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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 Purcell,
Pound, and Torrey at Harvard, and by Bloch, Hansen, and Packard at
Stanford, Although high resolution NMR has become an important. research .
tool, rivaled only by infrared spectroscopy in structure determination
of . complex organic molecules, most.of the 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 application. One
finds that .most .of the commonly used apparatuses are limited to the
range;lO3 to lO4 gauss, and operate in low field only at .the expense of
signal-to-noise ratip. The earth's field technique is shown te be
uniquely suited to such field dependence studies. The range of accessi~
ble fields is over. three orders of magnitude, extending from the earth's
field of 0.5 gauss to 500 gauss., The ecase of measuring this field de-
pendence gives a dimension to this method which is lacking in the more
standard NMR techniques. Nevertheless, the method has been relatively
little exploited as a research tool. The main reasons for this are
probably. (1) a suitable instrument is not available commercially, (2)
the circuitry required has net been published in the open literature,

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



field is sufficiently homogeneous, which means out-of-docrs or in a non-.
magnetic building.

Herein, the required instrumentation is developed and described in
some detail, and experimental results are presented on proton spin. re-
laxation in two different chemical systems which show strong field de~
-pendence in the range of fields accessible to the earth's field tech~

nique. The first, liquid,CHClg,.provides an interesting example of the

application of NMR to the study of molecular metion in pure liquids.’
The second, aqueous solutions.of chromium (I1T), provides an example of
the application of nuclear magnetic resonance to the study of chemical

equilibria and proton exchange kinetics.



CHAPTER II:
THEORY
Definitions and General Remarks

Consider an ensemble of ‘particles of spin 1/2 located in an exter-
nal magnetic field‘ﬁé directed along the z-axis. In the absence of in-

teractions among the particles there are two discreet energy levels for

each spin, corresponding to Iz = * 1/2 and having energies E = S EO =

N Bd 5 - YhIZBO. The constant vy is the gyromagnetic ratio for

the particle in question, and for protons. has the value 4,26 kHz/gauss,

The energy separation between the two levels is AE = YhBO = h 'w,, where

W = Y‘Bo is the classical*Larmorupreceséion-frequéncy of the spins in

(o}

the external field Bon‘

- 1 " - -y L
Iz = 3 T' . . E = + 5 yhBo
AE = YhB = h w
[o] (o]
Y . l _ .1
Iz,- +.2 - \ - - E = ZYhBO

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

B
o



Superimposed on the external field is a small fieldjﬁﬁ(t),which
fluctuates rapidly'inatime'due to interaction with spins on the same or
neighborihg molecules, which are undergoing rapid Brownian motion within.
the liquid. Foyrier cpmponentS‘of the fluctuating field at gzero.fre-.
quency cause a-broadening ofgthe'energy levels in Figure 1, whereas the

Fourier components at the resonant frequency W, =Y B0 cause- gpins to

make . transitions between the energy levels of the system. When equilib-
rium is reached there is an excess of spins in the lower energy level,
which gives rise to a npet magnetization within the sample along the z-

direction, ‘whose magnitude is given by the Curie law

252
M NY"h I(I +. 1) Bé.

o N 3kT

-3
A plot of sample magnetization versus time after application of.Bo
is given in. Figure 2, The z-component of magnetization Mz grovs expo-

nentially towafd,the equilibrium Curie value with a time constant Tl’

‘the spin-lattice or longitudinal relaxation time in the field Boo_ Any
component . of magnetization-Mxy perpendicular tovfoldecays exponentially

the spin-~spin or transverse relaxa-

toward zero with a time constant'Tz,
tién time, Classically speaking, the transverse component of ﬁ‘decays
because.there is a distribution of Larmor. precession frequencies

yo= Y (Bo + AB) for the spins in the sample due to interactions of the
spins among themselves. The distribution of frequencies causes the.
transverse component ofiﬁ’to smear out as the spins lose phase coherence

with each other. After several time constants. T, the spins have lost’

2

phase coherence altogether, and the transverse component of M is zero.



