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CHAPTER I 

INTRODUCTION 

The field of nuclear. magnetic. resonance has grown at an enormous 

rate·since the first experiments were performed in 1946 by Pure.ell, 

Pound, and Torrey at Harvard, and by Bloch, Hanse.n, and Packard .at 

Stanford~ Althou.gh high resolution NMR has becom~ an important research 

tool, rivaled only by infrared spectroscopy in.strue;tmre determination 

of complex; organic molecules, most of t"h.e research has been related to 

chemical shifts and the. correlation of these shifts to chemical binding 

and structure. By comparison, studies of the field dependence of nucle-

ar spin relaxation times has found relatively little applicationo One 

finds that most of the commonly used apparatuses are limited to the 

3 4 range 10· to 10 gauss, and operate in low field only at the expense of 

signal-to-noise ratio, The earth vs field technique i.s shmvlrl. to be 

uniql;J.ely. suited to such fie.ld dependence studies, The range of ,'H:c,ess:1-

ble fields is over thiree orders of rnagnitu4e~ extending from the earth I s 

field of O,, 5 gauss to 500 gauss o The e·ase of measuring this field de.,,., 

pendenc.e gives a. dimension to this method which is lacking in the m.mre 

standard NMR techniques, Nevertheless, the method has been relatively 

little exploited.as a. research tqol, The main reasons for this are 

probably. (l) a suitable. instrument is not available commercially,, (2) 

the circuitry required has not been published in the o,pen literatm:e,, 

and (3) the.sensing head of the device must be located where the earth 1s 

l 
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field is sufficiently homogeneous, which means out..;,.of-,doors or in a non~ 

magnetic building. 

Herein, the required instrumentation is developed and de.scribed in 

sol]le detail, and experimenta], results are·presented on proton spin re­

laxation in two different chemicl:'1,l systems which show strong field de­

pendence in the range of fields accessible to the earth.' s field tech­

nique. The first, liquid CHC1
3

, provides an interesting example of the 

application of NMR to the study of molecular motion in pure Ii.quids. 

The second, aqueous soJ,uti,ons of chromium (I+I), prov:tdes an example of 

the applicat:Lon of nuclear magnetic resonance to the study of chemical 

equilibria and proton exchange kinetics. 



CHAPTER II· 

THEORY 

Pefinitions and General R.emarks 

Cons;lder an enseml:>le of particles of spin 1/2 located in an exter-

+ 
nal, magnetic field B0 dire<;:ted along the z-axis. In the absence of in-

terti!,ctions among the partiq.les there are two discreet energy levels for 

+ + 
each spin, correspondiµg to I = ± 1/2 and having energies E = -µ • B = 

Z O 

+ + 
Yfl I . • B 

0 
yti.! B • 

Z O 
'.(he constant y ;i..s the gyromagnetic ratio for 

the part;:icle in qu~stion, .!inc;l :!;or protons h&s the value 4.26 kHz/gauss. 

The energy sep.!iration between the two levels is LS.E = yhB
0 

= ti w
0

, where 

u,i =. y B is the classical'Larmorprecession frequency of the spins in 
0 0 

the external field B. 
0 

I 
1 = z 2 

I 
1, = +2 z 

.6E = 

E 
l 

Yl'>.B i = 

+ 2 yhBo 

h w 
0 0 

~· E 
1 

= - .,;_, YhB 
2 0 

Figure 1. Energy Levels for a Spin I = 1/2 in .a Magnetic Field 
Bo 

3 
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Superimposed on the external field is a small field b.B(t) .which 

4 

fluctuates rapidly in time due to interaction with spins on the same or 

neighl:ioring molec1,1les, which are. undergoing rapid .Brownian .motion within. 

th~ liquid. Fourier cpmponents of the fluctuating field at zero fre-

quen~y c~use a broadening of .the energy -1..evels in Figure 1, whereas the 

Fourier components at the resc;mant freq1,1ency w
0 

= Y B
0 

cause· spins to 

~ake transitions between the energy levels of the system. When equilib-

rilllll is reached there is an excess of spins in the lower energy level, 

which giv~s rise to a ~et J,11agnetization within the sample along the z-

d:;i.re<?tion, whose magnitud~ is given by the Curie law 

M = 
0 

N Y2 h2 I(I + 1) B 
3kT o 

+ 
A plot of sample magnetization versus time after application of B 

0 

is ~iven in Figure 2, ~he z~component of magnetization Mz grows.expo-

nentially toward. the equilibrium Cur.ie value with .a time constant T
1

, 

the spin-lattice or longit4dinal relaxation time in the field Bo Any 
0 

+ 
component of magneti.zation M . perpendicular to B decays exponentially xy · · · o 

toward zero with a time constant Ti, the spin-spin or transverse relax.a-

-> 
tion time. Classically speaking, the transverse component of M decays 

becausether~ is a .distribut:i,on of Larmer precess:i.on frequencies 

w = '( (B. + fi.B) :for the spins in the s~mple due to.interactions of the 
0 

spins among themselves. The distribution of frequencies causes the 

-+ 
transverse compon,ei;,,t of M to smear out as the spins lose phase coherence 

with each other. After several time constants T2 the spins have lost 

•-;:;> 

phase coherence.altogether, and the transverse component of Mis zero, 



M 
0 

M z 

N 
xy 

-t/T1 M :::; M (1 .,.., e .. ) 
Z O 

t 

-t/T 
M ~ M O e . 2 

xy xy 

t 

Figur~ 2. Longit1,1dinal and Transverse Components 
+ 

of l1 After Application of an Exter~ 
nal Field in the z~PireGtion 

Rela~ation Time Equations 

In the simple theory, .the relaxation time T
1 

is related to the 

transition probabilit;:y per uni.t time between. the two energy levels of 

5 

Che &pin system by the equation l/T1 ""' 2WO',S, where a refers to \:. = + 1/2 

and S to I ~ - 1/2. 
z 

+ 
The Hamiltonian of a nuclear spin 1. in an e.xternal magnetic field 

+ + 
B along the z,,..direc,tion and interacting witl). other spins So within the 

Q J 

sample has the form 

li = Y
1

ti.I B + H 1
• 

Z O 
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The first term is the Zeemc1n energy of the spin in the constant magnetic 

field B, and H' is the spin-spin interaction term considered as a·per­
o· 

turbation. 

H' = 

1 
It has the form. 

t
-~ + + 

2 
•r.)(S.·r.) 

- y h E y J J J . 
I j Sj . r; 

J 

++ 
I•S 

j - --
r 3 

j 

++ 
+ E A.I·S. 

j J J 
(1) 

+ 
The first term is the dipole~dipole interaction between I and the.spins 

-+ + -+ -+ 
S,, r. being the position vector of spin S. with ,respect to I in the 

J J J 

laboratory frame. The second term is the Fermi hyperfine .interaction if 

-+ -+ 
Sj is an electron spin; or the electron-c9upled scalar interaction if Sj 

is a nuclec3r spin. Only particles of spin I= 1/2 are considered, so 

there is no quadrupole interaction. 

The Hamiltonian H' is, in the case of non-viscous liquids, a rapi-

+ -+ + 
If I and S. are on the same molecule r. 

J J 
dly varying function of time. 

varies randomly in. time due to tumbling or internal rotation of the mole~ 

cules of the liquid. 
+ + + 

If I and S. are on different.molecules r varies 
J . j 

due to rotation or translation of the two molecules .r.elative to one. 

another. The scalar coupling constant A; can fluctuate rapidly between 
J 

zero and A. due to chemical exchange of the.spins from one molecule to 
J . . . 

-+ -+ 
another, since A. is zero unless I and S. are on the same molecule. The 

J J 

scalar term can also fluctuate·rapidly in.time due to.rapid transitions 

+ 
of S. between its various energy levels. 

J 

-+ 
This can.occu:i:: if spin S. is 

J 

coupled strongly to the lattice, as would be the case for particles 

having spin greater than 1/2 and having electric quadrupole moments. 

Given the perturbation Hamiltonian H', the tran~ition probability 
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per unit,time between the states a and Scan be calculc;l.ted from the for-

2 mula of time dependent perturbation theory 

+ complex conjugate 

where w is defined by 
Sci 

w = 
(3 a 

= 

(2) 

and the bar denotes an ensemble average, It is assumed that H1 (t) is a 

stationary perturbation so that 

(SIH
1 

(t) la) * (SIH
1 
(t') la) (3) 

depends on t and t' only through their difference t - t' = T, After one 

makes this substitution Equation (3) becomes 

= (4) 

where GSa(T) is called ,the correlation fup.ction of H1 (t) and ,depends on 

the.states a and Sand the time T, Substituting Equation (4) into Equa-

tion (2) one obtains 

= 
(t 
J_t 

-iW T 
Sa e dT, (5) 

Several useful properties of GSa(T) result from the fact that H1 (t) is a 

random function of time. For a typical perturbation 
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so if Ji;i.Ct - 1r) and ll1(t) were unrelated c;,ne coulq wi:-ite 

However, tc;>r T :;;: 0 

For typical Phfsical systems, a1 (t) varies in tim~ que to some 

physical movement. For values of T less ~han some critical time Tc the 

movement may be con~idered t\egli~ible, and H
1
(t - T) ::: H1 (t)~ For t;imes 

lqng compared to\~, H1(t) aud H1(t - T) become progressively less cor-

related, and GSa(T) approaches zero. For times long compared to T the c 

limits of integration in Equation(~) may be taken as± 00 , and the tran-

sit;ion pro'bability W O becomes ;i.:pdependent. of time.. Thus, Equation (5) 
. a"' 

beool)les 

where 

w 
~B 

is c~1i~d the spectral density of tpe correlati~n fun~tion G~a at the 

(6) 

(7) 

frequency (I). It is gene:i:a;t1y assumed, and c,an be proved.in special 

3 ca~es , that G13 ~(-r) is related to -r~ by the simple exponen.tial relation 



Substituting this i,nto Equatiqn (7) and p~rformin~ the integration one 

optains 

Tl}.en 

i I (B IH1 (t) I Gt) 1
2 

Tc 

--..,..,2-=2 
1.f.w, ' c 

9 

(8) 

Thus, the spin-l.aHice irel.a;iqat:i.,(!)n time depends on the strength of the 
+ + 

coupl::i,'{lg b~tween the spiµ I and tp.e ne:Lghboring Sl>;i.ns Sj, which enters 

" ' ' 2 
the equation via the term l<sjn1 (t)l~)I , It depends on the tempera~ 

ttJ.re thrqugh the cor,;el.ation time ic, and it depends on 1;:he Eitrength of 

compiete formt:,.las ;for Tl' i;1s well as formuJ,as for r
2 

may be found in 

1\.ppendi,x B. The ~eneral formqf all the eq_uati,ons is very similar to 

Equation <8). 

Ex~haµge Fhenomena 

blow considel:." the case in which spins, asa1,1med tQ be protons, can 

exist in two environm~nts A and~ having different relaxation times TlA 

and '!';t.B• The pppbab.ility that a proton i!:ii in environment; A is pA' and 

the probal;,ility that; a proton is in environment B :ls pB. In the limit 

of rap:j.d exchangE, of p:irqtons between the two enviroµments the observed 
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proton re:+-axat:j.on rate is ju,st;; t;:he weighted ;average of the relax~tion 

ra,tes in the separ:;1.t;e env'ironuiepts~ i.e., 

1 
- ;= 

T;l 
(9) 

.A.n examp:)..e qf such a system is water whic.:h contains dissolved para.mag-

netic salts. Enviro~1:q1ent A is w13-ter molecules in the si;.,lventi 2lnd en":" 

para~agnetic ion. In this case T1~ << Tl.A. dµe to interaction of the 

proton spip with the e~ectr9:q. spin of the paramagnetic: ion •. F'rom Equa-

tions (1) and <B) tn.e dipolar contr:ibut:i,.on to the r:ell:llxatfon ·t:ate of the 

O t ' ' 1 2 spin+ is proportion~ to Y8 ~ 
I 

Therefore, since y for an electron is of 

the order of a thous,a,nd ti.mes that; of q proton, electrons are of the 

order: of 106 t:imes more effective: i:p, produre:tng: :,\'.'ela:l\'.ation. Whereas re-

laxation 1;:ime$ of protons ip the solvent water a.re cf the order of f;ec-

onds, relaxat;i.oJ;J. tim~s in the pri1w;l.:q1 hydration sphere of pa.ri;i.magn~c1.c 

ions are of the prder o,f microsecondso 

When the lLmi;t of rap{d ~xchange is not quite :reached., fc;he relaxa,~ 

tion behavior ot the I;:wo environmep.t; system ca.:n still .be described by Et 

s:ingl13 rela:icatfon time T
1

~ but now T
1 

dr-pend.s not only c1n the relaxation 

times TlA a:o;).d r
1

B but also on h,ow fast protons ex:chan~e betw~,e11 th~ two 

e:qv::L,r:onments o T'1,e c.orrected expres;;;io·n is 
4 

1 
T 
1 

(10) 

where 1
13

.A. is th,e average :;l.if1;1,time of a. proton ia ~;iviron.ment B befo:rrie. 

transfer to environ.men~ A. The approx.:j.mati.on PA ~ 1 valid for d.Lhi.te 
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solutiQns has been made in going from Equation (9) to Equ11tion (lO)o 

l'he re],axati<;!>n pehavior of systems in which protons c;:an exist: in more 

than two envi'fonments can also be h,andl.ed, and in.the limit. of very 

r""pid e~c;.hqnge the e:icpressi0ns are analqgous to Equatiop. (9). When the 

exchapge is slow the expressions become quite complicated, as exempli­

fied by the equation describing the Cr(H
2
0)

6
3+ - Cr(H2o) 5oH2+ - H20 

system, which is given in Appendix·B. 



FOOTNOTES 

1c. P. SJ,.ichter, PrinciRles of Magnetic Resonance (Harper a,nd Row, 
New Yorkf 1963), pp. 46, 84, 102. 

2rbid, pp. 135-142. 

p O 230 0 

4z. Luz and S. Meiboom, Jo Chem. Phys., 40~ 2686 0,.964). 



C:EiAPTER III 

EARTH'~ FIELP NMR TECijNIQUE 

To measure the proton spin.,-lattic.e relaxatio11 time of liquj_ds 

1 2 3 
usii;i.~ the earth's field. NMR technique s ~ , the sample~ approximately 

400 ml i.n volume, is placed inside a coil. whose axis is oriented . pe.rpen-
___,.. 

dicul.ar to the: earth's mag:netic field t qf 0.54 ga.µss (F'igure At e 

time t = 0 the cur.rent i~ tµ,rned on in the coil, establishing a polariz-

in, field of the order of ~00 gauss along the axis of the coil. The 

mag1;1etizat:ton within the sample grows exponentially toward its requilib-

ri1,1m va.lue with. a time constant 'I'lp, the, spin·=lattice relia:i.:ation 

in B 
p 

After a time t - tp which is long compared to Tlp 9 the poLir:Lz.·-

ing field is reduced to some intermediate value B1 (Figure 

t = t + t, the. Intermediate field is reduced st1dlde,p,ly 
4 

to 
p 1 

the: :magnetlzat.i.on at rtght angle's to the earth is m.&,g:ri:e.t:k. 

Larrnor f:rentJen,1;:v. which for prqtons is f "" Y B / 2·11 "" 2310 Hz.; The ,. , , e , . 

The 

changi.pg magne.t:ic flux :j'._1;1.d.uces a sinusoidal vol.t.s,g,~ in the coil~ which 

is ,;i.mpl:Lfied ;3\nd display~t;l on. a.n psci.llosc::ope screeno The signal dies 

ou~: witl;l a time constant T
2
e' the spin-spin rE;lax,at:;Lon time of th,s::: sam-

ple in the ~a:ri::h's field B. The initial amplitude of.the free preces~ 
e· 

sion signal is a measure of. th,e amount of .rela;ica.tion that t;:,,r:ik place in 

13 
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the interval t .• Variation t. in ~ucc~ssive measurements allows c.alcu-
l. l. 

1,ation c;:>f the reia~atioq time l'li in the ir,i.termediate field? To measure 

T1 in t;he field BP, the ]llagnet:i,c field is reduced to zero at time t = tp, 

i.e., 

B 
p 

B 
B. 

l 

t. = o. 
1. 

