, have been measured for three 

3+ 
separate samples of Cr(H

2
o)

6 
~s a function ~f temperature. Figures 

6 through 8 are semi-logarithmic plots of the relaxation rates, 

l/T
1 

and l/T
2

, for these samples as a function of 10
3

/T. The 

slopes for all of the relaxation rates are nearly the same which 

implies that the processes interrupting the relaxation interaction 

have similar activation energies. The difference between the 

absolute values of the relaxation rates reflects the different 

compositions of the samples, fB. 

1 1 
Figure 9 is a plot of (-- - --) 

T2 Tl 
n for all three samples with 
fB 

as the abcissa. The dat~ in Fig. 10 correspond to: 

From Eq. 13 in the theory section and the 

approximations mad~ above, the s~cond term in the brackets for 

1/T~ is negligible and Eq. 13 can be rewritten: 

The quantity A/h is not known by itself; it can only be evaluated 

(26) 

7 -1 
to within a factor of n, i;e. A/h = 1.79Xl0 In rad sec · . Inserting 

th~ values for the appropriate constants, Eq. 26 is rewritten: 

4.02 10
14 

n 
(27) 

Since Tel is the inverse of first order rate constant, it ca~ be 

assumed to follow an exponential function of the form: 

: 

. : 
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h 
T = 

d kT 

:j: :j: 
-6S /R 6H /RT 

e e 

:j: :j: 
Where LIH and 6S are the enthalpy and entr.opy of activation for 

second sphere exchange of water molecules with the bulk water. 

The solid line through the data in Fig. 9 corresponds to. the 

best fit of the data to the function: 

where y = (_l_ 
T2 

X = 1/T, 

y 

1 n --)-
Tl ·fB 

-6s* /R 
h e 
k 

In this fitting routine, the data from sample 3 were weighted · 

three times as heavily as the data from samples 1 and 2. The 

heavier wei~tting of sample 3 is rationalized as follows: Sample J 

was more hiijhly enriched in 
17

0 than the others so the signal to 

noise was better, fB for sample 3 is greater so the absolute 

difference (l/T
2
-l/T

1
) is greater, the scatter in the data from 

sample 3 is smaller than the data from the other samples due to 

refinement of experimental technqiue. The results of the curve 

fitting are: 

above, a value 

4 
P

1 
= 1.16Xl0 and P

2 
Tel 

of --- at 25°C can be 
n 

3 1.42xlO , Using the equations 

11 calculated, T 
1

/n = 1.14Xl0 c . 

sec. At this point i.t will be assumed that n=8; a discussion 

of this assumption will be deferred until later. This implies that 

(28) 

(28) 
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-11 10 -1 
Tel = 9.lxlO sec and 1/Tcl = 1.1x1o sec (This value is 

consistent.with the estimated value of 1x1o
10 

which was used in 

making the approximation that 1/T~ - 1/T~ == 1/T~.) 
1 

From the definition nf Tel in the section on theory, 
1 
cl 

Using Eq. 21 above, the electronic relaxation at 25°C 

8 -1 
can be calculated to be l/T

15 
= 7.3xlO sec . By difference 

10 -1 
1/Tb=l.OxlO · sec , corisequently the electronic relaxation makes· 

only a minor contribution to the correlation time. T cl. Thus,. ·r b 

' the average lifetime of water molecules in the second coordination 

-10 sphere of Cr(H
2
0) is l.OxlO sec. 

The relaxation times, T
1 

and T
2

, were also measured for a 

2+ 
sample of CrF(H

2
o)

5 
• The data Qre shown plotted in Fig. 10, where 

the upper plot 
, 3 

{~ l/T
1 

and 1/Ti versus 10 /T and the lower plot 

' 3 vs. 10 /T. The straight line in the lower plot is 

drawn only to estimate a value of l/T
2
-l/T

1 
at 25°C, which estimate 

-11 
is: 

2 -1 
1.9xlO s~c . Using Eq. 25, a value of Tc/n = 2.0x10 

sec is obtained. This value is some\vhat longer than the value of 

3+ 
the same parameter for Cr(H

2
0)

6 
, but the differenc~ is probably not 

significant, given the scatter in the data. A more detailed 

discussion of the exchange rates follows below. 