M
[}
M ~t/T
z o _ S
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t
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Xy y y
t

Figure 2. Longitudinal and Transverse Components

,..}
of M After Application of an Exter-
nal Field in the z-Direction

Relaxation Time Equations

In the simple theory, the relaxation time Tl is related te the
transition probability per unit time between the two energy levels of

the spin system by the equation 1/T1 = QW@ s where o refers to IZ = 4 1/2

B
and B to IZ =~ 1/2,

3
The Hamiltonian of a nuclear spin I in an external magnetic field

ﬁé along the z~direction and interacting with other spins §j‘within the
sample has the form

H = - Y hI B + H',
I 7z70



The first term is the Zeeman energy of the spin in the constant magnetic

field.Bo? and H' is the spin-spin interaction term considered as a per-

turbation. It .-has the form;

) 335 @, 7)) f-§j R
H' = - yh% 3y 34 4 + L AIS, . (1)
T S 5 3 S .
j i r, r, h J
3 i
P

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

> > , >
Sj’ rj being the position vector of spin §j with respect to I 'in the-

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

> >
Sj is an-.electron spin; or the electron-coupled scalar interaction if Sj

/

is a nuclear 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-
N . . - > ->
dly varying function of ‘time, If I and Sj are on the same molecule rj
varies randomly in time due to tumbling or internal rotation of the mole-

cules of .the liquid. If f’and‘gj,are on different molecules ;j varies

due to rotation or translation of the two molecules.relative to one.

another.  The scalar coupling constant Aj-can fluctuate rapidly between

zero and-A.j due to chemical exchange of the .spins from one. molecule to
> >

another, since Aj is zero unless I and Sj are on the same meolecule. The

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

> . >
of Sj between its various energy levels. This can occur if spin Sj is

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 transition probability



per unit time between the states o and B can be calculated from the for-

mula of time dependent perturbation theoryz

t
-1 : , iw, (£'-t). ,

Yug T 2 GIE, (0 [0) * GIE (€D [ay e o dF

h o 1 1

+ complex conjugate (2)

where w_. is defined by

8o

gy = (EB - Ea)/h = YIBo’

and the bar denotes an ensemble average. It is assumed that Hl(t) is a

stationary perturbation so that

(BlH () [0) * (BH, (t")]0) (3)

depends on t and t' only through their difference t - t' = 1. After one

makes this substitution Equation (3) becomes

: ‘ — e =

(8] (£ -~ D) |e) (BB () o) * = G (1) O
where GBG(T)'is called the correlation function of»Hl(t) and: depends on
the states o and B and the time 1. Substituting Equation (4) into Equa-

tion (2) one obtains

1 —inaT
WOLB = h—z- GBOL(T) e dT. (5)

Several useful properties of Gsa(r) result from the fact that Hl(t) is a

random function of time,  For a typical perturbation



G @ = o,

so if Hl(t ;’r)band-Hl(t) ﬁére unrelated one could write

G = G - D) GE O * = 0.

HoweVer, fort =0

6, @ = Jelr @ 2o,

For fypicél phyéical systems,'ﬂl(t).varies‘in time due to spme
physical movément. “For values of T less than some cfitical time T, the
movgment may be considered negligible; and Hl(t - tj_z Hi(t)q For times.
long compared to Ter Hl(t) éﬁd»Hl(t.f f) ﬁecoﬁe progfessively less»cq#—
relatéd,_an&:GS;(T):approacheé zéro. Fo? times 1oﬁg comparéd to t_ the

limits of integration in EQuatiqn (5) may be taken as % «, and the tran-

becbmes.iﬁdependent‘of-time, Thus, Equation (5)

sition probability W&B
begomes
W = 5 3 (0g) ()
aB ﬁ2 Bai vBa : '
where
Foo ;;‘rw,[ . .
;JBa(w) = g Gy (T2 @ » dt (7

is called the spectral density of the correlation funection Gsa

at the"

frequency w, It is generally assdmed, and can be proved.in special

,Cagess, that Gsé(r)‘is related tO‘Tg by the simple expomential relation

6, = TGE @@ e 7%,



Substituting this into Equatiqn (7).and performing the integration one.

| obtains
oW = 2@ @]l c
Bo. A § g e ’
: 1+ sz 2
(o3
Then
1. _ _ 2 , 4, : N '
5 W o= T I ) = | (818 (t) [0 | T, N ¢:))
1 h h . 53
4w, "7 °
Ba e