By varying tp the rela~ation time Tlp can be determined. 

-+ 
B 
e 

---------,-·--. -------,-
-+ _____ ..,E 

Figure 3. Representation of Magnetic Fields in the Earth 1 s 
F;i.el\i NMR Technique 

0 

'l.'1 . p 

L 
t 
p 

----1 
! 

t + L p 1. 

\ T, 
~ le 

"'-,..__~-------~-... ,,,_..,....... ... ..,...._,. .... -~~-~-·--·----··--·· ...... ~_,.-, ___ .............. =-=-·--~~. ---

Figure 4. Magnetic Field and Sample Magnetizatio:nVers-us Time 
for the 1,!:a.rth's Field NMR Technique 

P· 
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+o measure T:J_ in the earth's field of Oo54 gauss, th,e polari.zi.ng 

field 13. is 9pplied for a time long compared tq T
1

• Now B is reduced p ' p p 

to zero adi.ab~J::l-call,y4 rather thc\n suddeniy, which leaves the nuclear 

+ 
m;:tgnetization parallel to the earthis field B. After a time t an ..,,. e e 

"inspection pulse'' is appl:j.ed, wl'i.ose function is to rotate the remanent 

magnetization so as to be. perpendicular to Be O Th,e inspec.tioi;i.. pulse is 

generated by turq.ing on the coil c.µrre.nt adiq.batic.:~111.y to give a. f iald. 

of a :flew ga,uss~ a.pd then removing it suddenlyo The amplitude of th,2 

emsui11-g precei;;sion signal ;is again a measure of how much rel1a.xation took 

place in the interva_\ to 
e 

B 

Figure 5. Magnetic Field Versus Time for Measuring T1 i:.n th€ 

Earth's Field of O? 54 Gamss 
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CHAPTER IV 

INSl'RUMU:NTATION 

Intr9duction 

To measure th~ field dependence of proton spim-lattice rela~a.tion 

t:imes. usin~ the earth is field NMR technique t instrumentation is require.d 

whic.q will maintfl,in a polarizing field BP in an air core. coil for a. time 

t, reduce the field suddenly to an intermediate value B" for a time it,~ 
p 1 l 

and then reduce the field. suddenly to zeroo The coil'must then be dis-

connected from the pola1;izing circuitry and connected across a capacito:r 9 

forming a series :resonant LC circuit tuned to the Lax:mor prer~ession fre-

quency of th.e. spins o The signal must then be. amplified and displayed on 

power supply for maintaining regule1ted cucrent; in tha load~ 

ti.on reircuitry for G>bserving the free prec,.ession signal~ and (4) timing 

circ\1i.i.ts :for con.trol of polarizing ap.d switching t:;tmes o 

Current Control 

The current control circuit is shown in Figure 60 A plot. of the 

coil. CLJ.rre.n,t and. coi,1 voltage is given in Figure 1. The operation of 

the silicon controlled r~ctifier current switching circuit is very much 

like the one de~cribed by Mitchell:!,, except series regulating power 

17 
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transistors have been added'to provide c.onstant·current in the loado 

v 

0 t t . ,_ 
2 . 3' 4 

1 + 210 

t 
5 

210 

I 

'-------------+---------------~+-L --1 
I ~- 114 

[_ 
,_ 138 

Figure 7. Coil Current and Coi.l Voltage Measured at Point 
Y of Figure 6 

SCR Ill is triggered at time t"" 0, and the voltage at point Y :i.n 

Figmr:e 6 drops to nea:rly - 4.3 volts (Figure. 

ponentially with a time ,constant L/r o At time t
1 

the (:c,un:ent t1.2,s 1.n-

19 

cr:ea,sed to a level B\IJC.h that the vollage a.cross R1 is greater tham th,2 

2,4, volt z:en.er.re.fe,irence: voltage, and the 2N916 conducts.c This d.i\rierts 

some, of the cux·rent · i, that wa.s formerly available as base .c.mr:rent for 
l. 

the serie.s regulati4g transistors o They c1.nne out. of saturat:i0n and p1Ce:-

veint further current increa.Qeo The negative feedback signal to the 

base.of the three 2N3715 series regul.atil)g transistors ma;lntains the 

load current constant unt:il time t
2 

when SCR#2 is fi.redo The voltage. 

at point Y drops to -138 volts~ reverse biasing SCR Ill :and shutting it 
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off o The voltage at. Y rises sinusoidally as the e:i:1-ergy in. the coil 11,; 

dumped into the 3~0 pf commutating capacitor., When the voltage reaches 

+210 volts the two 1N2839B zener «;liodes begin conducting, an.d the cur-

rent in the coil dec:reases·linearly at·a rate di/dt = V /Lo z 
At time t

3 

when the current has d~c.reased to just above 2 .O aml'eres SCR 113 is fired O 

A current J
1 

determined by the value of R
2 

and the 1N4.370 zene.r vo1 tage 

passes through the MJ 423 series regulating power transistors o The 1r:e-

maining coil cur:rent passes th.rnugh the 1N2839B zener diodes, which 

maintains the potential at Y equal to +210 volts. This remament c1.n::-

rent continues to decrease at a rate di/d.t "" V /L. When the z,ener cu::r·~ z . 

rent reaches zero at ti.me tb the potential at Y drops to the value -I 0 ro 
..,. 1. 

The cqil current is kept c;ce11nsta.nt by the negative feedhack pirnvidt~d by 

sampling resistor R
2 

and the 2N916 1e,r:ror detector and ampl:i.fle1r o The 

interI\).ediate · field is cut off at time t
5 

by trigged.ng SCR The ,':·rnt 

off seqvence is similar to that for SCR 111" 

when the. SCRv s a.re. trlgge.re.d from the non-cona1.1lcting into the c.ondluc.thig 

state., Chokes L
1 

and L2 ~re 75 ph and. are made up of 22 turns o.f. 

wire on an A:,mold A-930151~2 molybdenum permalloy core o Choke 1
3 

is 20 

v h and consists of 5 turns of 1116 wire on a. F'et:roxcube 203F'250-·3C :fe:r-

The 00005 pf capacitors across the 2N9l6 transistors prevent high 

frequen,c,y instability of t:l;i.e high ga:in fo.edback networko The 1000 ohm 

resistcn: in parallel with the coil serves to damp oscil1at1crrn: wh.ic:h 

occur on switching current in the i~ductbre load o 
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The 2N3494 and 2N2904 transist(ors act as CJonstant · current sources 

an,d provide regulation ,against changes in power supply voltag(eo The 

1N4148 diod~ at the collec;tmr: of the 2N2904 tir:ansistor prevents cunent 

from being drawn from the base: to collector of the 2N916 when the 24-

volt,power supply at point Bis turned offo 

The 48-volt supply i.s de.sJ,gned for loads of from· 4 to 6 ohms 

for polarizing currents of from 4 to 6 amperes:" The 24-volt inter-me,d.i~ 

ate field supply is: designed fer currents. from, 2 ampences to 30 

amperes" Regulation for both is ± 1%, the principal lfod,te,tion being 

te.mpe:r.ature drifto The, ne.gatbre temperature coefficient of. the lNl~.370 

reference ,;s:::ner diode. and the base-ie:mitte;-r.· voltage of the 2N916 9 

the positive tempera.tu;re coefficient of the sampling resistors R
1 

a.nd 
·. ..J\.. 

R
2 

couple to make· the curre:;1t d.ecre.ase as the t,empera.ture i.s incre.e1s,ed o 

Regulation could be :1i.1mipro\red at the expense of increased power loss in 

the. sampling resistors. by using higher reference volt.;1g,e,s" Zener dLodf:::s 

fi.cient of the base-emitter j 1.mction of the 

Detection Circuit 

A:ftex the curre.nt. in the coil has been ,reduced to zero the magne-

t.ization within the sampl~ prece.sse.s fre,ely about the e,arth w s magnetic. 

field and induces a voltage in the coiL The circuitry necessary to 

dete.ct and amplify this signal is showo. in Figure 8 a.long with the re~ 

lays for switching fnom the polarizing to the detection mode,; 
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which is, to a close approximation, an exact duplic;a.te of the sample, 

011,2 
C01 o It is connected so that any stray voltage induced in the sam-

ple coil will be cancelled by an.equal and opposite voltage induced in. 

the "bucking coiL 11 Relay R
1 

is a doublepole double throw Potter a.nd 

Brumfield mercury-wetted :contact rela.y, and R
2 

is a Potter and BrumfiEdd 

HCllDB half-size non-polarized relayo The relays are activated in the 

polarizing mode and·deactivated in the detection mode to minimize the 

possibility of stray pickup that may.exist :i.n the relay activating 

coilso 

When the relays are activated in the polarizing mode~ relay R2 

grounds the detection circuitry, and R
1 

connects the sample,coil.to the 

polarizing circuitry and to a meter for measuring the current through 

the coiL In ,the detection mode rela,y R
1 

disconnects the polarizing 

circuitry f:rom the coil and grounds tl;1e center tap of L and L' o Relay 

R
2 

conne.cts the sample and bucking coils to the capacitor C ~ forming a 

series resonant LC circuit tuned to the .Larmoir precession 

the spinso Low dissipation factor polystyrene·. J.n 

the tuned circuit in order to dropping the circuit Qo Ihe c::i•Jt-

put tuner may be treated 2,s a band-.pass filter with a bandwidth about 

180 Hz\ 

At a bandwidth of 15 Hz,.corresponding to a circuit Q of 31 9 the 

signa.1-to-·noise ratio is approximately 150 to 1 for a 450 ml water 

sample in a. field of 350 gauss o The sigp.a,1-to-noise ratio can be. im­

proved by winding coils of higher q2 and thereby narrowing the band-

width~ at the expense of transient response of.the detectior systemo 



Relay ,Multivibrators 

The current and·sig1;1al relays are controlled by bistable multivi­

brators shown in.Figures 9 and 10~ In the detection mode transistor Q
1 

is on, Q2 is off, and the relays are deactivated? They are activated 

in the polarizing mode by tp.e leading or tra.ili:ng edge of a squ.eire 

pulse, which is differentiated by the OoOl µf capacitor and 470 K volt­

age dividero The negative spike of the differei:;.tiate:d pulse turns Q
1 

off, Q2 on~ and activates the re.lay o The relays are deac.tivated in a 

s;Lmilar fa.shion by a negative pulse at the ba$e of Q
2 

o The zener diode., 

in parallel with Q
2 

keeps the collector-emitter: voltage below the t.ram­

sisto:r breakdown voltage when the relay is deat'.tivate(.L 

Timing Circuits 

The basic ti.ming circuit (Figure 11) is a monoi,:ta.ble multivibratoJt 

with a uni.junction trans is tor used as the timing element 0 In the e:S"" 

cent state, Q
1 

is on~ Q
2 

is off 1, and the potential &Jt Z is n,e,ar:r ,23 

ti2l:ntia.l well below th,e firing through diode D1 o A positive 

pulse at the. base of Q
1

, or pushing switch s
1

~ turns Q
1 

of.f and Q
2 

ono 

The potential a.t point Z moves to within a few volts of groundl~ and the. 

timing capacitor c
1 

charges through R
1

" When the, unijunction fires, 

the negative pulse generated at the emitter of Q
2 

turns i.t off~ .e:ind the 

ci:n::.uit: resumes tQ.e initial stateo Capacitor c
1 

rapidly d.:tsr::harges 

through Di, providing for fast recovery o The· time delay :ls approxi.1P,at:2~ 
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ly R1 (C1 + c2), the exact value. dependi1J.g on the u.nijunction firing 

voltage. The square pulse at the collector of Q
1 

is differentiated by 

the RC network and triggers a second stage at the end of the time delay 

of the first. 

Capacitor c
2 

is kept small since whel) the unijunction fires it 

charges through the external power. supply, which .can c.a.use .transients 

unless the supply is a .low impedance .. source, Capa1citor .c
1 

may be any 

value" and R
1 

can.be any value betweel) 3.3 Kand 3,3 Meg, the limita-

tions being the minimum valley curre!).t and the.maximum peak point emit.,-

t f h '0 0 3 er current o t e un1Junct1.on The 100 ohm resistor in series: with c
1 

limits the emitter c1,Rrrent when c
1 

discharges through the unijunction, 

High currents heat the unijunct::l..on~ plus reduce the pulse. amplitude at 

the emitter of Q2 when the unijunctioi+ fir.es, 

!he 2Nl671C W:Bis chosen for its low leakage current and, low peak 

point ·emitter curic'ent" which are necessary for long timing 
•'ii 
,) 

The design objective was for polarizing times betwee.n 2 ms z:nd 20 

which axe easily obtainr,1ble with this circuit o 

± Oo 5%, For short timing inteG''Jals, 2N2646 unijunction tit'.ansistors 

operate satisfa,etorily, and at reduc~d costo 

SCR Trigger Circuits 

The SCR trigger circuits are shown in.Figuires 12 and 13~ one·t:ype 

for the high current. 2N1848 ~. and one type for all of the 2N1717 SCRv SL, 

The operation for both i.s the same. The emitter of the unij i.s 

kept in th? quiescent state at -12 volts~ which is just below the emJttez: 
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firing voltage of the unijunqtion. A negative pulse at B
2 

causes the 

peak point voltage of the unijunction to drop below the emitter voltage. 

Th~ q1pacitor disl!harges through the unijunct;lon a.nd transformer, firing 

the SCR, 

!ransformer T
1 

consists of.a primaryand secondary of 400 turns of 

1129 wire would on an Arnold A--2,13192,..2 molybdenum permalloy .core, The 

2511f capacitor discharging through this transformer generates a pulse 

greater than 300 µ sec;. wide~ which is sufficient to insure that the SCR 

holding current hai;; built up in the inductive load before the gate: drive 

is reduc~d to zero, The bridge.rectifier networkprevents transients in 

the SCR gc:1,te circuit from being fed back ip.to the trigger circuit, 

Further isolatiO!]. is provid~d by using s~parate unijunction transistors 

for firing the SCR's a~d triggering the multivibrators. Placing the SCR 

trigger transfopner in series with c
1 

or in base one of the unijunction 

in.Figure 11 caused instability of the multivibrators, 

Pulse and Timing Circuit 

l'he complete pulse and·timing circuit which the 

the SCR' s and the swi tc.hing of the. relays is shown. in Figure l~-, It . 

consist$ of a string of six essentia](,ly identical.monostable multi.vibra­

tors like the one in Figure lL Multivibrator Ill is triggered into the: 

unstable state by pushing switch s
1

, and each suc.ceeding multivibrator 

is automatically triggered into its unstable state at the end of the 

time delay of the preceding stage. When s1 .is pushed$ MV tll flips into 

its unstable state, which triggers the multivibrator in Figure 10 and 

activates the signal relay R
2

~ grounding the detection circuitry, 
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Approximately 20 ms later MV 1/1 reverts back to its stable state~ which 

triggers the current relay multivibrator (Figure 9) aind connects the. 

coils to the polarizing circuitry o At the same time MV /fl triggers MV 

112, which returns to its quiescent state 20 ms later and triggers the 

circuit in Figure 130 !his circuit fires SCR /fl and turns the current 

on in the coiL At a time between 20 ms and 20 s:e,c later, depending on 

the values of R1 and c1 , MV t/3 reverts back to its quiescent stateo 

This triggers SCR 112 ~hich causes the C1!,ll:rrent to begin decreasing in the 

coil. (point t
2 

in Figure 7) o After a time depending on. the setting ot 

R
3

, MV 114 reverts and fires SCR 113. The·three MJ423 transistors in 

Figure 1 can carry 2 amperes for only a few hundred microseconds while 

the voltage at Y is +.210 volts with respe~t to ground" Therefore, R
3 

in 

Figure 14 mu.st·be set so that SCR ff3 is fired when the er.oil current is 

just above 2 ampereso After a time between 2 ms amd 20 sec later~ d.,,-

pending on the values of R
2 

and c
2

, MV 115 runs downi which .fires SCR 

and turns off the current in the coiL At the same tim·e MV 116 i.s 

gered into its unstable state, which s,ends a pulse t((:l the cuic:rent: 

multivibrato:r (Figu:r:e. 9) to deactivate the cun'ent :t:'i?,lay o Al1c:hough ,,G.R 

1/4 is triggered at the same time as the c.ur:rent r~lay multivibrator t the 

current is red1l;cCed to zenJ within 1 o 5 ms 9 whe1eeas it requires approxi-

mately .3 ms for the current relq1y to actually ,break contacto When MV 

116 runs down the signal relay multivibrator is triggered (Figure,10), 

which deactivates relay R
2 

and connects the coil to the.detection cir.,-

cuito The.time between,de.activat;ion of the current relay and signal re~ 

lay is variable from l to 10 ms by means of R1 o Thi.s time ic made as 
<+ 
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shoirt as possible, subject to the requil,"ementthiat the signal relay not 

lllff~e contact with.the eoih until after the cur-rent relay has discon­

nected the polar~zing circuitry. When the signal relay connects the 

co:f-1 to the det;ect;i.on circuit, a tran~i,ent due to rin~;i.ng Qf the coil 

masks the fr~e precession s;i.gnal ~qr 30-80 ms, deperidini on the Q of 

the co:i,1~ which places a lowe;r limit;.011 the Ti of samples; which can b~ 

~tudied by this method.· 

The ose;Ulo$CQpe sweep may be triggered at the en4 of the time de-

1,;ty of MV 116, QJ::" anotp.er sta~e ;may be added to del.ay the sweep until 

after the switching transient qas died out. If desired, a pulse from 

the l~~t mµ+tivibl'.'ator can be fe,el p9-ck tp MV Ill to make the circuit 

ay~le continuously, 

Tq IBeasure T1 in the l1igh fieid, switch s2 ts placed in position 2~ 

w~ich bypa~ses the multfvibrators which turn the intermediate field on 

and off. The c;.urrent is reduced to zero at the end of the polarizing 

time, and ~ 116 i.s Vi.ggerec;l, which deac ti va t~s the. <;.ur:iren t and signal 

relays for observing the precesston signal. 