D. Pulsed Measurements of T1 

'. 
An attempt was made to measure T

1 
for the samples in this study 

by pulsed techniques. In order to insure that the NMR spectrometer 

was working properly, the T
1 

of a sample of pure, acidified H
2 

17
0 

was measured since T
1

=T
2

. The first attempt at measuring r
1 

was 
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d l . . h . 32 one using tJe 1nvers1on recovery tee n1que. The results obtained 

gave a value of T
1
<T

2
. It was thougi1t that this error could arise 

from inaccuracy in the pulse lengths. If the 180° pulse, in the 

inversion recovery, is not very nearly 180° it will lead to a 

component of magnetization in the X-Y plane which will interfere 

with the magrtetization after the 90° pulse. In order to obviate 

this problem the pulsed saturation recovery technique described by 

34 
HcDonald and Leigh . \vas tried. The short relaxation times of 

t 
17o . . h 1 h . . 1 . 1 l t11e resonance requ1re t at t 1e omogene1ty spo1 1ng pu se 1ave 

.a very high field gradient in order to destroy the X-Y component 

of magnetization in a time, short compared to T 1 ~ This proved 

to be diffic~lt to accomplish so the technique was discarded in 

33 
favor of the saturation technique described by Markley, .£!_. al. 

The data obtained were first treated by a non-linear least squares 

curve fit to the free induction decays, giving values of the 

magnetization, H , as a function of the variable delay, T. Then 
·. T 

M versus T was curve fitted to the appropriate exponential 
T 

function. It was found that the measured magnetization as a function 

of T was not exponentially approaching the measured value of M . 
0 

In fact, the measured val~es of M went through a maximum and slowly. 
T 

approached H . Figure 12 shows a plot of the data taken in one 
0 

of the saturation recovery experiments. The solid curve represents 

the best fit of the equation: 

'. 
I 

I • 
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to the points which are shmm as open circles. The solid circles 

represent values of MT which were measured in the same experiment but 

were not included in the curve fitting program. The horizontal 

line represents H as measured by five measurements of M Hith T= 
0 T 

' 
250 millisec ~ 30 T

1
. Since the data are non~expon~ntial and 

since the calculated value of T
1 

was often close but never equal 

to T
2

, it was decided not to attempt measurements of T
1 

ori the 

C 
3+ d 1 3+ 1 d r an A samples by pu se technqiues. 

E. Discussion 

It is possible to estimate the amount of relaxation which each 

mechanism contributes to the total relaxation. ·This estimation 

3+ 
is best done using sample 2 because f

8 
for the Al sample is 

closest to the value of f
8 

for sample 2. It was shown earliei 

that the spin rotation and anisotropic chemical shift mechanisms 

will make negligible contributions to the overall relaxation, thus! 

1 
T') 

<.. 

At ambient temperature (28°C) the following quantities were measured: 

1 
260 

-1 
(for sample 2). 

T2 
sec 

1 
56 

-1 
(from l/T

2
-l/T

1
), 

Ts 
sec 

2 

1 
172 

-1 3+ 
.,Q sec (From Al sample). 

.1.2 

Therefore by difference: 
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The relative contributions due to each mechanism are: quadrupole 

coupling, 66%; scalar coupling, 22%; and dipole dipole coupling, 

12%. The quadrupole contribution above is mostly due to the 

relaxation of pure H
2

0 and it is likely that the quadrupole 

coupling contribution will change slowly with changes in the 

concentration of Cr(H20)~+ since it only reflects the viscosity 

change. The scalar coupling relaxation presumably results from 

the interaction between the waters in the second sphere and the 

paramagnetic electrons. The dipole dipole coupling involves the 

interaction between the paramagnetic electrons and waters in the 

second and further coordination spheres. Both of these relaxation 

mechanisms involve the unpaired electrons on the metal and 

consequently are sensitive to the concentration of the · paramagnetic 

ion. The calculated scalar coupling constant (assuming eight waters 

5 of hydration in the second coordination sphere), 3.6xlQ Hz, 

can be compared to the scalar coupling constants for \vater molecules 

in the first coordination sphere of transition metal ions which 

7 1 
range from 1 to 4xlQ Hz. The greater than one order of magnitude 

decrease i~ the scalar coupling constant in going from the first 

to the second coordination sphere does not seem unreasonable. 