Thus, thé spin-lattice rvelaxation time depends on the strength of the

"coupling between the spin I and the neighboring spins §5, which enters

the equation via the term I(B]Hl(t)|a)|2 . It depends on the tempera-
" ture through the correlation time ic, and it depends on the strength of

the external applied magnetic field through the term Wy = YIBO. More

complete formulas for Tl’ as well as formulas for T, may be found in

2
Appendix B. The general form of all the equations is very similar to

Equation (8).
Exchange Phenomena

Now consider the case in which spins, assumed to be protons, can

exist in tﬁo environments A and B having different relaxation times TlA
and TlB’v The probability that a proton is in environment A is Py» and

the probability that a proton is in environment‘B>is Pge In the limit

 of rapid'exchangg of protons between the two enviropments the observed



10

proton relaxatjon rate is just the weighted average of the relaxation

rates in the separate environments, i.e.,

P P
—%—— = T-A—H + . ng-a R (9)
1 1A 1B

An example of such a system is water which contains dissolved parvamag-
netic salts. Environment A is water molecules in the solvent, and en-
vironment B is water molecules in the primary hydration sphere of the

paramagnetic ion. In this case T << T

due to interaction of the
18 °° *1a @ -

proton spin with the electren spin of the paramagnetic jfon.. From Equa=-

tions (1) and (8) the dipolar contribution to the relaxation rate of the

. 4
gpin 1 is proportional to Yszq

T

Therefore, since v for an electron is of

the order of a thousand times that of g proton, electrons are of the

prder. of 106 times more effective in preducing relaxation. Whereas

=3

o=

laxation times of protons in the solvent water are of the order of gec~

cnds, relaxation times in the primary hydration sphere of paramagnetic
ions are of the crder of microseconds.
When the limit of rapid exchange is not. quite reached, the relaxg-

tion behavior of the two environment system can still he described by =

single relaxation time T,, but now Tl depends not only on the relaxation

i’

timeS'TlA and TlB but also on how fast protons exchange betwgen the two

environments. The corrected expression is

P
%_ - .T_L + "f""%’*’" (10}
1 1A 1B "~ "mA

where "B is the average lifetime of a proton in gnpvircoment B before

transfer to enViranment A, The approximation Py # .1 valid for dilu



11

solutions has been. made in going from Equation (9) to Equation (10).
Iﬁe-relaxati@n behavior of systems in which protons can exist in more
than two environments/can'also be handled, and in the limit of very
rapid exchange the expressions are analogous to Equation (9)., When the
exchange is slow the expressions become quite complicated, as exempli-

fied by the equation describing the Cr(H20)63+ - Cr(H20)50H2+ - H20

system, which is given in Appendix B.
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CHAPTER III
EARTH'S FIELD NMR TECHNIQUE

To measure the proton spin-lattice relaxation time of liquids

uging the earth's field NMR te@hniquei"’z’3

» the sample; approximately.
400 ml in volume, is placed inside a coil whose axis is oriented perpen-

dicular to the earth's magnetic field Ee of 0,54 gause (Pigure 3). At

time 't = 0 the current is turned on in the coil, establishing s polariz-
ing field of the order of 500 gauss along the axis of the soil. The
magnetization within the sample grows exponentially toward its equilib-

rium value with a time constant Tlp’ the spin~lattice relaxation time

in ch After a time t = tp'whi@h is long compared to T1p9 the polariz-

ing field is reduced to some intermediate value Bi (Figure 4). At

. . e . ‘ ie . b . .
t=t <+ ti the intermediate field is reduced suddenly to zero, lsaving

D

i

magnetization then precesses about the earth’s magnetic field at the

Larmor frequency, which for protons is £ = Y BE/QW = 2310 Hz, The
changing magnetic flux induces a sinusoidal wyoltage in the cpil, which
is amplified and displayed on an oscilloscope screen. The signal dies

out with a time constant T es‘the spin-spin relaxation time of the sam-

2
ple in the earth's field B@Q The initial amplitude of the free preces-

sion signal is a measure of the amount of relaxation that took place in

13



the interval tiy Variation ti in suceessive measurements allows calcu-

in the intérmédiate‘fieldP . To measure

lation of the relaxation time Tli

Tl in the field Bp,.the magnetic field is reduced to zero at time t = tp;

i.e., ti = 0. By varying tP the relaxation. time Tlp can be determined.