Some experiments have been done using the inspection pulse tech­

nique (Figure 5) to ~eas~re T1 in the earth's fiei4 of 0.54 gau$S, How-

ever;the circuitry.required fa:,:, this technique is still in t:he develop~ 

mental stage and has not been includedp 
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CHAPTER V 

PROTON SPIN RELAXATION AND SELF'-

DIFFUSION IN LIQUID CHC1
3 

Introduction 

The. study of. nuclea.r spin relaxation in pure liquids is of con-

side:ra.ble i'.c,,t.:2,rest from the point of view of .U.qui,.d kinetics and liquid 

structure., Since the intramolecular contribution to proton spin relaxa-

ti.on times depends on the tun1bling motion of the molecules, while the 

intermolecular contribution depe:,nds on their relative translations" 

valuable informat:ton about these two motions 1:::an be obtained only if tlj.e 

i:o.ter- and intra.molecular contributions to T
1 

can be separated from one 

another o Ordinarily su,ch separation cannot b1e>. obtad11,red directly flt,::;m 

the experimental data;, One case in which the sep.ara:tion has be~\n e.x-

1 
perimentally obtained: is the work of Bonera a:nd Rigs:mo,nti""' ,, who E,tud:fL~d 

,t~larn.at.ion in mixtures ct benzene and its p~itdeutexated analog 

,8i.t various c.oncentratUrGns" By repeating the m1eZ1surements at. diffe1rent 

temperatures~ theJy obtain,e.d activation e.nexgies fa:Hr lt:'<ota,tion and 

? 
la.ti on which could be c.,cJmpared with t:he piredic.tions of the BPP model - " 

Proton relaxation measurements on chloroform have been reported 

0 1 0 • h l " 0, t 3-6 previous y in c ,e 1:tcer.,Lure " In . the c.ase of this liquid the rota-

Uonal and trem,slational motions of CHC1
3 

molecules c.~m be deduced, fr,om 

a study of the field and temperature. dependence. of proton spin,lartttce 

34 



35 

relaxation times alone. Proton relaxation in high fields is dominated 

by the proton-proton dipolar interaction, whereas in low fields tbe 

++ 
scalar coupling hJ I•S between the proton and the three chlorine nuclei 

on the same molecule is responsible for relaxation.. The relaxation time 

of the ith proton is given by6 

1 1 * J 2 Tk 
= + I: Sk(Sk + 1) (11) 

Tl TDD k 2 2 k 1 + (w. - wk) Tk 1 1 

* where the summation I:k extends over all three chlorine nuclei on the 

same molecule. In Equation (11) Sis the nuclear spin; w is the Larmor 

precession frequency; J, the scalar coupling constant; and T; the car-

relation time for the scalar interaction, equal in this case to the 

chlorine relaxation time. The chlorine nuclei relax very rapidly due 

to the interaction of their quadrupole moments with electric field gra~ 

dients within the sample, which vary randomly.in time due to tumbling of 

the,CHC1
3 

inolecule7• The chlorine relaxation times are given by 

-1 
Tk· = C -c , where Ck is a constant for a particular nuclet,is and cheI!l-k rot 

ical environment, and T is the rotational correlation time 7 • Ac-rot 

1 cording to the Debye model· , Trot is related. to the bulk viscosity of 

tli.e solvent by the relation 

Trot = 3 4n n a /3kT = n V /kT 
m 

(12) 

where a is the molecular radius, and V is the molecular volume. The 
m 

failure of the Debye expression to correctly predict rotational corre-

lation times for all except the most highly associated liquids is well 

8 · 9 
documented. O'Reilly has recently used the large--step random-walk 



theory of rotational diffusion and the quasilattice theory of liquids 

to derive an. expression for '! · t wh:t.ch provides be:tter agreement with ro 

experimento Completely a priori calculations with his model.are not 

36 

possible, however, without a knowledge of the energy required.to create 

a vacancy in the liquid lattice. 

Th O (T DD).,-1 0 E " (11) " h f O ld , d d t .~ quantity 
1 

in qual:i,on is t e 1e -:tn epen en 

dipolar contribution to the ol;,served relaxation rateo It.s rotational 

and·translational contributions may be estimated using the theoretical 

2 
formulas of Bloeml;>ergen, Purcell, an,d Pound as correir;:ted by Kubo and 

Tomita10 and extended by Gutowsky and Woessner
11 

to systems of many 

nuclei. They are 

(Ba) 

h2 2N ·D-1 [1 2 J.~ ( -l)o + ! y, TI -2y, - r,, 9 
1 1 j 1J k 

the internuclear distance; D .is the self-diffusion coefficient for the 

molecules the liquid; and N is the number of molecules per unit 

volumeo In these formulas, r ,· are summati.ons over nuclei of the sam1.e 
J 

~",; 
type as the .!,th, ang, Zk are overall ot;herso In Equation (13b) the 

summations a:qf over nucle.i tn the same molecule, wh:Ue in. Equation 

they are overnuclei of a neighboring molecule, (rik-1)
0 

being the mean 

-1 
Yalue of r;lk for two molecules in coatact a For CHC1

3 
tlw first term. 
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in Equation (13b) is absent. 

In the present.study the earth's field NMR technique is used to 

measure the field and temperature dependence of proton spin~lattice re-

laxation times in a solution of CHC1
3

• Measurements in low fields are 

shown to yield the scalar coupling constants and the chlorine quadrupole 

relaxation times, whose temperature dependence is determined by the ro~ 

tational motion of the CHC1
3 

molecules. Relaxation times in high fields 

will be shown to be determined mainly by the dipolar interaction .between 

protons on neighboring molecules. Hence the temperature dependence of 

high-field T
1 

reflects the temperature dependence of the translational 

motion of the CHC1
3 

molecules. The activation energies for translation 

and rotation are obtained and are compared with .activation energies for 

self-diffusion and viscosity. Measurements on proton self-diffusion co-

efficients in:CHC13 at variou~. temperatures .are also carried. out, and 

used to test: the validity' of tl'ie Stokes..:Eirtstein equation D = kT/6na rJ 

relating self-diffusion and liquid viscosity. 

Experimental 

The chloroform sample for relaxation measurements was prepared from 

· commercial reagent grade chloroform and was deoxygenate4 by scrubbing 

with purified nitrogen for approximately 24 hours. The apparatus is 

12 similar to the one described by Ar:thur , After, deox.ygenat;ion the sam;-:-

ple was evacuat:ed. an·d sea'ie'd·, For comparison, a test sample was sealed 

in a nitrogen atmosphere and irradiated for approximately 24 hours with 

ultraviolet light. The uv light speeds up the reaction of dissolved 

oxygen with a few tenths percent alcohol usually present as a stabilizer 
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in commercial chloroform~·· This sample had a relaxation time as long as 

one which was first deoxygenated and then sealed; both were 85 sec at 

'30 °c. This demonstrates the effectiveness of the uv irradiation method 

as a means of deoxygenating samples for which alcohol is not an objec-

tionable impurity. 

Self-diffusion coefficients for chlorofonn were measured usin~ 

standard spin-echo techniques!8 Sample temperature was controlled over 

0 . 
the range.of 210 to 300 K by means of a gas flow cryostat.· A wide-line 

magnet was used, together with an NMR. Specialties pulsed NMR spectro-

meter operating at 60 MHzo · To obtain the required.field gradient, the 

cylindrical.sample tube was moved in.a direction parallel to its own 

axis; away from the center of the magnet gap. A field region was 

reached at wh:lch the shape of the free-precession signal conformed rea­

sonably well to the theoretical shape· for a region of constant field.· 

gradient13• From the shape of the.signal~ the field gradient was cal~ 

culated to be 0.41 G/cm. As a check on this and other aspects of ex-

perimental technique, the self.,..diffusion coefficient.of acetone.was, 

measured over the same range.of temperatures as chloroform. 

14 were in good agree~ent·with.values found in the,lite:t'.ature o 

The results 

Also·· the , . 

self-diffusion constant·of water was mea,ured at room temperature and 

0· at 1.5 C, with similar ,good.results. None of the samples used in se,l.f-

diffusion measurements were deoxygenated. 

Results and·Discussion 

Typical.field dependence curves at several temperatures are shown 

in Figure 15. DD The temperature dependence of the high-field T1 .(• T1 ) 

6 
is given. in Figure 16 along with the results of Blicharslti, et aL The 
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solid curves through the data points represent least squares fits of 

Equation (11) to the experimental data" In the summati.ons it was neces­

sary to take into account the two chlorine isotopes c135 and c137 , which 

have a nat4rally occurring isotopic ratio of approximately three to onea 

Both isotopes have·spin 3/2, but possess slightly different gyromagnetic 

ratios and quadrupole moments and therefore different J and To It was 

15 
nuclear quadrppole.moment a For the temperature dependence~ of T and 

r
1

PD relations of the form 1.'4
5

"" 0 exp (tE t/RT) and TDD=> (T DD)o ~ 1 35 ro 1 1 

exp (tEre/RT) v;rere assumed~ and the unknown quantities T 35 ° t /iErot, 

(T1UD) 0
, i0.Erel' andJ35 were us~d as adjustable parameters to fit the 

datao Thenon~1:inear lea.st ::;qua.res curve fitting procedure is outlined 

in Appendix A, The results were. L}Erot ""· L6 ± Oal kcal/mole, i'iEr,el -

1. 76 ± Oo05 kcal/mole, and J
3

sf21r = 4o 7 ± Ool Hza 
0 

At 20 C -r ~ . .,, wa..s 
,j.J 

fou~p to be 24 JJ sec; which agrees well with .a va.lve of 23 p sec f::rom the 

data pf oiReilly and Schacher7 , who measured t:h,e c1
35 

:irel.erKeliti,on ti..me. in 

CHCl~ directly o They report a value 0f 1 o ~· :t O o 1 k:::.al/w.,cl:a f,c1r :r:)t \) 

whic.h is sm.afle:r th$m th~· resil.flt found hetein hut within the range of 

on T
35 

= 17 a4 µse:c at room. temperatuite;o Repeating his calcul.ations. 

using 1
35 

"" 24 µ sec gives J 35 /2:rr = 4o7 Hz~ whic:p is the .same as fou.nd 

hereino Ottavi4 has reported results which lead to J 3sf21T "" 3o 7 Hz :6\fil.li;) 

i. 1 ° b~ 0 
· ' S ~ 2 H . n a . ater pu · .J...1.C.a.tion ~ ) a. Z a No explanat.ton for th~ d.iff.exrence was 

given a Blicha:r:ski's data
6 

lead to bE , '""LS± 0.2 kc.al/mc,l~o 
· re.1. 
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Tl)e fact tp.at tsE differs frQm the activation eI').ergv LlE 1 for rot • re 

tr r~la;x:;tiofl in h:J.gh f:l.eJ,.ds suggeqts that: T
1 

·· ~~;mtributes sig_nificantly 

to 1:1,DD. Thl.p is po.pi ou; PY· c,:tl<ru+atfon qf · T
1 
rot usi11g. F,:quat:i,~n (lr3~). 

U~in~ ~~Gepted valu~, for the g~neral physical fOn~ta.µt~ a1t4 th~ value 

Trot.;. ,l..9 x lO-lZ ~~c, 'tfhtc4 wa~ optained by O''.R~Uly and Schachip/ 

from the q135 rflaxation dat:at on~ 9btains (T/0 t)'"'
1 

.= 0.88 x 10-~ s,e¢-l 

at 20 9c. U~t~~ this. re~i+lt ~rnd the o~serv~d val.ue T,J. Q:P = 78 !:lee 

tf ~1 (Fi~ur~ 16), q,:1~ <;al~\llat¢e with the aid of• ~quation (13a~, ('J~:J. ) =,;: 

· ~3 DO 
11.9 ~ 10 /~ec, ~~~a~, t~r rot~ti~nal cont~iq~tiQn to. T1 · ;i.~ eKpe~ted 

s~l)tl:l th~ act:(.vc;\t:ioq e1lfaliSY for translj:Lt:i,qn •. The noneqµqlity of·the 

act;ivqtio1.1 ep.e111~i~s for translation and rqtat:t.o~ h~l:I. be~~ d;i.s~usqed be.-

7,9 16 
tor~ · ' , 

By 4s;j.n~ f!Flµat;tqn (l~c;), SEf sum;i.µg fr ij -~) 
0 

"f' (r ik -l) 0 = (i~) -l and 

Gal~~la~ing ..!!. as~4ming a ftl.l,ing factor of 0.74 for he~ag9nal close 

tr -1 -3; p~c~ing of ha-,:d spheres~ oneyalculates (T+' ) = 5.4 x '.J_O ~ec at 20 

0 9. Due to t:he smali gyromagnetic ratio$ of G135 a:qd c137, the s~cond 

tenm inside ihe prackets of Equ.ation (l4c,) :{-s .l,(:!ss than IQ% of the first 1 

a~d +
1
tr is d~termined mf~nly by th~ d~polar interaction bet~een protons 

two ~II\qllrr than hhe expe1rimental rate. But this is reasqnabl~ agree .... 

ment <;1onsid~ri+1& the .crudeness of the mo<;lel a~d t:he ap~toxiit1ati9ns in~ 

'-'l'Olve<l in .calc;ul.a~in~ quantiUes like (rij .,..
1

/
1 which could e1:1-sily be off 

by a f,actor of twp.fol! i:l m~lecule like ClfCl3 , :i,n whi~h 1he proto~ is n9t: 
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at the ceIJ,ter qf a molecule of spherical symmetry~ Similar discrepan~ 

cies occur when the Pebye formula is used to calculate rotational corre-

lation tillleSo 
,,..12 

Equati<;m (12) gives T = .14 x 10 sec for CHCl') at 20 
rot .J 

0 c~ which is ab.out a factor of seven too large. Such poor agree.ment is 

not unusual,. as the ~eqye .. formula quite often pr~dicts rotational cor:te-

latton times which ,are too large by a factor of ten or moreo 

As ind teated :f.n Table I, the self .... diffusion constant of liquid 

-5 2 
chloroform was found to be 2.5 x 10 cm /sec at 25 °c, with. an activa-

tion energy !1~ = 2~1 ± Oo2 kcal/moleo Theroom temperature value .is in 

-5 2 17 
agreement with the value ~.6 x 10 cm /sec obta.inecl by McCa.11 • Recent 