Most of the interest in second sphere complexation has centered 

on studies of metal ion interaction with anions in the second 

71 
sphere. There have been a number of investigations of the 
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structure and equilibrium constants of second sphere complexation.
7 

Several NHR studies have reported second sphere effects while 

studying other phenomena in paramagnetic systems, but at best tlwy 

have arrived at approximate estimations of the rates of second 

sphere exchange, 

T~e available studies on second sphere ligands, while addressing 

the structure bf the second sphere, have dealt exclusively with 

complex ions, usually with complicated ligands. 
7

•
71 

As a result 

the systems are so different that it is impossible to infer the 

3+ . structure of the second coordination sphere of Cr(H
2

o)
6 

1n aqueous 

solution from these studies.· Since the interaction between the 

Cr(III) and the second sphere waters is probably almost e11tirely 

electrostatic, the most tempting structur·e is one \vhich places 

3+ the second sphere \vaters on the faces of the Cr(H
2
o)

6 
octahedron. 

This structure allows the water molecules the closest approach to · 

the Cr(III) nucleus. Carrying this model one step further. one is 

next tempted to conclude that the third sphere is composed of 

waters in the interstices left by the second sphere. This implies 

that exchange from the second sphere to the third sphere involves 

motion of the water molecule through a distance somewhat shorter than 

orte water diameter. The assumption of the second coordination 

sphere being composed of water molecules on the faces of an octahedron 

leads to a coordination number of eight for the second sphere. 

Olson~· al. made the same assumption. 

The ultrasonic absorption spectrum of aqueous Mgso
4 

solutions 

72 
has been interpreted by Eigen and Tanun to yield an average 

residence time of 1.7xlo-9 sec for the so!- ion in the second 
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sphere of Hg
2+ Atkinson and Petrucci

73 
have also investigated the 

ultrasonic behavior of aqueous Mgso4 solutions and they arrive at an 

average residence time 
-8 2~ 2+ 

2.4XlO sec for so4 in the Mg second 

sphere. Although both of these values are somewhat longer than the 

value of l.Oxlo-
10 

sec obtained for H
2
o in the second sphere of 

Cr3+ in this "'ork, this difference in not unreasonable \vhen one 

2+ 2-
considers that the Mg --so

4 
ion pair involves two charged ions and 

so might have a longer lifetime than the charg~-dipole interaction 

3+ 
for Cr --H

2
0. 

The \vork by Olson g. al. 
21 

involved studying the N11R line 

broadening by Cr
3
+ and v2+. Their conclusion was that the upper 

limit for the lifetime of water in the second coordination sphere 

3+ . -10 
of Cr(H2o)

6 
1s 2.5Xl0 sec at 25°C, which conclusions is consistent 

with the value obtained in this work. At low temperatures, Wuthrich 

artd Connick
4 

encountered line broadening of the 170 resonance in 

. 2+ 
aqueous VO solutions which they suggested might be due to second 

sphere effects. 
-10 

They estimated a lifetime of ca. 10 sec at 

25°C for second sphere waters which is in agreement with the value 

l.Oxlo-
10 

obtained in this work. The ultrasonic absorption 

experiments of Eigen and Tarnrn
72 

and of Atkinson and Petrucci 
73 

21 and the NMR experiment by Olson, et. al. are the only direct 

measurements of second sphere exchange rates in ~queous solution 

known to the writer. 

It is instructive to put the rate of water exchange from the 

second sphere in perspective with the rates of some other physical 

processes. Kustin and Swinehart discuss the rates of solvent 
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exch~nge and in doing so they catalogue some of the available 

. 74 
rates. Two interesting quantities are the rate of exchange from 

the first coordination sphere of Nn
2+ in aqueous solution and the rate 

3+ 
of exchange from Gd in aqueous solution. The average lifetimes 

-8 ' 9 
for these two processes are: JXlQ sec and 1x10- sec 

. 1 1,75 respect1ve y. These are the shortest measured times for solvent 

exchange from the first coordination sphere, and they .are both 

considerably longer than the lxlo-
10 

sec obtained here. 