-
3
3

2

[

e

A} Fa

|
4 J
e

Figure 3. Representation of Magnetic Fields in the Earth's
Field NMR Technique

¥

i

B
P
5
B,
1
0 t B+t
i p i
W
\ 11
M ‘
\' T.
\\ 2e
\\N

Figure 4. Magnetic Field and Sample Magnetization Versus Time
for the.Earth's Field NMR Technique



To measure Tl in the earth's field of 0,54 gauss, the polarizing

field Bp is applied for a time long compared tg Tlp° Now ‘B,p is reduced

to zero adiabatically4 rather. than suddenly, which leaves the nuclear

-
magnetization parallel to the earth's field Beu After a time te,an

"inspection pulse' is applied, whose function is to rotate the remanent

>
magnetization so as to be perpendicular to Béq . The inspection pulse is

generated by turning on the coil current adiabatically to give a field
of a few gauss; and then removimg it.suddenly. The amplitude of the
ensuing preceseicn signal is again a measure of how much relaxation took

place in the interval teq

//‘ '
t + t
P p e

£©F

Figure 3, Magnetic Field Versus Time for Measuring T, in the

1
Earth's Field of 0,54 Gauss
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CHAPTER IV
INSTRUMENTATION
Introduction

To measure the field dependence of proton spim-lattice relaxation
times. using the earth's field NMR technique, instrumentation is required

which will maintain a polarizing field Bp in an air core coil for a time
tp’ reduce the field suddenly to an intermediate walue Bi for a time ti9

and then reduce the field suddenly to zero. The coil must then be dis-
connected from the polariziag circuitry and connected across a capacitor,
forming a series resonant LC circuit tuned to - the Larmor precession fre-
quency of the spins. The signal must then be amplified and displayed om
an oscilloscope screen., Thus four components are required: (1) a switch-
ing circuit for rapid changing of currents in an inductive load, (2) a
power supply for maintaining regulated current in the load, (3) detec-
tion circuitry for observing the free precession signal; and (4) timing

cirveylts for control of polarizing apnd switching times.
Current Control

The current contrel ecircuit is shown in Figure 6. A plot of the
coil current and.coil voltage is given in Figure 7. The operation of
the silicon.controlled rectifier current switching circuit is wvery much.
1

like the one described by Mitchell™, except series regulating power

17
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transistors have been added to provide constant current in the load,

.
P
T
0 by o E3%y ts g
+ 210 T4 210
V,
ii'
— |
- 138 | 11

Figure 7, Coil Current aund Coil Voltage Measured at Point .
Y of Figure. 6

SCR-##1 is triggered at time t = 0, and the voltage at point Y in
Figure 6 drops. to nearly — 48 volts (Figure 7). The current rises ex—.
ponentially with a time comstant L/r. At time ty the current has in-

creased to a level asuch that the voltage across Rl is greater than the

Z.4 volt zener reference voltage, and the 2N916 conduycts. This diverts

some, of the current i, that was formerly available as base current for
A

the series regulating transistors. They come out of saturation and pre-
vent further current increase. Thgrn@gative feedback =signal to the
base of the three 2ZN3715 series regulating transistors meintains the
The voltage

load current constant until time tz when SCR #2 is fired,

at point Y drops to -138 wolts, reverse biasing SCR #1 and shutting it
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off, The voltage at Y rises sinuscidally as the:evergy in the coil is
dumped into the 3,0 uf commutating capacitor.. When the voltage reaches
+210 volts the two 1N2839B zener dicdes begin conducting, and the,@urm

rent in the coil decreases linearly at-a rate di/dt = VZ/Lo At time t,

when the current has decreased to just above 2.0 amperes SCR #3 is fived,

A ' current Ii determined by the value of R, and the IN4370 zener.voltage

2
passes through the MJ423 series regulating power transistors, The re-
maining coil curvent pasées thr@ugﬁ the 1N2839B zener dicdes, which
maintains the potential at Y equal to +210 velts. This remanent cur-

rent continues. to decrease at a rate di/dt = VZ/LOA When the zener cur-

rent reaches zero at time t,

4 the potential at Y dreops téo the value wIifO

The cpil current is kept constant by the negative fesadback provided by

sampling resistor R, and the 2N916 error detector and amplifier, The

2

intermediate field is cut off at time t_ by triggering SCR #4, The sut

5
off sequence 1s similar to that for SCR #1,
The chokes L

L in Figyre 6 limit transients whi

OEeur

and L

1° 72? 3

when the SCR's are triggered from the non-conducting into the conducting

state, Chlickes Ll and-Lz are 75 uh and are made up of 22 turns of #20

<

wire on an Arnold A-930157-2 molybdenum permalloy core, Choke L, is 2

3
uh and consists of 5 turns of #16 wire on a Ferroxcube 203F250-3C fer-
rite core,