9 -5 2 0 
:rp.easu1;emErntP by O'Reilly. gave D =.3.3 x 10 cm /sec at 300 K~ and 

D = q.50 x 10T5 
cm

2
/s:ec at 200 °K, with l.\ED = 2o2 kcal/moleo The dis-

6 9 
cr~pancy between 4Ep and.li.E , confirmec;l by the work of others ~ ~ ap­

. tr 

pears t:o pe. real, and raise1? a question aboµ t · the adequacy of the themry 

of ,:-e::\.axation byi.ntermolecular dipolar interaction~ 

The r~sult$ of Bonera and Rigamonti
1 

on benzene a:r.e also ~iv,en in 

Table I, sfo.ce t:he.y allow. similar compa:ri.sons · to be made for tha1t 

It is seen, that li.~ - liE~ /T, in a1g,re.ement with the Sti'.Jlkes-Eiristein ll'.e · 
. '" · 

lation. Again. li.E .. ts mue.h smaller than 6.ED. as appe,at:s to be the • rot· · ~ -

case for all but the most highly assoc.fated liqtdds o As· i.n chloroform~ 

li.E appears to be siisnificantly smaller than .I\EDo Taking into ac;c.ou.nt 
tr 

the temperat;:ure 9-ependence·of.N in E;quation (13c) only increases this 

d::j..screpahcy. It hi;ls been stJ,ggestecl that. tlle difference between these 

two ~ctiyation e1:').ergie~ may be due to mqdul.atfon of the int~rmolecular 

d:ipo1ar in~eract:j_.op by molecular rotations as well as by tr:anslations
1

, 



TABLE I 

ACTIVATION ENERGIES FOR' RELAXATION, ROTATION, TRANSLATION, 

SELF-DIFFUSION, AND VISCOSITY IN BENZENE AND CHLOROFORM 
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l\.E r~l ~E t,Etr f:,E D .6.E 
11/T Molecule 1rot 

(kcal/mo!~) (kcal/mqle) (kcal/mole) (kcal/mole) (kcal/mole) 

cac13 1. 76 ± 0.05 l.~ ± 0.1 1.76 ± 0.05 2.1 ± 0 0 ~?b 2 0 J, ± 0.1a 

C6H6 L9 ± .0.2 c 
1,.2 ± 0.3c 2.5 ± 0.2c 3.1 ;!: 0 ~d • i.:'. 3.1 ± 

,.a 
O c ··-

a E.W. Washburn, ed., International Critical Tables (McGraw-Hill 
Book Co., New York, 1926). 

bAt 25 °c I05D 5 l 2 ' = 2. ± O. cm /sec. 

cG. Bonera and A. Rigam9nti, J. Chem. l.'hys. 42~ 171 (1965). 

dR. Hausser, 9. Ma:f._er, and Fo Noacl.<., Z. Na.turforsch., lla, 1410 
(l;966), 
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This seems reasonable for a molecule like CHC1
3

, in which the proton is 

not at the center of a molecule of spherical symmetry, and would lead 

to an act'ivation energy-6E. t in er 
< t,E .­

D 
However, since T. tis so short, ro 

it is unl;i.kely that such a mechanism could ace.aunt satisfactorily for 

t-he observed relaxation rate. 
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CHAPTER VI 

PROTON SPIN RELAXATION.AND. EXCHANGE PROPERTIES OF 

· Introduction 

Although the basic mechanism for proton spin relaxation ii;1 aqueous 

chromium . (III) solutions is well understood
1

,, rela:x;ation times reported 

2-7 by differe.nt, observers for apparently identical systems do not agree 

Thennal hystere:sis
3 ' 6 , solution a.ging

2, specific anion effec.ts
7

i and pH 

8 9 10 
dependence' ' have all been noted. Some of these eff$cts appear to 

be a result of the unusual features of chromium (III) chemistry.' In, 

aqueous solution cr3+ hydrolyzes readily, forming CrOH2+ and higher hy­

dicolysis products, which have been shown
8 

to ,have a pronounced effect on 

proton rell,)\xation times in the solutiono Chrom:lum (III) also forms 

stable coordination compounds with a large number of other liga.nd.s ~ and 

!S\t high temperatures Long':"'lasting hydrolytic polymers are easily 

11 
formed . o Once. forme.d, these polymers break down. very slowly, even in 

highly acid media, giving rise to, the thermal hysteresis effects which 

6 
have been reported o 

Chromium is one~ among several. paramagnetic ions, in which the life-

time for protons in the ,primary hydration sphere at low temperatur,es is 

relatively long, so that. the observed relaxati.on rate of the solution is 

limited by the rate·of.proton excp.ange between the hydration sphe:re 

48 
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the. ion and the bulk water, At high temperatures exchange is fast, and 

the solution relaxation.rate is limited by the rate of relaxation in,the 

ion hydration sphere, The observed proton relaxation time in a solution 

containing only.Cr(H
2

o)
6

3+ is givenby the expression 

(T·obs)-1 
1 = (T o) ..;.1 + (T s) -1 ( ) -1 

lw · lw + P Tlx + "xw (14) 

3+ whe;i-:e the subsc.ripts x and w refer to water of hydration in Cr(H
2

o)
6 

and bulk water respe.c;tively, The quantity Tlws is the proton relaxation 

time in the bulk water due to dipolar interaction with the .cr3+ spins, 

and T · 
0 

is the relaxation time due to other mechanisms in the solvent, lw 

The latter quantity can be equated to the relaxation time in the solvent 

not containing panramagne.tic ions, but otherwise under conditions identi-

cal to those of the studied solutiono The time T is the ave.rage life~ "xw 

time of a proton in the hydration sphere of Cr(H
2

o)
6

3+~ and pis the 

' ! ) 3+ probability of finding a partic.uLa:rc proton in Cr\H
2

o. 
6 

o A 

( 4 ) h ld f , T obs simil,u to Equation 1 is assumed to o · .:...ot 
2 

. 9 although 

e::tal threre will also be transverse r,elaxa1t:ion by the. so-called 11 J1uj-

e.f fec.t1112 o However, on the basis of the parameters derived h,e:rein, one 

can show that this re.Laxation mechanism is negligible in the ,ca,se of 

Cr(H20)!/+ solut.ions up to 14 kG, which was the highest field studied, 

A more general expression for T
1
obs, valid for solutions containing 

C:ri'H 0) OH2.+ " ~dd-rtion to Cr(H 0) 3+ is given in Appendix Ba. Also · ' 2 . 5 1.n '°' """ · · 2 · 6 ~ · 

rep;t'oduced there are theoretical expressions for T and T 
8 

which will lx lw 

be used later in i.nte.rpreting the. experimental data o 
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. . 3+ Protons in Cr(H
2

o)
6 

are known to exchange with the.bulk water by 

transfer ac.ross hydrogen bonds rather. than by exchange· of whole s;,rntex 

molecules. 13 
The latter have. hydration li.fetimes of the «Yrcder of hours: o 

In intermediate acid concent:tations the dominant exc.hange mechanism is 

b 1 . d b h f'' "d h d 1 · · 8,l4 e. ieve . to e .. t e: · JLrs t aci y ro .ys1,s reactu.m 

--'lk 
-1 

(15) 

In highly acidified solutiori.s there is am additirn.1..c:1,1 acid-catalyied pro~ 

h "" · · ' 9 , lo h. h . b 1 · d t " · "- v. ' ton exc ange· ,.eact:1.on ~ w ic 1.s e. 1.eve .o occur via ·cne .me1cnam1.sm 

(16b) 

Reaction (16aJ involves the protonation of one of the six ,c,.oordina\te.d 

w.ate:r m,JJlec.ules of Cr (H
2
0) 

6 
3+, forming a ,coordinated H

3
o+ in which ch:& 

fei::red :ls not the proton originally accepted by theiono In weakly 

acidified or non-acidified solutions complications arise due tc0 fo:rma­

t:Lcm of Cr(H
2
0) ,;,OH

2+, which is believed to have a pronounced effect on 
. . J 

t.he obse1ved relax.ation rate due to its rapi.d ,rate of proton exchange 

with the bulk water
8

o 

The effects of isotopic substitution of deuterons on the 
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rel<)(xation times in aqueous solutions of C:r(N0
3

)
3 

have been studied by 

M 
, 15 

az1tov o The observed increase in the proton relaxation times with 

deuteration was interpreted on the basis of am increase in the lifetime 

3+ of protons in the primary hydration sphere of Cr • It has bee.n re-

cent.1y suggested that changes in proton relaxation times as the solvent 

is: changed from H
2
o to n

2
o can also be e.xpec.te.d on the basis of a change 

16 
in the probability of finding a proton in the ion hydration sphere 

This arises due to the. difference. in vibrational z.ero-point ,energies of 

protons and deuterons, which cam give. rise to .a proton fraction in the 

hydration sphere which differs from that in the bulk o In . this ca.se. the 

observed reLaxation time would be given by the equation . 

obs -1 
(T l 

l ' 1.w 

where S is the fraction of protons in the solutiona. The constant K 1.s 

the equilibrium c.ons:tant · for the exchange reaction 

H 
x 

+ D 
w 

D 
x + H w' ) 

n 
{\H'- are the diffe1r:encces :h.1 entropy and enthalpy between the products and 

reactamts in their stamdan_td states o Although not stated explicitly in 

the dertvation in refe1eence; 161 Equation (11) holds only i.f the concen-

trations of the. speci,es AH D , where m"" 0~1,2, o o on~ ar,e related by 
m n-m 

0 0 l"f .. 1 11 
stac1st1c.a ~actors: a,one • This: is a very good apprDximation for so.1-

vent water and. should be expected to hold. for coordinated wat,sx .as we.lL 

This theory was in pa:rti.al agreement with published. experimental 1n2,.sults~ 



but definitive conclusions were not possible on the basis of available 

data. 

In the present study,. measurements of. the field and. temperature 

dependence of proton spin relaxation times were undertaken on a 0.10 M 

HC104 solution of Cr(N0
3

)
3 

for the purpose of determining the.rate con.~ 

stants of Reaction (15) and the relaxation parameters of the hexaquo 

species Cr(H
2

o)
6

3+. Proton spin relaxation times were measured in solu-

tions containing up to 8.0 M HC10
4 

in order to determine the rate con-

stant k
3 

of Reaction (16a). Measurements were made as a function of 

mole fraction· of n2o in order to determine the quantity Kin Equation. 

(17) and to study the effect of deuteration on the other parameters in= 

fluencing proton spin relaxation. Measurements were also made on weakly, 

acidified f!mlutions of Hz° which contained appreciable quantities of the 

' 2+ first hydrolysis prodact Cr(H2o)
5

0H • Its relaxation and exchange 

. ·3+ 
properties were examined and compared with those for Cr(H

2
o)

6 
• 

Experimental 

Measurements of proton T
1 

in the range from Ll t~ 520 gauss were 

inade using the earth's field free precession technique. Measurements 

. 18 19 at 14 kG (60 MHz) were made using standard spin-echo NMR techniques ' 

The sample temperature was controlled, in the earth's field tech-

nique, by pumping heated or cooled water around the sealed glass sample 
( ,·. I._' 

bottle. The tempering liquid ·iwas doped ;ith Mn2+ ions so as to suppress 
1.,• 

its contribution to the NMR signal. At 14 kG the sample temperature 

was controlled by a regulated gas flow cryostat. Temperature stability 
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0 wa.s approximately± Oo.5 C with both systemso 

The chromium solutions were p::repare4 from reagent grade Cr(N0
3

)
3 

and were acidified with HC10
4

o All were prepared by dilution of the 

same master solution~ which was OoiO M i.n HCl0
4 

o No mea.sura.hl<Ei cha,n.ge 

could be dete.cte.d betwee.n a freshly prepared ma.st:e1i:-: solution .and one 

stored for over a yeat' at room temperatureo 

Values of the iscosity of H
2
0 used in calculating rotational cot-

20 
relation times.were taken from standard tables ; those fm.r D

2
0 were 

. 21 22 CottLngton and Lewis and MacDonald o Viscositi.es for mixtures of. 

H
2

0 .and n
2
o were estimated by assuming a linear variation .of viscosity 

"h f . zz v - l 1 " f T 8 . lf ;;·~f . w1.t proton .nllct1.on " )~rnr the IC.a.' rcu. a.ti.on o ·· , ~ se ... -u1.r: usaon 
-W 

coefficients for H.
2
0 were taken from the data of Simpson and 

S lf . .:i "f- . f'f' · f c 3+ ;; h i... .:i e .. -u.rc tus1on coe .. i:c:vemts ·or :r u.o not appear to .. ave i,een meJS'.:su:it:'e.u. 

Values, at other tei:r.rperatu1r:es were. <C.alcula.ted using the Stokes-,Einstei.n 

D (S, T) kT/6'11' 

Values of n(B. Tl were known experimentally~ and the S-depeno.lP.:cu-:e of the 
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Stokes-Einstein. ,.cadius r could be calculated from the .kno.wn variation 

of.D and n with proton fraction at 25 °co Self-diffusion coefficients 

f 3+ d or Cr in deute:rate solutions ·were calculate.cl .from the St.okes-Ein-

stein equation by.assuming that the ratios r(B)/r(B:4) were th~ same for 

3+ Cr as for H
2
o. -

Results and Discussion 

Solµtions of ModerateAeidity. 

The experimental field and temperature results for c.hromic ions in 
-_f 

0.10 M perchl::i1dc. acid solutio~ of water are shown in F':igures 11-19. 

The observed proton relaxation times in the solution have been corrected 

for relaxation in water not containing paramagnetic ions using the re,-

la.tion 

(T cor)-1 
1 

with a similar def:i.nition for T
2 
cor o 

should be independent o.f the concentration of p.snei,imagneti:c ions~ whicJ:1 

was indeed found to be the caseo 

The expe,rimental curves can be aHccounced. ffft' satisfactorily by 

i\Ising Equation (14) along with the. standarc:d theoret:tca\l expressions for 

Tlx and Tlw 
8 

whi,ch a.re given in Appe.ndix Bo In all~ the equations con,,,-

tairi. five unknown quantities which are to be determined.by fitting the 

theoretical expressions to the experimental dat.ao They are the proton 

- 3+ lifetime -c ~ .the rotational ,correlation time T of the Cr(H
2

o)
6 

~om"':' 
-~ r 

plex, the correlation time for electron :relaxation 'v' the scalar 

coupling constant A, and the constant C appearing :ln the Bloembergen,-, 
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Morgan·equation for r
18

, which.is related to the asymmel;::ry of the crys-

talline field around a Cr3+ iono 
0 

The valuer= 2o74 A obta:f_ned by 

Hausser and Noack7 was used for the ion-proton distance in C:r(H
2
0\3+ 0 

The same value was used for the closest distance of .approach of a proton 

in the bulk to the i.on spin since larger values gave slightly poorer 

fits to the datao 

26 According to the Debye model · ~ the temperatu:re dependence 0f the 

rotational con·elation time can be computed from the expression 

4'ITn a
3

/3kT (20) 

whe:i;e n is the bulk. viscosity of the solution, at.temperature T, and a· 

is the radius of the coordinated pa.rama.gneti,c iono Exponential tempe1ta""" 

0 
ture depertderices of the forms T ""' T . exp (V /RT) and 

XW KW X:W 

0 
exp 

(V /RT) were assumed for T and T o The solid cu1rves. through the data v xw v 

points in Figures 17-19 :represent least squares fi.ts of the theoretical 

eqi.,at:ions to the experimental data, using as adju,stable pa.ramet,ers the 

0 unknown qua:ntit:ie.s T · V xw ~ :xw~ 

lea.st squares curve fitting proe;.,s.duire. is outli.ned J.:n Appe.ndix Ao All 

the. parameters are determined un~mbiguously from the con1\il:d..n21 tion of 

mairdng curves, in Figures 18 and 19 iresul t from the le:as t squares curve 

fits and may be used to synthesize all the experimental dat.ao 

At low fields where w 2T 2. 
s v 

giv'es an activation eneicgy .for T of 2 o 1 kcal/mole o This cc:mpares 
v 
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the. ion and the bulk watero At high temperatures exchange is fast, and 

the solution relaxation.rate is limited by the rate of relaxati9n in the 

ion hydration sphere, The observed proton relaxation time in a solution 

3+ containing only,Cr(H20\ is given by the expression 

(T. obs) -1 
l (14) 

3+ whe;r:e the subscripts x.and w refer to water of hydration in Cr(Hz°)
6 

and bulk water respe.ctively, The quantity Tlw s is the proton relaxation 

time in the bulk water due to dipolar interaction with the cr3+ spins, 

0 
and Tlw is the relaxat.ion time due to other mechanisms in the solvent, 

The latter quantity can be equated to the relaxation time in the solvent 

not containing para.magnetic ions~ but otherwise under conditions identi~ 

cal to those of the studied solutiono The time, is the average life­
xw 

ti.me of a proton in the hydration sphere of Cr(H
2
o)/+~ and pis the 

d ° C «HO' 3+ prnbabi.lity of fin ing a particular proton in ·r"' 
2 

; 
6 

o 

0 
' ' E ' (lL) 0 d h ~ . f T obs .. . h ' s1m1.J..auc: to . ·quat1.on -1- :1.s assume to old .or ·_

2 
~ al.thoug Ht g,2rn-

eral there will also be transverse relaxation by the . so-called "fluJ-

ff
. 1112 e, :ec.t , However, on the basis of the parameters derived h,erein~ one 

cam show th2lt this :re.laxatfon mechanism is negligible in the case of 

Cr(R
2

0) 
6

3+ solu·j:fons up to 14 kG~ which was the highest field studiecl.o 

obs 
A mcnre gene.ral expression for T

1 
, valid for solutions containing 

1·ep1coduced there are theoretical expressions for Th; and Tlw 
8 

which will 

be used later in interpreting .the experimental d.atao 
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3+ Protons i.n Gr(H20\ a.re known to exchange with the.bulk water by 

transfer across hydrogen bonds rather than by exchange of.whole w,;iter 

moleculeso 13 The latter have hydration lifetimes of .the o,cder of hours o 

In intermediate acid concentrations the dominant exchange mechanism is 

be.lie.vedto be. the Hrst acid hydrolysis re~ctfon8 ~14 

(15) 

In highly acidified s«."ilutions there is am additional acidl-catalyzed pro,.. 