Diffusion can be treated as a random walk process, from which a 

lifetime, T, for diffusion through some distance can be calculated 

using the following equation:
76 

2 
where z is the mean square displacement and D is the self diffusion 

constant. In consideration of the nature of the second sphere 

exchange process, it is- very likely that a water molecule \vill 

only have to diffuse about 0.1 nm to enter the third coordination 

sphere. 
-5 2 -1 

Using the self diffusion constant of 2.23Xl0 em s~c 

77 
for liquid water at 25° C, the calculated time for a mean 

-12 
square displacement of 0.1 nm is 2Xl0 sec. This diffusion 

lifetime .is nearly 50 fold shorter than the value l.Oxlo-
10 

sec 

3+ 
for the lifetime of water in the second sphere of Cr(H

2
0)

6 
. 

Clearly the exchange process is not limited by diffusion. 

The activation parameters for the ex~hange of water from the 

3+ 
second coordination sphere of Cr(H

2
0)

6 
into the bulk are: 



0 0 0 . 3'". 4 0 0 

-73-

t t 
L'IH = 2.8±0.4 kcal and liS = -0.8±0.5 eu. The enthalpy of <Jctiv<lti.on 

corresponds to an Arrhenius activation energy 3.3 kcal whicl1 is 

very close to the Arrhenius activation energy of L1. 5 kcal reported 

for the self diffusion of water at 25°c.
77 

The very small value 

for the entropy of activation is npt unreasonable given that the 

entropies of activation for water exchange from the first 

coordination sphere are between 3 and -4 entropy uriits. 1 

The fact that the measured rate for the water exchange from the 

~ . ~ 
second sphere of CrF was found to be less than for Cr(H

2
0)

6 

is somewhat surprising since it is tlwught that the reduction of 

net charge on the Cr(III) would decrease the electrostatic 

attraction for the second sphere waters. App~rently the situation 

is somewhat more complicated and specific interactions should be 

considered. It is possible to rationalize the somewhat longer 

1 · f · · c· F2+ · f 1 d b d · f 1 average 1 et1me 1n r · 1n terms o .1y rogen on 1ng o t 1e Haters 

near the F ion to the F but .the scatter in the data do not \varrant 

too much theorizing. The chemical shift results imply that 

2+ 
CrF has a stronger attraction for Cl0

4 
in the second sphere than 

the attraction in Cr(H
2
o);, but this result depends on the assumption 

of equal scalar coupling constants for the second sphere of the two 

species. TI1e scalar coupling constant is very sensitive to small 

17 
changes in the density of unpaired electrons at the · 0 nucleus 

so it is not unreasonable that the assumption of equal scalar 

coupling constants be in error. If the scalar coupling constant 

~ '* of CrF is smaller than the scalar coupling constant for Cr(H
2

0)
6 

this would account for the small· values calculated for y/n but a 
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decrease in the scalar coupling constant would cause an apparent 

increase in tl1e lifetime of water molecules in the second sphere 

. 2+ 
of CrF(H

2
o)

5 
, contrary to expectations. The chemical shift and 

relaxation data for CrF
2+ are too few and too scattered to attempt 

to draw any firm conclusions about the system. It would appear 

however, that the rate of water exchange from the second sphere of 

2+ 3+ 
CrF(H

2
0)

5 
does not ~iffer greatly from the rate for Cr(H

2
o)

6 
. 
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T~ble 1. Relaiation data for Sample 1. The samole comnosition was: 
1.04 mmoles Cr(H 20)~+, 3.06 mmoles H+:6.19 m~oles ClO-;, 
and 75.14 mmoles total H2o (68.88 mmoles labile 11

2
0).'+ 

10-3 0 1 1 -1 
-· -( K- ) -T (sec ) 

T 2 

3.18 182. 

2. 71 88.3 

2.80 99.1 

3.05 146. 

3.31 231. 

3.47 334. 

3.22 201. 

3.10 157 

3.41 285 

2.87 107. 

1 -1 
T(sec ) 

1 

1 1 ; -1 1 1 n -3 -1 ----(sec ) (-·--)--xlO (sec ) 
:2 Tl T2 Tl fB 

141 41 3.2 

68 20 1.8 

76 23 1.8 

122 25 1.9 

191 41 3:2 

242 93 7.1 

155 46 3.6 

125 33 2.5 

200 86 6.6 

85 23 1.8 

Chemical shift data for Sample 1. The sample composition is given ~bovc. 