The 0,005 uf capacitors across the 2N916 transistors: prevent high
frequency instability of the high gain feedback network. The 1000 ohm
resistor in parallel with the coil serves to damp oscillacions which

occur on switching current in the inductive load,



o]
et

The 2N3494 and 2N2904 transistors act as constant current sources
and provide regulation against changes in pewer. supply voltage. The
1N4148 diode at the collector of the 2N2904 tramsistor prevents current
from being drawn from the base te collector of the 2N916 when the 24-
volt power supply at peint B is turned off,

The 48-volt supply is designed for leoads of from 4 to 6 ohms and
for polarizing currents of from 4 to 6 amperes., The 24-volt intermedi-
ate field supply is designed for currents. from.2 awperes.to 30 wmillii-
ampereas., RegulatiOH for both is * 1%, the principal limitation being
temperature drift. The negative temperature coefficient of the 1N4370
reference zener diocde and the base-emitter voltage of the 2N916, plus

the positive temperature coefficient of the sampling resistors R, and
- 1

R2 couple to make the current decrease as the temperature is increased,

Regulation could be improved at the expense of increased power loss in
the sampling resistors by using higher reference voltsges. Zener diodes
with breakdown voltages greater than 5.5 wolts have pogitive temperature

coefficients which could serve to cancel the negs

ive temperature coel-

ficient the base-emitter junction of the reference amplifier., The

]
Fh

resent svstem.is, however, sufiicient for nost purposes,
4 9 9

Detection Circult

After the curremnt in the coil has been reduced to zero the magne-
tization within the sample precesses freely about the earth's magnetic
field and induces a wvoltage in the coil., The circultry necessary to
detect and amplify this signal is shown in Figure 8 along with the re-
lays for switching from the polarizing to the detection mode,

3

The coil L is the sample coil. The coil L' is the “bucking coil®
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which is, to a clese approximation, an exact duplicate of the sample
.11,2 . . .

coil’’”, It is connected so that any stray voltage induced in the sam~

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

the "bucking coil." Relay R. is a double pole deuble throw Potter and

1

5 is a Potter and Brumfield

Brumfield mercury-wetted contact relay, and R

HC11DB half-size non~polarized relay, The relays.are activated im the
polarizing mode and deactivated in the detection mode to minimize the
possibility of stray pickup that may. exist in the relay activating
coils,

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

grounds the detection circuitry,'and‘Rl connects the sample.coil . to the

polarizing circuitry and to a meter for measuring the current through

the ceil. In the detection mode relay R. disconnects the polarizing

1
circuitry from the coil and grounds the center tap of L and L', Relay

R2 connects the sample and bucking coils to the capaciter C, ferming a

series resonant LC circuit tumed te the Larmor precession frequemcy of
the spins,  Low dissipation facter polystyrene capaciters are used dn
the tuned cirecuit im ordéer to prevent dropping the circuit §Q. The out=-
put tuner may be treated as’'a band-pass filter with a bandwidth of about
180 Hzlo

At a bandwidth of 75 Hz, corresponding to-a circuit Q of 31, the
signal-to-noise ratio is approximately 150 to 1 for a 450 ml water
sample in a field of 350 gauss. The signal-to-noise ratio can be im— -
proved by winding coils of higher Q2 and thereby marrowing the band-

width, at the expense of transient response of the detectior system,
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.Relay Multivibrators