I" 0 . 9' 10 d ton exchangEi , .. eact1.on ~ which is believe · to oe:1Cur via the mechamtsm 

(16a) 

(16b) 

Reac.t.fon (16a) involves the protonation o~ one of .the six coo:r<0.irv:tt~ed 

Wblte)r molee,ules of Cr (HzO\ 
3

\ forming a 1C.oordinated. H
3
o+ in whfr::h the, 

by a rapid d,e,pir·,ontonation w"ith a probability of 2/3 tha.t the plt(a:ton tr.ans.,,. 

fe'.!::red-is not the proton originally .accepted by the iono In weakly 

acidified o:r. mm.,.-acidified solu.tions compli,cations arise due to fonna­

ti0n of C1r (H
2
0) 

5
oH

2
\ which is believed to have a pronounced effect on 

the observed relaxation rate due to its rapid .rate of p:r1oton exchange 

O h h ' lk 8 wit. t e bu. water o 

The effects of isotopic substitution of deut.e:rons on th.e p,rnton 
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relaxation times in aqueous solutions of Cr(N0
3

)
3 

have been.studied by 

M , 15 
a.z1.tov , The observed increase in the pr,:,ton relaxation times with 

deuteration was interpreted on the basis of an increase in the lifetime 

3+ of protons in the primary hydration sphere of Cr • It-has been re-

cently suggested that changes in proton re.laxa.tion time.s as the solvent 

is changed fromH20 to n
2
o cam also be expected on the basis of a change 

16 in the probability of finding a proton in the fon hydration sphere 

This arises due to the difference in vibrational zero-point energies of 

protons and deuterons~ which can give ri.se to a proton fraction in the 

hydration sphere which differs from that in the bulko In.this case the 

observed relaxation time would be give.n by the equation 

lw 
-l + (T,, 8

) -l + p (Tlv + T_ ) -l [ (l-K) B + Kr1 
. lJiJ' A XW n 

where f3 is the fr.ac.tion of protons in the solution. The constant K Ls 

the equilibrium constant for the .exchange reacti.<on 

H 
x + D 

w 
D 

:it: 
+ H w~ 

wh·ere K ::ts assumed be indepe.ndent <Df 8 0 It:s temperature 

is given by the relation K "" ,e;::,i:p 

) 

:\Ho ,.;::;.~.--~ t.'h,_.,, ____ .,i "ff "" " t n.,i "'·"'t1• ai y b"'tW"'en th" ,, ·-"''" 1U•- u.L ·,e,.,ences 1.n e:r:c:ropy ,Lu •s;c;u fl JLP <- -"°' ,SC, and 

reactants in their stamda1Ed states o Although not stated explicitly in 

the. derivation in re,ference .16 ,· Equation (11) holds only -if the e:oncen-

trations of the species AH D , where m "" 0~1,2,. o on 1• are related by 
m n-m 

1 f ' 17 statistics actors alone o This is a vexy good approximation for sol-

vent water and should be expected to hold for coordinated wat,2:r as welL 

This theory was in pa:rtial agreement with publisheid expet'irnental 1r .. e.:s:ul ts~ 
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but definitive conclusi.ons we:re not possible on the basis of a'11'sailable 

data.. 

In. the present study, measurements of the field and tempen:atmce 

depe.ndenc:e of proton spin relaxation times were under ta.ken on a O o 10 M 

Hcl0
4 

solution of Cit(N0
3

)
3 

for the purpose of determining the rate con-

stants of Reaction (15) and the relaxation parameters of the hexaquo 

3+ species Cr (H
2 

0) 
6 

' o Proton spin relaxa. ti.on times were measmur:ed in :solu~ 

tions containing up to 800 M Hc.10
4 

in order to determine.the rate con-

stant k
3 

of Reaction (16a), Me:asurements were made·as a. function of 

mole fract:ton of n
2
o in order to determine the quantity Kin Equation 

(17) and to study the effec.t of deutera.tion on the other pax:ameters in-· 

fluencing proton spin relaxatioino Measureme.nts were also mad~ on weakly 

acidified solutions of H
2

0 which contain~& appreciable quantities of the, 

f d d ( ) 
2+ 

iirst hy rolys:is p:rc'uct Cr Hz° 5oH o Its relaxation am.cl exc.hange 

d d • , O'II 3+ properties were e:Ji:amine an, compared with those for C1t(H
2 16 - " 

Experi:mentatl 

MeaB,lll:t,ements of pr0ton T
1 

.iii the ramge from L 1 to 520 gauss were 

made usi.ng the e,arth I s fh,,ld free precession technique a Mea.smcements: 

0 18 19 at 14 kG (60 MHz) were made using standard spin-echo NMR te1;;hn1ques: " 

The·. sample tie.mperature was. c.ontnilledi in the earth I s field tech-

nique, by pumpi.ng heated rnr cooled water around the sea.Led glass sample 

bottleo The tempering liquid wa~ doped with Mn
2+ :ions so as to suppress 

its c0ntributic,n to the NMR signaL At 14 kG the s,aimple temperatmte 

was cont1r:\oll,ed by a. reguda.ted gas flow cryost:ata Tempenrature staibility 



was approximately± Oo.5 c0 
with both syst~mso 

The chromium solutions were prepared from reagent g:t·ade Cr (NO".ilL 
.,;, 3 

and were acidified with HC10
4

o All were prepared by dilution of the 
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same master solution~ which was OoiO Min HCl0
4

o No measurable change 

could be detected between a freshly prepared master solution and one 

stored for over.a. year at room temperatureo 

20 
relation times were taken from standard tables ; those for D

2
0 were 

C . 21 d .L ' d M D ld22 
ott.1.ngton an .,ew:is an ac ona o Viscosities for mixtures of 

H
2

0 aud n
2
o were es:t:imated by assuming a lines.Jr variation of viscosity 

with proton f1t,!llction
22 

o F'o:ir th,c.: ca.lculation of T
1 

_
8 ~ self-diffuslon 

.,W 

coefficients for H
2
o were taken from the data . 0 ~ 23 

or :S;tmpson anql Carr o 

S 1£- ~, "f-'f • ff- 0 0 f c 3l+ .'! h 'b .. e . -,W\:JL ue.:u.m coe....: 1c1ents ·or :t' mo not appe.air. to . ave, een meB.s11.1urced 

Va.lu.es at other temperatures were calc:ulated using the :Stokes-Einsteiti 

D(S,T) ""' kT/6'ir r(B) r1(f3.~T)o 

Values of n ( B. TiJ were known e,xperiment:ally, and the B-derpeno_:encce of the. 
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Stokes-Einstein radius r could be calculated f1.eom the.known vaxiation 

of D and n with proton fraction at: 25 Self-di.ffusion coefficients 

f 
3+ d d d or Cr in euterate soluiions. were calculate . fTrnin the Stokes-Ein-

stein equation by assuming that· the ratios r(S) /r(B=l) were· the same fo1t 

3+ . 
Cr as for H20o 

Results and Discussion 

Solutions of .Moderate Acidity 

The exper:j.ment3:}. field and temperature results for ehromk ions i.n 

OolO M per:c.hlcn:ic ac.id solution of water are shown i.n F'iguires 17-19. 

Th.e observed proton rela:x:£3\tion times· in the solution have been. c.01crect:ed 

for relaxation in water not containing par8lmagnetic ions using the re.-· 

lation 

(19) 

wi.th a similar defi.nition for T
2 
cor o A1-~cording to. Equation (14) ~ p,T

1
c""r 

should be :independent of the concentrati.on of p.;;t"t'.:1w2gnetic icrne z which 

was indeed found to be the. case o 

The expeJntmental curves ca.n be acc.ounted for satie.fatctorily by 

using Equa,tion (ll+) along with the standard theoretic.al expressions for 

Tlx and Tlw 
8 

which a1ce give.n in Appendix Bo In all~ the. equations con-

tain fLve unknown quantities which are to be determined by fitting the 

theoretical expressions to the experimental dataa They are t1).e proton 

3+ 
lifetime :: ~ .the :rotational cc0rrelation time T of the Cr(H

2
0)

6
· ·· com"":' 

.~ r 

plex, the correlation time fmc electron relaxation T ~ the scalar . v 

coupling constant A; and the constant C appe . .aring in the :in:oemben:ge:n-, 
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This ~eems reasonable for a molecule like CHC:J.
3

, in which the proton is 

not·qt th~ c~nt;er of a molecule of .spµerical symm~try, an~ would lead 

tq an 9ctivation en,ergy AE O t < t,E " However, since T . t is so short, in er D ro 

it is 1.+nlikely that si.ich amechanism could a~count satisfactorily for 

the observed relaxation rateo 
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Morgan equation for ,.
1

, which is related to the a.symmetry of the crys­
s 

talline field around a cr3+ iono 
0 

The valuer:= 2o74 A obtained by 

Hausser and Noack7 was used for the ion-proton distance in Cr(H
2
o) 6

3\ 

The same value was used for the closest distance of approach of a proton 

in the bulk to the ion spin since larger values gave slightly poorer 

fits to the datao 

26 According to the Debye mode.l i · the temperature dependence of. the 

rotational cc.or1eelation ti.me can be computed from the expression 

4nn a3/3kT (20) 

where n is the bulk viscosity of the solution at.te:mpe:ratu:re T, and a 

is the radius of· the coordinated parramagnetic: iono Exponential tempe:ita""' 

0 
ture dependences of the forms 1. ""-r exp (V /RT) and 

XW KW X'{ll7 
exp 

(V /RT) were assumed fo:r .: and ,: o The sol.id t..'al.lnrves through the data v xw v 

points in F'igures 17-19 represent least squares fi.ts of the theoretic.al 

equations to the experimental data, using as adju8ta,ble paramet,ers th,e. 

the para.meters are determined 11.mambiguously from the combination of 

fie.ld. and te,,mperr.'ature results and are pr,esented in Table .. lio Thie re~ 

m.aining curves,in Figures 18 and 19 result.from. the l~ast squares e:ur:ve 

fits and may be used to synthesize :aill the expe't'i:!!lental datao 

2 
At low fields where l.ll T 

2 -1 -1 
<< 1 1 T.

1 
= 1. · ~ 5CT from Equation 

_s 2s v s v 

(B~S) of Appendix Bo 
-1 

The slope of the .line (G,c:
1 2 

) in Figure l8 
j -S 

giv:es an activation ene;r:gy fierr T of 2ol kcal/:moleo 
v 



TABLE II 

PARAMETERS OBTAINED FROM THE LEAST SQUARES FIT OF THE 

EQUATIONS IN THE TEXT TO THE DATA IN FIGURES 17-19 

= 4,1 x 10-14 exp (1L2/RT) 
xw 

T ·- 9,3 x 10-14 exp(2ol/RT) v 
0 

a 4o4 A 

c 20 -2 = 1.3 x 10 sec 

A/h = 2ol MHz, 

59 
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favorably with,·the 2a4 kcal/mole from the ESR.data of Hayes21
o Using 

·-10 
the pa:ramete:rs in Table II one calculates T 

1 
P Zs ""' 4 a 3 x .10 · sec in 

low fields and atl7o5 °c, which agrees within the experimental error 

with the value 1
28 

= 4o 7 x 10-lO sec obtained from ESR data by Sand.er 

and Mi11/
8 

at 15-20 °c and pH = L In high fields where l.ll 
2

, 
2 

> l s v """' ~ 

T inc;reases above its low field. value" which C"1\USes: a decrease in T
2 "h x 

with increaising fieldo 
-1 

The quan.tity 2 (GT
1 

) · at 
.iS\ 

kG is plot'it;ed in 

Figure 19 for comparison with the low field values of (Gr., 
2 

) -l in 
.IL, 1 s 

Figure 180 .. 25 °c 3 3 10-12 
.,;j 

O 

' 6 2 10~12 
;;.t . r "" o x · · · sec~ as compaiteu. witn o . x .· 

v 

7 
sec obtained by Hausser and Noack o Their values may be systematically 

-12 ?+ 
too high since they ailso report , = 5 o 3 x 10 .. sec for Mn'-' i 

v 

-12 1 
pared wl th T "" 2 o 4 x 10 · sec ir:eport,2'd. by Bloembergen and Morgan 1., o 

v 

The value of the scalar coupling constant A/h"" 2ol MH2; is only slightly 

29 
lair:ger than the 2o0 MHz obtained by Luz and Shulman f1rom meainirrtem,;;nrts 

1 
of proton <ehemlcal shift, and by Bloe.mbergen and Morgan:= flwm 

0 

la:Kati.on da.tao The value a "" 4oli· A for the, radHus of the 

30 -11 
Nightingale o Th.e Dt,bye faormul.a gives 1 ~ 1o1 x 10 - sec l:iLt.25 - , r 

-11 . 1 
which agrees with the 8 x 10 sec obta:rned by Bloembergen and Mr0>1cgam - " 

b h d f . f . car . 1i k d As is seen y t e goo "ness: o . fit o the T
1 

curve a.IC -"+ G an at 

high tempe:icatu:re (Figure 19), the Debye formula predicts quite we.11 the 

temperature dependenc.e of the rotational correlation time 1' o An ex~ . r 

ponential te,mperature depe.ndence T ,es 1: 
0 

exp (V.jRI) t:ould ha,ve been · · r r ~ 

assu.med (which gives VT ~ l+o 2 kcal/mole) i bl,t the D'ebye. formula\ 
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an equally good fit with .one less ad,justable, par.amete;rc, 

The. slope· of the line -r in Figure· 18 or 19 gives the activation 
xw 

energy for proton exchange V = 11.2 kcal/moleo This is greater than xw 

the 10 kcal/mole reported earlierl,lS since:previous authors have ne­

glected the contribution of T 
8 

to the observed proton relaxation time" lw 

0 
This error is particularly serious at O 'c and in low fields where the 

contributions to proton relaxation in the primary hydratio,n sphere of 

cr3+ and in the bulk a.re approximately equaL The c1.n:ves in Figure 19 

2+ 31 are remarkably similar to those for VO , · in which it is also neces-

sary to tak,2 into account re],axation outside the .first hydration shell o 

At 25 °c the lifetime T for proton exG,hange leads to a forward xw 

6 ~1 
rate constant for Re.action (15) of k

1 
= 12/Txw ; L 7 :it 10 sec o 

-4 .. Using this value and the value K
1 

= k/k _
1 

= L4 x 10 for the eqmlJJ::.,-

rium constant of Reaction (15) 
32 

9 one calculates for the reverse ra,te · 

10 -1 .,.1 
constant, k_

1 
"" L 2 x 10 mole se.c o The change in enthalpy for 

' (l~' h b db ·p d K" 32 h Re,action . J,) . as e.en measure . y ostmus an 1ung w o report a. 

of 9o4 ± Oo4 kcal/mole for 1m0
• Thus one finds f,or the .act:iLvatLoin 

energy of the reverse :rate constantV_
1 

"" 1L2 - 9o4 "" L8 kcal/moleo 

Both the, magnitude of k _
1 

and its activat;ion energy a1ee consistent: with 

33 a diffusion-limited recombination process 

~_ied Solutions. 