3 . 
_!_9_( OK-1) Chemical shift (Hz) y_ 

T n 

3.19 275 0.842 

3.09 269 0.851 

3.50 310 0.866 

3.41 303 0.867 

3.34 295 0.862 
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Table 2. Relaxation data for Sample 2. :t,he sample composition was: 177 
mmoles Cr(HtO)~+, 5.01 mmoles H , 10.33 mmoles e104, and 110.19 
mrnoles tota H2o (99.55 mmoles labile H20). 

3 1 -1 1 ( --1) l 1 -l 1 l n -3 -1 l.Q_(oK-1) T(sec ) - sec ---(sec ) (--· - -)--xlO (sec ) 
T 2 Tl T2 Tl T2 Tl fB 

3.30 255 199 55 3.7 

3.07 166 i28 38 2.5 

3.17 195 151 45 2.9 

2.98 140 109 30 2.0 

2.87 116 92 24 1.6 

2.75 97.9 78 20 1.3 

3.22 226 167 59 3.9 

3.4] 365 299 66 4.4 

3.31 261 215 46 3.1 

2.66 91.8 65 27 1.8 

3.13 185 149 37 2.4 

2.65 87.9 66 22 1.5 

'2. 99 155 99 55 3.7 

2.93 135 97 39 2.6 

3.37 298 255 43 2.8 

l 
3.47 375 296 79 5.2 ... l 

.. 1 

2.85 113 93 20 1.3 

3.50 406 347 59 3.9 

3.38 314 251 63 4.1 
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Table 2. (continued) 

Chemical shift data for Sample 2. The sample composition is given above. 

3 
l.Q_(oK-1) Chemical shift (Hz) _y T 

n 

3.32 335 0.841 

3.19 326 0.849 

3.09 321 0.865 

3.50 365 0.867 

3.41 351 0.855 

3.34 347 0.864 

3.50 351 0.835 
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Table 3. Relaxation data for Sample 3. Jhe sample composition was: 1. 92 
mmoles Cr(H20)~+, 3.26 rnmoles H , 9.02 mmoles c104, and 96.91 
mmoles total H20 (85.39 nmoles labile H20). 

1 -1 --(sec ) 
T2 

1 -1 · (sec ) 
Tl 

3.30 300 222 

3.06 195 143 

3.00 172 129 

2.89 141 103 

3.18 236 177 

3.53 480 356 

2.74 108 82 

1 . 1 -1 
- - ;:;-(sec. ) 
T2 11 . 

79 

51 

44 

38 

60 

123 

26 

l 1 n -3 -1 (-,-.- -) -XlO (sec ) 
r2 Tl fB 

4.3 

2.8 

2.4 

2.1 

3.3 

6.7 

1.4 

Chemical shift data from Sample 3. The sample composition is given above. 

10 3 
Chemical Shift (Hz) T 

v 
L. 

n 

3.34 409 0.806 

3.41 423 0.818 

3.50 458 0.864 

3.05 366 0.790 

3.18 394 0.816 
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Table 4. 

3 
l.Q_(oK-1) 

T 

3.31 

3.51 

3.21 

0 0 :i: 2' ·~ ..... 
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Relaxation data for the CrF
2
+ sample. The sample composition 

was: 2.07 mmoles CrF(H20)~+, 0.27 mmoles W, 4.40 mmoles 
Cl04, and 69.78 mmoles total H20, (59.46 mmoles labile H

2
0) 

1 -1 1 -1 1 1 -1 
T (sec ) 

Tl 
(sec ) 

T2 Tl 
(sec ) 

2 

383 180 203 

585 372 211 

308 157 150 

The chemical shift of the above sample was measured at 28°C to be 542 

Hz downfield from pure H
2

17o. A value of y/n = 0.695 is calculated from 

this shift. 
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. 3+ 
Relaxat1on data for the Al sample. The sample composition 
was: 1.08 mmoles Al(H

2
o)r, 3.16 mmoles H+, 6.28 mmoles 

c104, and 76.C.,4 mmolcs total H
2
0 (70.06 nuno1es labile H20). 