Meastmements of the temperature depe.ndence of proton. T
1 

in highly 

acidified soluti,ons of 3o0 x -10-4 M C:r(N0
3

)
3 

are shown. in Fi;,:;ure 200 In 
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these. highly acidified soluti,:ms, aci.d""'catalyzed proton exc.harnge be~ 

3+ ., 9,10 tween Cr(H
2
o)

6 
and·the bulk water becomes important· o This :results 

in a decrease i.n the proton lifetime T. and a decre.a.se in. the observed 
xw 

proton relaxation times at low t:emperatu:reo Acidification has no effect 

on Tlx for Cr{H
2
o) 6

3+, as evidenced by the data at high temperatures 

where the observed relaxation times at'e independent of the .acid. concen-

tration up to 8.0 M HC10
4

, which was the highest llcid conc,entration 

studied. The results for this solution were.virtually identical to 

those for the solution containing 4o0 M HC10
4

o The fact that Tlx is in-

dependent: of pe::rchlo::ric acid concentration is at o.dds with the resu::\ ts 

of.Saucier and Mn1s28 , who observed a decrease in spin intensity and 

linewidth of the ESR spectrum of cr3+ in concentrated solutions of HCJ0
4

o 

An increase in T would result in a decrease· in. Tl""',. , (Appendi:it B) o ·1~2s ,,,, 

The combinatiop, of the exchange processes (15) and (16) 1,aads to 

the rate law 

1./1: xw 

A factor of 1/12 appea1cs in the first term since whenever Reaction 

occ:µrs there is ll probability of 1/12 that. ,a particull'ltr proton o:rigina.1-

3+ 
ly in the hyd:rcation sphere of Cx: (H

2
0) 

6 
will ente1c the .wate:c, systemo 

A factor of 1/18 appearrs i.n the second te,rm since. in Ree1.ction (16a.) 

there is a probability of .1/6 that a particular p1t,qton will be on the 

water ,molecule which is protona.ted~ and a pn)bability of 1/3 that the 

proton in question will go into the water systeiµ in the rapid\ deprotrona-

tion step which follows o. A more rigorous derivationi which a1lso makes 
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explicit the app1roximations inherent in Equation (21) ii is given in 

Appendix Co 

The rate constant k
3 

is a function of the ad.d, concentration due to 

the change in ionic strength of the mediumo · Using absolute reaction 

rate theory one.can W!f'ite 

rate constant for.infinite dilution~ and Ye 3+ H+ is the activity co-
r o o 0: .' 

efficient for the t:rcansition state of Reaction (16a) o. By assuming that 

Ye 3+ .H+ ~ Ycr4+ and calculating the activity coeffic.ients using the r ., o (? 

ionic strength are. to be expectecL 

The curves in Figure 20 represent least· square.s fits of Equations 

(14) and (21) to the experimental data~ assuming an exponenti.al tzempeira~ 

ture dependence for the it'ate constant· k
3 

of the fm:1'n 

The activation energy v
3 

was assu.med indepen!jient.of ionic strengt.hJ 

which is equivalent to assuming that the activity coefficients are in.,., 

dependent of temperatureo The remaining quantitie~ in Equat:tons (14) 

and (21) were assumed to be the same as those found from fitting the. 

0~10 M HC10
4 

data in Figure 18 (Table II)o The·rate constant k
1 

was 



assumed to be independent of ·. the ionic strengthlO since for Reaction 

(15) 

k O 
1 

Ycr3+ YH20 

y 3+ 
Cr o o aHi 

The results of the curve fit are given in Table IIIo 

TABLE III 

RATE CONSTANTS FOR REACTION (16A) OBTAINED FROM.DATA IN FIGURE 20 

HCl0
4 

1 
ts k3 at; 0 oc 

LOM L8x 104 -1 -1 
mole. sec 

~ 
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2o0 3o2 x 10"" 3o5 kcal/mole 

4o0 406 x 104 

S "f 1 lQ 1 ~ k ~ I Q 104 1 -l -l wi t ~ et a o , report a va ue ror 
3 

or -1. o x . mo e s:e:,c at 

10 °c in the ramge between Ool and LO M HCl0
4

_~ with an activation 

was independent of ionic st.rength over this range. and that r could be xw 

approximated by pT
2
cor for temperatures less than 30 °C 9 which is a 

rather crude approximation, as seen from the cuJCves in F'igure 19 o 

Solutions of .Low Acidity 

Also shown in F'igure 18 are results on a weakly acidified solution 

l ) , ) 3+ of Cr\N0
3 3 

which containsi in addition to the he:ica.hydrate Gic(H
2
0' 

6 9 
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some of the first hydrolysis product Cr(H
2
o)

5
oH2+o At low temperatures 

and low field (Ll G) the effect of CrOH2+ is to shorten the observed 

relaxation time
8, whereas at high temperatures the formatipn of CrOH2+ 

obs lengthens T
1 At these high temperatures the proton lifetimes in 

both species are sufficiently short that the conditions T.xw <<.Tlx and 

T << T
1 

are fulfilledo Here the subscript y refers to the species yw y 

2+ Cr(H
2
0)

5
0H o Under these conditions the general expression for rela.xa-

ti.on in the solution (Appendi~ B) reduces to 

h d h 1 i Of Cr3+ a~.d CrOH2+ 0 h w ere x an y are t .e mo ar concentrat ons ., 1.n t e 

solution, and w is the molar concentration of solvent wa.tero In this 

simple case the relaxation rate in the solution is the weighted average 

of the relaxation r,aites in the separate· enviironments o 

The fa.ct that the presence of CrOH
2+ at high temperatures length.s:,::1s 

T
1 

obs at L 1 gauss, whereas in fields greater tfom approximately 400 

gauss there is almost no effect at all~ suggests that .th13 dipols:a1e contri~ 

bution to T
1 

is approx.i.ma1tely the same for both species i but the scalau:: 

2+ 3+ 
('.'.ontribution i.s much le.ss in CrOH than in. Cr due to a shorter elec-

tr:on relaxation time T a smaller scalar coupling constant: A~ ot: -l,2s' 

botho ·-4 In the OoOOl M HCl0
4 

solution of 3o0 x 10 · M Cr(N0
3

)
3 

one esti-

mates a value x/y = Oo46 at 75 °c~ using the value K
1

"" 206 x 10-3 for 

the equilibrium constant of Reaction (14) o This va,lue is for an ionise 

-3 -1 strength of 2o4 :x 10 mole liter » and was calculated from t:he expeti.-

·,' 
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mental data of :Postmus an_d King32 at I = 0 .034 mole liter-\ using ac­

tivity coefficients calculated from the Davies equation
34 By using 

Tlx = 2.4 H sec and assuming that Tly is identical to the dipolar contri­

bution to Th:' which is 12.2 µsec at 75 °c (Figure 18) ~ one calculates 

( ) T 
cor · o 

using Equation 22 p 
1 

= 5. 5 µ sec at Ll gauss and 15 C •. This 

agrees well with the experimental value of 5. 3 11 sec. A precise qua.nti--

tative study is difficult since thi.s solution exhibited thermal hystere~ 

6 
sis effects similar to those observed by,Brown, et: al. 'These effects 

occur at high te1,t1peratures and·are attributed to the.formation of poly-

nuclear sper . .:Les which decompose very slowly when the sample is returned 

11 to room temperature However, the effect of polymerization on T
1 

was 

small compared to the effect of the presence of CrOH
2+, and the qua.Uta-

tive conclusions reachec;l. above remain unaltered, 

The experimental data-reported earlier8 for Cr obs).,,,1 - (T 0 )-·l 
1. lw 

as a function of acidity of solutions of Cr(N0
3

)
3 

have been refitted 

using Equation (B-1) of Appendix Bo In_ the pre.vious p8>.per8 the c.ontri> 

bution of the quantity (T
1 

8
)-l to the observed rel81Xa\tion ra.te was neg-

w 

lecte.d:, which leads to tC.onsid.eirable en:01es in the resulting parameters o 

If one uses the values 1T 
8

'\,-l "" 0 0 \ lw J 

-1 
sec T1.1""' = 3" 7 p sec i and T 

,<> xw 

.39 µ sec~ whi.c.h were obtained in the present study -at. 380 gauss and O. 5 

0 c, then a least squares fit of the. data of Manley and P:ollak
8 

using 

Tyw and Tly as adjustable. parameters yields the values Tly = 7 p sec and 

<:>. ~1 
In the calculations (Tlw~) · was assumed to be independl-T = L.3 j_\SeCo 

yw 

ent of the relative concentrations of cr3+ and CrOH
2+ in the ~,olution" 
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Actually (Tlw 
8

) -l could decrease sli.ghtly as the equilibri.um shifts to 

the right in Reaction (15) 9: q.ue · to a shorter electron. relaxation 

2+ 
for C.rOH o However :1 this effect is masked by. the. lncrease · in the third 

tenn of Equation (B-1) of Appendix·B~ which accompanies the formation of 

2+ 0 2+ 
CrOH at O Co A shorter electron relaxation .time 'for CrOH · could 

(l 

make Tly > Tlx at O C and 380 gauss since at low temper,a.tures Tls com·-

petes with T .for the corre.lation time of the dlipol.ar interactiono At . r 

high temperatures r. << Tl for both cr3+ and C:rcOH2+s which makes T -
r s ly 

T in high fields, since T is expe,cted to be. a.pproximately the .same lx r 

for both specieso 

If it is assumed that species y exchanges protons with the bulk 

water via the second hydrolysis re.action 

6 -1 then k
2 

= 10/T ~ ·7o 7 x 10 sec 
- yw 

the equilibxium constant of :g.eaction 

U • O ~h-n ~, a K - ? ~ - , S:JLn0 \1,;. "'· va .. Jc.U"' 2 - .. o . ., ""· ·,,, 

at O 

the diffusion-limi.ted recombination of· H+ Slnd OH-3',:3 o Sur~h 8\ r.ete. con~ 

stant for diffus:ionaJ. encounter is impossibly high, hen:c.e~ the proton 

exchange must occur by some addition.al react.iono A mec:h.anism invc)lving 

.a. collision between Cr{H
2
o)

5
oH2+ and OH' may be ru!ed out since i.t would 

also require an impossibly large rie,act.ion rate a An exchange. reaction 

+ 2+ 
between H and coordinated water .:in C:r(H

2
0)

5
0H would r<ewfud.re a rate 

f the d f ~ OlO 1 -l -l 1, 0-3 M. H+. :i... 'h . constant o or er o . 1l mo_ e sec at , wu1c 1s 
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impossibly largeo But rate constants for such add-catalyzed proton 

6 -1 -1 . 10 
exchange mechanisms are typically 10 mole· sec or less o Further-

more, such a mechanism would give a T which varied with solution 
yw 

acidity, contrary to what is observedo The short proton lifetimes can­

not be due to rapid exchange of whole water molecules in Cr(Hi)
5

oH2+ 

since Reaction (15) would provide a fast bridgefor water molecules in 

3+ ' 0 
Cr (H

2
0) 

6 
· to enter the water systemo In LO M ac.id soluti.ons at O C 

lifetimes of water molecules in Cr(H
2
0\3+ would be of the order of 

·11· d h h d " 11 b a13 
mi is.econ s rat er tan ays·as exper1menta yo serve " It follows 

that th? rapid proton exchange o.f Cr (H
2

0) 
5

oH2+ oc.curs via some mechanism 

involving proton jumps across hydrogen bonds to solvent water molecules, 

It could be suggested that the rapid rate of proton exchange of 

CrOH2+ compared to cr3+ is due to a mechanism involving the. c.oordinate.d 

OH aloneo A possibility would be a four center concerted proton trans-

fer involving a jump of the two protons in the directions. shown, 

37 But such a mechanism would allow only one of the eleven protons in 

Cr(H
2

0) 
5

oH2+ 'to be e:}f'.changeable with the. bulk, and the increase in pro-

ton relaxation rate with the formation of CrOH2+ only be accounted. 

2+ 3+ for if CrOH were a more, strongly relaxlng specie!? thm1, Cr ~ which has 

been shown not to be the case,; Four cente:r: proton transfer involving 



3+ coordinated water molecules is not important for C:r(H
2

0) 
6 

· ~ and. there 

is no reason to assume that it would be an effective mechanism for 

70 

C·r (H O) ·OHZ+ . th 
2 5 

ei .ero The most logical mechanism seems to be a concerteq 

proton transfer reaction of the form 

in which a coordinated .water molecule is connec.ted .via a Grotthuss chain 

to the cootd.!Lnated OH- iono The water molecules at the ends of the 

chain act as either acid or base catalysts, and transfer occurs via a 

counterclockwise jump of the protons through the chain in the directions 

indicatedo The OH- "diffuses" thtcughout the hydration sphere, which 

insures that all·eleven protons are·exchangeable with the bulko Similar 

38 39 mechanisms hc1ve been proposed ' to account for the rapid.rates of 

other reactions~ eogo~ the mutarota.tion of glucose, which are both 

and base,-catalyzedo · Such concerted mechanisms are not. diffus:iop_ li:nit.2:d. 

and are favored since they a.void the solva.tion and desolv;,Ltion of s:ny 

charged intermediateso 

_Isoto_e2 Effects in Moderate_l·t Acidified. Solutions 

Measurements at 14 kG on Cr(N0}
3 

samples of varying volume frac-

t ions of H
2
o and n

2
o are presented in Figure 2L The temperature de-

given in Figure 220 All the samples were uniformly made Oo1C Min HClO,o 
·+ 
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An interesting empirical result fro:rn Figures 19 and·22 is that the pro-:-

ton relaxation measurements at 8 = loO and 8 =·Oo2 can be made to coin-:-

3 0 -1 
cide by a shift in the temperature sea.le by an amount .10 /T = Ool2 · K , 

which corresponds to a temperature shift of approximate.ly 11. c0 near 

room temperatureo This fact suggests that the wat~r structure around 

Cr3+, and therefore the structure difference between H
2
o and DO re~ 2 ' . 

mains constant over an extended range of temperatureo A similar result 

40 was noted·by Baker , who observed that the viscosity of heavy water 

0 0 equals that of light water at a temperature 805 C less, from 15 C to 

the highest temperature studied, 35 °co 

,cor cor 
At low temperatures where rxw >> Tlx' TZx' both pT1 · and pT2 

increase with decreasing proton fraction So From E.q;uation. (17) this 

could be due either to an increa\se in the te:rm in· brackets with de-

creasing 8 (Leo, K > 1), an increase in , , er botho The relaxation 
xw 

ti.me T 8 contributes significantly to T
1
,cor at O 0 c,. but it gives an 

lw 

isotope effect in the opposite direction due to the decre?se in e:e:H"" 

diffusion coefficients of the. solvent protons with partial d,euterationo 

Near 100 °c where T << T T,.. cor is independent. of proton f~ce,t:tion 
xw 2x' .c.. 

to within± 3%o This requires K"" LOO± Oa03. Using this value and 

0 0 0 0 
the equation K ""' exp (-ti.G /RT), one obtains '1G "' .irn - TilS "" 0 ± 22 

. 0 
cal/mole at 100 Ca If " 11 h 41 h " f . , as is usua y t e case , t e main cause o. 

any deviation from K"" 1 in ReactJ.on (18) is a difference in vibrational 

0 
ze:ro.,.point e~ergies between the products and the reactants~ then '1G ··• 

1m0
, and one calculates K = L00 ± Oo04 at O °Co Thus, it is expected 

that most of. the is0tope effect near O 0 c must be dt,te to. a ch Binge in T 

with.changing proton fractiono In any case, the data cannot be fit:ted 

xw 
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satisfactorily by assuming deviations from K"" 1 are a:1,-one responsible 

0 
for the isotope effect at O C, regardless of what . .ass.umptions are made 

regarding the relative magnitudes of Lm0 
and· AS

0 
for Reaction (18) a 

The linear decrease· in T/'0 r a.t high temperatures .with .deer.easing 

B correlates qualitatively with the ,linear increase·in viscosity as the 

1 t · h. d f Ho to n·
2
o .• 22 so ven is c ange rom 

2 
This gives rise to a. longer ro-

tational.correlation time in deuterated solutions and a decrease in T
1

" x 

The absence.of an isotope effect for T2x implies that the correlatio~ 

time T for electron relaxation does not change with proton fraction, 
v 

and is further evidence that electron relaxation is not related to ro-
' 

3+ tation of the hydrated Cr 1 
1 

comp ex o By linear extrapolation of the 

T
1

cor curve at 99 °c in Figure 21 to S = O, one,finds that the rotational 

correlation time increases by approximately 28% in going from H
2
0 to n

2
o, 

whereas the solvent viscosity increases by only 16%a 21 
In terms of the 

Debye model this would imply that deuteration is accompanied by am in-· 

crease in the radius of the cr3+ .complex iono The inc:rease in r with . 
r. 

decreasing proton fraction for C::r3+ is in marked c.ontrast t,o, Mn
2+ i<0ns 9 

which have a rotational correlcS,t.ion time· that is incl.ependent of the pro-

0 
ton fraction~ except near.0 C where the difference in viscosities of 

HO d DO O • 42 
2 an 2 . is a :maximum o This is almost.certainly linked to the 

0 0 f "' 3+ ' h h 1 d O h M z+ stronger 1 . .nteraction o .::.r ions wit· t e so vent as compare wit n o 

Lifetimes of water.molecules in the primary hydration sphere of cr3+ 

13 -8 are of the order of hours as compared with approximately 10 sec for 

0 2+ 12 water molecules in Mn(Hz°) 
6 

o Evidence for strong hydr,oge:a bonds 

3+ between.C:r(H
2

o)
6 

and a secondary hydration sphere has been provided by 
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measurements on transverse relaxation tinies of .the fluorine nuc.lei in 

3+ in aqueous solutions of Cr(H
2
o)

6 
o Despite i.ts hi.gh positive 

3+ 
charge, Cr (H

2
0) 

6 
showed only a small tendency to form. seconda.:ry coor·-

dination sphere complexes with PF 
6 

- o 
43 Furthermore, in spi tee of the · 

smaller ionic radius of cr3+,.its rotational correlation time in H
2

0 at 

25 °c· 0 8 10-11 d O h ·,:; 10-11 f "" 2+ h is x sec as compare wit .J> x sec or dn at t · e 

1 
same temperature The· ' 1structure---making11 property cr3+ gives :rise 

to this long rotational correlation time since additiom,ail water molecules 

(the secondary coordination sphere) rotate with the Cr(H
2

o)
6

3+ fono Due 

to the la:rge,volume.of the rotating c.omplex 1 it is.not.surprising that 

the Debye formula, which was derived for rotation of .macroscopic parti­

cles, holds much better for cr3+ than for other ions not having a well-

defined secondary coordination sphe1£eo These conside1t."ations also pro-

vide the rationale for allowing for a larger De.bye radius in the more 

strongly hydrogen-bonded deuterated solutions" The present situation is. 

in a,cc.01ed witl1 that in pu,re liquids S> where rot£5~tion,b1l correlati.,.on t'imes 

are sati.sfactorily ac.counted for by the Debye formula only in t°ilf~ case 

of li.q11cidls which a1te highly associ.ated o 

If, as suggested 9 there is a secondary c:oordinatio:n sphe.re which 

3+ 
rotates with the. Cr (H

2 
0) 

6 
ion and exchanges pro to,ns rapidly with the 

bulk water 9 then Equation (14), should contain an additional term 

p' (T
1
x' )-

1
, where p I is the probability of finding a proton in the 

secondary coordination shell 9 and T
1
, v is the proton rela.xation time in 
x . 

that environmento The correlation time for T w is the rotational cmt­lx 

relation time Tr' whi.,ch i.s related to the bulk viscosity of tl;le solvent 
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by the Debye formula •. The quantityT
1 

s then becomes the relaxation w . 

time for protons outside the secondary coordination shell. Such a model 

introduces two additional unknown quantities, since the number of water 

molecules in the secondary coordination shell and the ion-proton dis-

tance are not known. -1 
In tqe present treatment p'(Tlx') has been 

lumped in with (T
1

Ws)'""1 since this procedure gives a satisfactory fit to 

the data with fewer adjustable parameters. 

The solid curves in Figure 22 for S = 0.2 represent a least squares 

fit to the experimental data using as adjustable parameters the Debye 

radius!! and the activation energy V for proton exchange. The con­
xw 

stant K was assumed identical to unity over the whole.temperature range, 

and the remaining parameters were assumed to be the same as those found 

from fitting the S = 1.0 data (Table II). The values found were a= 4.5 
0 

A and V = 11.6 kcal/mol~ at S = 0.2. The assumption of a constant xw 

0 
T is in accord with the model which will be introduced later to ac-

xw 

count for the isotope effect. However, as equally.satisfactory fit can 

be obtained by making the opposite assumption of a. constant activation 

energy and variable pre-exponential factor. The experimental data 

offers little information on this point due to the limited temperature 

range over which T is the dominant factor influencing relaxation. xw 

Finally there remains to be discussed the $-dependence of T • At 
xw 

28 ° 1 d 1 · cor d d 1 b h C the norma ize re axation time pT2 is etermine main y y t e 

3+ rate of proton exchange between the primary hydration sphere of Cr and 

the bulk water (Figures 19 and 22). Furthermore, since T2x is almost 
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independent of Band pT2w8 varies only slightly with B, the. !3-dependence 

cor o " of pT2 at 28 C in Figure 21 reflects primari.ly the B-dependence of 

T • Semi-experimental values of T 
xw 

0 vso Sat 28 C have been extracted xw 

cor from the pT2 data by using theT
2 

analogues of Equati.ons (14) and 

(19) along with the values T2x = 208 µs.ec and pT
2
· 8 = 170 iiseco 
.w 

The 

calculated T value$ are gi.ven in Figure 2L Extrapolatfon to B = 0 
xw 

shows that the proton lifetime increases by approximately a factor of 

2.3 as the solvent is changed from H
2

0 to n
2
o, 

Changes in proton lifetimes in the hydration sphere of cr3+ with 

partial deuteration could be due to a difference between the rate con-

stant k1 of Reaction (15) and the rate constants of reactions such as 

etc. In almost pure n
2
o proton exchange with the bulk water occurs 

mainly by Reaction·(24), wher~as in pure H20 the exchange is by Re.action 

(15). The ratio of the proton lifetimes.in the two solvents is given 
I 

by T(D
2
0)/T(Hz°) = k/k1 o Differences between the rate constants k1 

and k
1

' · (secondary isotope effects) can occur if the binding at proton 

sites other than the one being transferred changes in going from the 

initial to the transition state. Bunton and Shiner44 have proposed a 

model for calculating secondary isotope effects which assumes that they 

arise mainly from the changes in zero-point energy, associated in turn 

principally with changes in hydrogen bond stretching frequencies in 

going from the initial to the transition, state. In their model the, 
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ratio of the rates in HO and DO is given by 
2 2· 

= (25) 

where r.vH and·r.vH* are the sums of the hydrogen stretching frequencies 

(cm-1
) in the initial and traIJ,sition states respectively, The sum ex-

tends over all the isotopically substituted sites in the moleculeso 

Application of this theory requires assumptions concerning the 

nature. of the transition state. For Reaction (15) the model 

+ 

is as;sumed, where.tp.e dotted lines represent hydrogen bonds to solvent 

water molecules~ The tr.ansi tion state consists of·. a hydronium ion hydro-

gen"'"ponded to a .coordinated OH-::- i.ono This is the .. most reasonable assump-

tion since the position of the proton in.the state of highest potential 

energy, the tr.ansi tio11, state, should be nearer to the weaker base, and 

the coordinated OH~ ion is a wuch stronger base than a bulk water mole-

culeo -1 -1 Tl:ie frequencies 3400 cm and 2900 cm 'were,used for the st,;etch-

ing frequencies of hydrogen""bonded water and hydronium ionso The 

stretching frequencies of protons bound to coordinated water molecules 

· C (HO) 3+ t k h · f B t and Sh1'.ner45 
in r 

2 6 
are· no . nown,. so t e suggestion o un on 

was followed, and these frequencies were estimated using the equation 

-1 
v (cm ) = 2937 + 28.8 pK, 

a 
(26) 



''+ where K
8 

is the acid dissociation constant per proton,of Cr(H
2

o)
6

j o 
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Using the value K = L4 X·l0-4/12 at 25 °c,32 one calculates from Equa.­
a 

-1 tion (26) a value v ... 3080 cm · · For the stretching frequency of the 

proton on.the coordinated OH- ion in the transition state, a value of 

-1 -1 3500 cm is assumed, which is intermediate·between the 3600 cm fre-

- -1 quency of.free OH and the 3400 cm . frequency of free watero Thus" 

summing over all· the protons except the one be.ing transferredi one ob-

ta ins 

= 3080 + 4(3400)·= 16,680 
-1 

cm 

1:,> * = 3500 + 2(2900) + 2(3400) = 16,100 cm-l 
H 

(27a) 

(27b) 

The two 3400 cm-1 frequencies are included in L'JH * because two of the 

hydrogen bonds. which were accepted by water molecules in the initial 

state are assumed to.be accepted by solvent water,molecules in the tran-

sition state (see Rule e of reference 45)o Using Equations (27a) and 

0 (27b) in Equation (25) one obtains T (D20) /T (Hi) = L4 at 25 C ~ as ci;im-

pared with an observed value of approximately 2 o3 (Fi.gure 21) ,, In the 

summations of Equations (27a) and (27b) the stretching frequencies of 

the protons on the five coordinated water.molecules in the initial and 

transition states have been neglectedo Actually one shoµld expect: a 

slight.increase in stretching frequency according to Equation (26) due 

to a larger pKa of CrOH2+, which would lower 1:(D
2
0)/T(Hi)o However~ 

tQe increase in stretching frequency is small and is probably offset by 

a. decrease in librational frequencies of the water molecules of similanr. 

magnitude, so their effects have been neglected altogethero 

In the range O < 13 < 1 other reactions besides. (15) and· (24) must 
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be considered in calculating proton lifetimeso Examples are proton 

jumps from Cr(H
2
0\3+ to HOO or o2o moleculeso By performing a calcula-

tion similar to that above for all possible such re.actions and weighting 

each reaction rate by its probability of occurrence at a given value of 

S, T(S)/T(S = 1) ratios were calcuhted at several value~ of So The re-

0 
sults are given in Figure 21, where T(S = 1) = 603 µsec at 28 Chas 

been used as the reference value" The calculated.,(B) curve is concave 

upward, in agreement with the curvature of the "experimental" 

at 28 °c. 

T values xw 

Isotope effects oi:J. reaction rates can also occur due to the.change 

in librational frequencies of adjacent solvent molecules in going from 

the initial to the transition state (solvent isotope effect)o Reactions 

of solute molecules which are. "structure-making" in the initial state 

(high solvent librational frequency), but 11structure.,-breaking 11 in the 

transition state (low solvent librational,frequency) can be expected to 

proceed more rapidly in H
2

0 than in 0
2

047 , 48 • Due to.the strong "struc-

3+ ture-making" character of Cr one thus expects the proton transfer :rate 

constants to decrease as the solvent is changed from H
2

0 to n
2

o~ which 

would serve to improve the agreement between the experimental and calcu~ 

lated isotope effectso The. low frequency librations of the solvent have 

been shown to be responsible for the difference in solubilities of salts 

O HO d D
2
o47 . 1.n . 

2 
an " The effects ar~ small compared to isotope effects on 

dissociations of oxygen acids and bases, however, so the solvent isotope 

effect has been neglected altogethero 

Equation (25) can also be used to calculate the difference between 

the proton and deuteron lifetimes, or primary isotope effect~ in the 
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46 same solvent • In this cas.e the summations include only the proton 

being transferred. If one·assumes that the proton stretching frequency 

in the transition state is the same· as that on a hyd.ro.nium ion hydrogen-

bonded to water, then ZvH - ZvH* 
' -1 

= 3080 - 2900 ~ 180 cm , and using 

Equation (25) one obtains ,D /TH = LL Deuteron life.times in the hydra-

3+ tion sphere of Cr have not been experimentally.measured, but in solu-

D H 49 tions of vanadyl a ratio,/, = 1.3 has been reported , and one should 

expect a similar result for chromic solutions. 

The agreement between the predicted and.measured isotope effects 

is about as close as can be expected due to the approximations involved 

in the derivation of Equation (25) and·the neglect of all but the 

stretching frequencies in the summations, as well as the uncer.tain ties 

in estimating the stretching frequencies from Equation (26)o The pres-

ence of large secondary·and·small primary isotope·effects in the proton. 

exchange. is, however, correctly · predic.ted by the theory~ which lends 

support to the proposed model.for the transition state. 

Isotope Effects in Hi&hly Acidified Solutions 

Measurements of the temperature dependence of proton T
1 

and T
2 

in a 

4.0 M HC10
4 

solution of Cr(N0
3

)
3 

for proton fractions B ~ 1.0 and 

13 = 0.438 are shown in Figure 23. The latter corresponds to the small-

est proton fraction which can be obtained in 4.0 M,solutio.ns without 

using deuterated perchloric acid; which is not commercially available. 

The solid curves through the 13 = LO data were calculated using Equa~ 

tions (14) and (21) along with the parameters given in Tables II and IIL 

Deuteration causes an increase in proton lifetime and an increase 
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in pT
2
cor, as in the moderately- acidified solutions (Figures 19 and 22)o 

In the 4o0 M acid solutipn the acid-catalyzed exchang,e.mechanism is dom-

inant, which implies that tl).e rate constant k
3 

for Reaction (16a) must 

decrease with deutera.tion. Calculation using the . .data in Figure 23 

shows that k
3 

increases by a factor of approxima.tely.lo9 in going from 

i3 =.LO to B = 0.438 at O 0 co Application of the Bunton-Shine:ir 

44-46 theory to calculate the isotope effect for Reaction (16a) is com-

plicated by the fact that both primary and secondary isotope effects 

must be considered, Leo, both the proton being transferred plus protons 

on all the water molecule~ in Reaction (16a) are replaced bydeuterons 

as the solvent is changed from Hi toD20" 

If one assumes the free proton mode146 -fo:r the transition state of 

Reaction (16a), 

+ 

3+ /Ho + 
(H2o)

5
cr O •. o H 

'.,,H 

(28) 

then the loss of.stretching frequency of the transferred proton in the 

transition state will give rise to a large primary ~sotope effect in the 

direction observedo It is convenient to separate the primary and secon,,,.. 

dary isotope effects in Reaction (28) for the purpose of .. calculation. 

For the primary isotope.effect, 

2900 
-1 cm 



= O, 

ary isotope effect, 

2(3080) + 2(2900) + 3600 = 15,560 I:v "' H 

EvH* = 2(3080) + 3(3400) 
-1 

= 17,360 cm 

-1 cm 

84 

is included in I:vH to.account for the fact that: the transition state, in 

this formulation, accepts one extra hydrogen bond from solvent water 

which, because of.excess·donors, was not accepted in the initial state 

(see Ruled of reference 45). The product of the primary and secondary 

isotope effects gives k
3

(H20)/k
3

(n
2
o) = 3o7 for the ratio of the rates 

in H20 and n2o at 25 °c, in semi-quantitative agreement with the isotope 

effect observedo 

The free proton model for the transition state should be exp.ected 

to be a much better approximation for the acid..,catalyzed proton exchange 

reaction .than for Reaction (15), since the symmetry is much higher in 

the.former·caseo The proton is being transferred between.a coordinated 

and a solvent water molecule, whereas for Reaction (15) the proton 

transfer is between a solvent water molecule and a coordinatjad OH- iono 

The assumption that the proton is covalently bonded to the coordinated 

water molecule in the transition state would lead one to predict a small 

primary isotope effect, since the proton stretching frequency would be 

essentially conserved in the transition stateo A small secondary isotope 

effect would likewise be expected.since the .changes in st'l'.'etching fre-
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quency for the.remaining protons in the reaction 

+ 

tend to cancel one anothero Thus~ as isotope effect of the magnitude 

observed.could not reasonably be accounted foro 
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CHAPTER· VII · 

SUMMARY AND CONCLUSIONS 

Instrumentation 

A low-field NMR apparatus of the type that utilizes free precession 

in the earth's magnetic field has been designed and builto !ts capabil­

ities are as follows: 

(1) Nuclei accessible to measurement: H1 
and F19 o 

(2) Range of measurable relaxation times T
2

~ 10 ms to 1 sec in a 

field of O, 5 G (earth 1s field) • 

(3) Range of measurable relaxation times T
1

: 50 ms and up~ in 

fields ranging from 2 to 350 G. 