10 3 
(oK-1) 1 -1 1 -1 

T T2 
(sec ) 

Tl 
(sec ) 

3.47 255 276 

3.26 156 

3.15 125 

3.05 102 

3.38 200 

3.32 179 182 

3.08 109 124 

3.21 139 161 

-
! 

~ ... : 

-' 
·. 
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FIGURE CAPTIONS 

17 1 
Block diagram of the 8 HHz, 0 spectrometer and H lock 

system used for continuous wave NXR experiments (power 

_ sa_turation T
1 

measurements, line\vidth measurements, and 

chemical shift measure~ents). 

Upfield and downfield first sideband absorption spectrum of 

pure water. The upper curve consists .of points representing 

the raw data and a solid line corresponding to a non-linear 

least squares curve fit to the data. The ordinate is the 

signal strength and the abcissa is the external field 

s~rength. The lower curve is the difference b~tween the 

experimental and calcul_ated points. The ordinate is 

expanded 7.2 times the ordinate on the upper curve. 

Fig. 3. An example of the results of a power saturation measurement 

Fig. 4. 

of r
1

. The points represent the peak height versus rf 

voltage data and the solid line is the best fit curve 

obtained by a non linear least squares computer program. 

3+ 
The dependence of the chemical shift of.a series of Cr(H20)

6 

solutions on the concentration of Cl0
4 

ion: The chemical 

shift is normalized by multiplying by ~~ 0/mCr and the 
2 

abci~sa is the mole ratio of ClO~ to labile H
2
0. The data 

.. ·. 17 
for thi~ plot were taken from a paper by Alei. 
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The temperature dependence of the complexation by c1o: ion 

of the. second coordination sphere of 
3+ 

Cr(H
2
0)

6 
for the 

solutions used in this work. The quantity y/n is the ratio 

of the number of water molecules in the second coordination 

sphere to the number of water sites in the second 

coordination sphere, calculated from the chemical shift 

using Eq. 22 in the text. 

3+ 
The relaxation data for the Al sample plotted as a function 

of reciprocal temperature. The solid line is a smoothed 

curve through the relaxation rate for pure water (l/T
2
), 

plot ted to provide a point of reference from \'Jhich to sho\.r 

3+ the additional relaxation in the Al sample, 

1 1 
The quantities -=- and -- for Sample 1 versus the reciprocal 

Tl T2 . 

of the absolute temperature. 

. 8 Th . . 1 d 1 f S 1 ? 1 . - 1 F1g. . e quant1t1es T an T or amp e - versus t 1e rec1proca 
1 2 

of the ahsolute temperature • 

. 9 h ... 1 d 1 f s 13 h 0 1 F:...g. . T e quant1t1es T an T .or amp e versus t e rec1proca 
1 2 

of the absolute temperature. 

10 . ( 1 1 ) n 1 d 1 . 1 Fig. · The quant1ty T- T- f p otte versus t 1e ree1.pr0<:a 
2 1 B 

of the absolute temperature. 
. 1 1 

Foe all three samples used, (1.-';--- 1:;--) gives the scalar 
2 1 

coupling contribution to. the tra.nsvcrse relaxation rate 

n . . 
and -f- is the norm.1lization of the .:lata to unit mole 

B . 
fraction of second coordination splwre waters. The solid 

line represents the best fit of the data of Eq. 27. For 

a di~cussion of the curve fitting, sec the tex~ f0llowing Eq. 21. 
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2+ 
The relaxation data for the CrF sample versus the reciprocal 

of the absolute temperature. The upper plot is the rmv d3t<J 

as measured. The lower plot is (~ 
T' 2 

line drawn to estimate the value of 

temperature. 

with a straight 

room 

Fig .. 12. An example of the pulsed saturation recovery data. The 

measured value of the magnetization in arbitrary units is 

plotted versus the variable delay time, T. The exponential 

curve is the best fit to the data shown as open circles. 

The closed circles are data measured in the _same experiment 

but not included in the curve fitting. The solid, 

horizontal line repreients the value of the equilibrium 

magnetization, measured forT~ 30T
1

. 
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