(4) Signal-to-noise ratio: 150:1 for a 450 ml water sample, at a 

bandwidth of 75 Hz, 

(5) Magnetic field (current) stability~ ± 1% o 

(6) Timing interval stability~ ± 0,5%, 

(7) Estimated accuracy of relaxation time measurements~ ± 3%o 

Chloroform 

Measurements of the field and temperature dependence of proton 

spin-lattice relaxation times T
1 

in deoxygenated CHC1
3 

have been shown 

to yield the proton-chlorine scalar coupling constant and the chlorine 

quadrupole relaxation timeso They also allow separation of the rotation-
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al and transla~ional mo.tions · of the CHC1
3 

molecules in the liquid" Ac-

tivation energies for :r~tation and·transl~tion obtained from relaxation 

measurements are found to be smaller than the activation energies ex-

pected from the theory of .Bloembergen, Purcell, and Poundo The failure 

of.the BPP theory to.correctly predict ilE. is well d0cumentedo But 
rot 

the discrepancy between ~Etr and ~ED found in this study for CHC1
3

~ and 

by others in c
6
H

6
, also raises a question about the adequacy of the BPP 

theory of relaxation by intermolecular di.polar interactfono 

Solutions of Chromium (III) 

The experimental proton spin relaxation :results reported herein for 

moderately acidified aqueous solutions of Cr(N0
3

)
3 

reflect the relaxa-

3+ tion and exchange properties of Cr(Hi)
6 

alone, free from the effect;s 

of hydrolysis products, or polymers which cause thermal hysteresiso At 

·low temperatures the relaxation times are determined by the proton.ex-

change rate and by the magnetic dipole interactfon between the.ion spin 

aJ:ldprotons outside the first hydration shello In highly acidified .so-

lutions acid-catalyzed proton exchange be comes important~ resulting in 

a decrease in proton lifetime with increasing acid c.oncentrationo The 

3+ measurements on weakly acidified solutions confirm that Cr(H
2

0)
6 

is a 

more strongly relaxing species than Cr(H
2
0\0H2+, and that the latter 

undergoes much more rapid proton exchange with the bulk water o. The 

rapid exchange is explained satisfactorily by assuming a homogeneous 

proton exchange mechanism involving the coordinated OH- ion~ A similat 

mechanism can be expected for the hydroxides of other,met:al ions 9 al-
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though it is uncertain· whethel;' favoral;de cases could· be found tq demon­

strate its effectiveness. 

The increase in prqton relaxation times with partial deuteration 

for moderately acidified solution~ is due primarily. to an increase in 

the lifetime of protons in the primary hydration sphere of cr3+i which 

is caused in turn by the greater basicity of.H
2

0 as compared to D
2

0o 

This result is in accord with other cases repoir.ted in the· literature 

and may be explained on the basis of the theory of. Buntcm and Shiner o 

Stud=1-es on highly acidified solutions show that the.rate constant for 

the acid ..... catalyzed proton exchange reaction decreases with deuterationo 

This result is also in agreement with the predictions, of the Bunton­

Shiner theoryo 
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APPENDIX A 

NON-LINEAR LEAST SQUARES·CURVE FITTING PROCEDURE 

The problem is to represent N experimental data· points (y O ,x
0

) with 
:l. 1 

a functional relationship y =.f(x,a
1

pooa.r) containing r unknown para-

'J;he parameters a are chosen so as to minimize the 
r 

sum of the squares of the deviations 

N 
s 2 

E [ f (x O , a
1

, "° o a ) ,.. y J o 
i=l 1 r · 1 

The minimization condition is. 

38 
3 a, 

J 
0 j 1,2,o •• r 

which is a set of r equations in the r unknown quantities a,o 
J 

(A-1) 

(A-2) 

If the function y = f(x) is a polynomial in x, the.normal equations 

(A-2) are linear in the unknown coefficients a, and can be readily 
J 

solve.do If f (x) is not. a polynomial in x the solution of the normal. 

equations may prove difficult, and one may be obliged to seek an approxi~ 

mate solution by replacing f(x,a1 ~oooar) by a function which is linear 

in the unknown parameterso This is accomplished by expanding f(x,a
1

,ooo 

a) in a Taylor's series in terms of a - a 
r j j 

!:,a, , where the a, are 
J J 

approximate values of the .aoo The expansion gives 
J 
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where 

f (x j al ,0 O o a) 
r -- + 
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r 
.-- 8f 1r (., --· /..l.a - - k 

k=l d ~ 
(A-3) 

(A-4) 

Assuming the a":- are chosen so that the !:,,a, are small~ the . higher 
J J ' 

ordered terms in Equation_(A-3) may.be neglected)) and the exact function 

which is li.near in the unknown parameters t:,a, o Th~ normal equations 
J 

as = 0 j = 1,,2,,ooor· (A-5) 

become 

N r 
elf af fl 

N 
3f , 

E E ~ a = E_ [yi - f(x,,al,ooo"a°)] -=J=l,2ioooJI'.' (A-6) --- - k i r i=l k=l aa. 3ak i=l 3a, 
J J 

These are -r simultaneous linear equations in the r unknown q1,1vant-$.ties 

Ila,, which can be easily solvedo One then calculates the a, 1 s using 
J J 

a ; = a , + /:ia , 
J J J 

(A-7) 

In the event that the values a, are not close approximations to the a,:1 
,J . J 

the calculated /la, may be large enough that the higher ordered terms in 
J 

Equation (A--3) are.not negligibleo The calculations may have to be re-

peated using for the new a, the value of a, obtained from Equation 
J J 

(A-7) o Experience shows that -tia, converges rapidly toward zt~-r'O for well~ 
J 
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behaved systems o Difficulties are sometimes encountered whe.n the value 

of the function f(x,a
1

,oo•ar) is relatively insensitive to one or more 

of the.parameters a,, in which case the f':..a, may oscillate or even di-
J J 

verge. 



APPENDIX B 

THEORETICAL EXPRESSIONS FOR PROTON SPIN 

RELAXATION TIMES IN CHROMIC SOLUTIOt{S 

It has·been recently shown1 'that,in chromic solutions in.the range 

of pH where the system is adequately desc.ribed 'by the . single equilibrium 

2 constant K
1 

,,.,, k/k _
1 

of Reaction (15) , the o'bserved ·re.laxatiort time is 

given by .. 

where 

(T obs)-1. = 
1 

. llY 1 ~1 
+ 2w (Tlx + 12 'mv)}D 

T 

D (Tl + 112 T )(Tl + T ) + ~__xw (Tl + T )Tl 
x xw y yw y Txw x xw y 

3+ and the subscripts x, Yi and w refer to the species Cr(H
2

o)
6 

, 

(B-1) 

2+ Cr(H20)
5

0H , and the bulk water respectivelyo The quantities x, y, and 

ware the molar conc~ntrations of the various species in the solution; 

To is the average lifetime of a proton in the species j before transfer 
JW 

to the bulk water; and T1 , is the proton relaxation time in environment 
.J 

j,; The quantity (T
1
w8 )-l is the relaxation rate in tq.e bulk water due 

to di polar inter1:1,c tion with the spins S and·. is proportional to the number 
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f O 
• • 1 (T o )-l . h - 1 ' d o ion spins per unit vo ume; lw is t ere axation rate ue to 

other mechanisms in the bulk water; and can be equated to the relaxation 

rate in the solvent not containing paramagnetic ions, but otherwise 

under conditions identical to those of the studied solution. The proton 

lifetime T is re;Lated to the forward rate constant of Reaction (15) 
xw 

by the equation 'xw = 12/k
1 

2 The quantity T is included to allow for 
yw 

transfer of protons from the species y = Cr(H
2
0\0H2+ to the water sys"'" 

tern. Such transfer is assumed to occur without the formation of appreci-

able quantities of other species in solutiono - As the solution acidity 

is increased y approaches zero, and x approaches m, the total analytical 

concentration of chromium in the solutiono Equation (B~l) then reduces 

to Equation (14) of the text, where p = 12m/2w is the probability of 

3+ finding a proton in the hydration sphere of Cr • 

3+ The relaxation times Tlx and T2x of protons in Cr(H2o) 6 are given 

to a good approximation by the equations
3 

and 

1 4 
Tzx = 60 

where 

4 
30 

S(S+, 1) 2 2_ .. 2 E 7 j Yr Ys n 1 

-6 - +~~ 2 + 
r c 1 + w T 

s c 

2 2 2 
S(S+l)y1 Yg 'h [+ LC 1 

130:c~ + .! S(S+l)A
2 

6 
r 

T 
c 
-1 

+ 
2 2 3 _,_2 w , n 

"[ 
r 

s c 

-1 + 
-1 

T , 
ls 

(B-2) 

(B-3) 

(B-4) 
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In the above equations I and S refer to proton and electron sp.ins re-

spectively, ws is the electron precessio~ frequency; Yr and y8 , the pro-

ton and electron gyromagnetic ratios; r, the ion-proton internucle~r 

distance; A, the scalar coupling constant; Tr' the rotational c9rrela-

tion time; and Tls and T2s, the longitudinal and tra~sverse electron re-

laxation times. 3 Bloembergen and Morgan have derived an approximate 

equation for -r
18 

based on the assumption that relaxation occurs by modu~ 

lation of the quadratic crystalline field splitting by collisions with 

water molecules outside the complex. The resulting equation was 

1 
~T 

4, a = c v + 
,..,_ 

(B-5) 
'ls + w 2T. 2 2 2 

1 + 4ll.). T. . 
s v s v 

where T is the characteristic correlation time for the relaxation, and 
v 

c is a ,constant for the hydrated comp le~. In .. high fields where 

2 2 --. w '[ 
s v ~ 1 one expects T2s < Tls' but in such high fields the terms in-

volving ,
2

s in Equations (B-2) and (B-3) are negligibleo 

s 4 Theoretical equations for T
1 2 

have been derived by Pfeifer o 
·~ w 

His model includes modulation of the dipolar .interaction by translational 

diffusion as well as by relaxation of the ion spino With the usual.ap-

2 2 proximations w
1 

<< w
8 

and.w
1 

i:
18 

<< 1 9 these equations reduce to 

and 

_:i.;:; 
T s 

lw 

YI 2r S 
2n2

S(S+1) 

2 
r3J(Q) + 7 J(ws)] (B-6) 



T s 
2w 

Yr
2

Ys
2
n2s(S+l) 
4 

100 

(B-7) 

The term J(w) is the spectral density function at the frequency wand is 

given by the integral 

J(w) 
l61rNTls 

15d3 
00 

J 
0 

2 
B3/2 (pd) (1 

2 1 + Dp T 
ls ~ 

2 2 2 2 p 
+ Dp Tls) + w Tls 

(B-8) 

where N is the number of paramagnetic .ions per unit volume; dis the 

average closest distanGe of approach between a proton in the bulk and 

spin S; B
312

, the Bessel function of order 3/2; and D ""D1 + D8 , the 

self-diffusion coefficient of the bulk protons plus that of the spins S. 

Equation (B-8) can be integrated in closed form" The result, given by 

Equation (33) of Pfeifer's paper4, was used to calcul,ate Tlws and T2ws 
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APPENDIX C 

SOLUTION OF THE BLOCH-McCONNELL EQUATIONS FOR 

1 In an earlier paper e~,change
1 
Reaction (15) was dist~ussed, and it 

was shown using McConnell's modification of the,Bloch equations
2 

that 

the relaxation time was described by an.equation of the form of Equation 

(14) only in the limit of high acid concentration where the equilibrium 

2+ concentration of CrOH could be neglectedo A similar analysis is now 

included for the reaction 

k3 4+ 
.--k-· --•- Cr(H20\CH/O) .. + H2o. 

-3 

(C-1) 

The species Cr(H
2
o)

6
3+ is assumed to exchange protons independently with 

the solvent via Reaction (15) with a lifetime "xw = 12/k1 o In the range 

of high acid concentrations of interest here the specie,$ CrOH2+ ca.n be. 

neglected due to its, short lifetimeo 

According to this exchange model, protons can exist in essentially 

four different environments: (1) in the bulk water w 9 (2) on water 

3+ molecules x in .Cr(Hi)
6 

, (3) on one of the five water molecules z in 

4+ Cr(H20)
5

(H
3

0) , or (4) on the bound hydronium ion h. Letting y = 

x = 

102 



the Bloch-McConnell equations for this system become 

dM 
z 

dt 

d~ 

= 

M -M ox x 

Tlx 

M -M 
oz z 

Tlz 

M - M__ oh -11 

-M 
x 

M M 
_z_ + _L_ 
T T 

zx xz 

- M 
w 

+ -1:_] 
•hw 

+ 
M 
x. 

T xw 
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(C-2) 

M 
w 

'wh 

One can express the To, in terms of the.rate constants of reaction (C-1) 
1.J 

and obtain 

-1 
k_3 T = zx 

-1 10 10 1.. T = 12 k3p = k_3 xz 12 x 

-1 2 2 y k T = 12 k3P = xh 12 x -3 
(C-3) 

-1 2 
T = 3 k_3 hx 

-1 1 
ThW = 3 k_3 

-1 3Y -1 L. k 1C "" -. "" wh 2w hw 2w -3 

-1 12x -1 
1( = --T 

wx 2w xw 

The rate constant k
3 

has been. eliminated from Equatic;:ms (C-3) by making 

use of the equilibrium cqnstant expression K = k
3

/k_
3 

= y/xpo The last 
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two equations in (C-3) arise from considerations of detailed balanceo · 

The Equations (C-3) were substituted into Equations (C-2) and the 

resulting system of simultane0us differential equations.solved under the 

usual assumption that the terms dM /dt, dM /dt, and dM.. /dt could be z x -h . 

neglected compared to the other terms, an approximation valid for dilute 

solutions. The result is an exponential decay.of M toward·M with 
w ow 

time constant 

L = __!_ + {6x(T + T . ) (Tlh + T ) + J.2 [lO(Tlh+ 113 T )+(Tl + T )T 
T1 Tlw w · lz zx . z:x w o zx · z zx xw 

2Tlh T T 10 1 
+ - 3-(Tl +t ) ~ + 3Tl Tl + J.6 ~ (Tlz + ~ Tlh + 6t )Tl ]}D- (C-4) 

Z ZX T Z · X X T ~ ZX X . 
zx zx 

where 

To simply this cumbersome expression the,reasonable·assumption is 

made· that Tlz = Tlh ,2; Tlx~ It is fa,1.rther assumed that the rate consta.nt 

k~3 is large so that the lifetime T
2
x(= l/k_

3
) and the ratio y/x=k

3
p/k_

3 

are small enough to satisfy the conditions 

y 
x << 1, -1 

12Tl T x xw 

Equation (C-4) then reduces to 

= 

-1 !-,; 
(108T T ) 

2
• zx xw (C-5) 



where p = 6x/w and 

= 
1 

T 
xw 

+ 
1 
18 

y 1 
x '[ 

zx 

From the parameters given in Table III it can.be shown that the 
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cond;i..tions in (C-5) are fulfilled in 4 oO M acid solutions, provided only 

8 -1 that the rate constant k_
3 

satisfies the requirement k_3 ;;:, 10 mole 

-1 sec k_3 is probably much faster·than this and should be expected to 

approach the diff-µsion limited rate 1010 mole~1 sec-l found.for the pro-

ton transfer between unbound H
3
0+ and H

2
0o 
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