The current and signal relays are coentrolled by bistable multivi-

brators shown in.Figures 9 and 10, In the detection mode transistor Ql
is on, QZ is off, and the relays are deactivated. They are activated

in the polarizing mode by the leading or trailing edge of a square
pulse, which is differentiated by the 0.0l uf capacitor amd 470 X volt-

age divider., The negative spike of the differentisted pulse turns Ql
off, Q2 on, -and activates the relay., The relays are deactivated in a
similar fashion by a negative pulse at the base of an The zener diode,
in parallel with Q2 keeps the collector—-emitter voltage below the tran—

sistor breakdown voltage when the relay is deactivated.
Timing Circuits

The basic timing circuit (Figure 11) is a mounestable multivibrator
with a unijunction transistor used as the timing element. In the quies-

cent state 0. is ongrQZ is off, and: the potential at Z is near -23

1
volts, = The emitter cof the uniiunetion transistor is clamped to a po-

tantial well below the firing weoltage through di@&e_Dlo A positive

pulse at the base of ng or pushing switeh §., turns Q1 of f and QZ on,

1°?
The potential at point Z meves. to within a few volts of ground, and the

timing capacitor Cl charges through Rln When the unijunction fires,

the negative pulse generated at the emitter of Q2 turns it off, and the

circuit resumes the initial state, Capacitor C, rapidly discharges

1

through Dy, providing for fast recovery. The time delay is approximate-
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ly»Rl(C1 +.C2), the exact value depending on the unijunction firing
voltage. The square pulse at the collector of Ql is differentiated . by

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

of the . first,

Capacitor 02 is kept small since when the unijunction fires it

charges through the external power.supply, which can cause transients

unless the supply is a low impedance source. Capacitor.C, may be any

1

value, and‘Rl cahgbe any value between 3.3 K and 3.3 Meg, the limita-

tions being the minimum valley current and the maximum peak point emit-

- s . 3 , . . .
ter current of the uniiunction™., The 100 ohm resistoxr in series with C1

limits the emitter. current when Cl discharges through the unijunction,

High currents heat the unijunction, plus reduce the pulse amplitude at
the emitter of Q2 when the unijunction fires.,

The 2N1671C was chosen for its low leakage current and.low peak

)

peint emitter current, which are necessary for leng timing interval

[63]

S

The design objective was. for polarizing times between 2 ms and 20 sec,

{w

which are easily obtainsble with this circuit, Accuracy is better than
+ 0,542, For short timing intervals, 2N2646 unijunction transistors

operate satisfacterily, and at reduced cost,
SCR Trigger Circuits

The SCR trigger circuits are shown in. Figures 12 and 13, one type
for the high current 2N1848, and one type for all of the 2N1777 SCR's.
The operation for beth is the same.. The emitter of the unijunction is

kept. in the quiescent state at ~12 wolts, which is just below the emitter
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firing voltage of the unijungtion. A negative pulse at BZ'causes the

peak point voltage of fhe unijunction to drop below the emitter wvoltage,
The capacitor discharges through the unijunction and transfermer, firing
the SCR.

Transformer»Tl consists of a primary and secendary of 400 turns of

#29 wire would on an Arnold A~213192-2 molybdenum permallcy ccre, The
25 nf capacitor discharging through this transformer‘generates a pulse
greater than 300115ec1wide, which is sufficient to insure that the SCR
holding current has built up in the inductive load before the gate drive
is reduced. to zero, The bridge rectifier network. prevents transients in
the SCR gate circuit from being fed back inteo the trigger circuit.
Further-isolation is provided by using seéparate unijunction transistors
for firing the SCR's and triggering the multivibrators. Placing the SCR

trigger transformer in series with C. or in base one of the unijunction

1

in Figure 11 caused instability of the multivibrators.
Pulse and Timing Circuit

The complete pulse and timing circuit which controls the fivimg ol
the SCR's and the switching of the relays is shown in Figure 14, It.
consists of .a string of six essentially identical monostable multivibra-
tors like the one in Figure 11.  Multivibrator #1 is triggered into the

unstable state by pushing switch S19 and each succeeding multivibrator

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

time delay of.the preceding stage. When S1 is pushed, MV #1 flips inte

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

activates the signal relay R25

grounding the detecticon cireuitry.
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Approximately 20 ms later MV #1 reverts back to its stable state, which
triggers the current relay multivibrator (Figure 9} and connects the.
coils to the polarizing circuitry. At the same time MV #1 triggers MV
#2, which returns to its quiescent state 20 ms later and triggers the
circuit in Figure 13, This circuit fires SCR #1 and turns the current
on in the coil: At a time between 20 ms and 20 sec later, depending on.

the values of Ri and'Cl, MV #3 reverts back to its quiescent state.

This triggers SCR #2 which causes the current to begin decreasing in the

coil (point t2 in Figure 7). After a time depending on.the setting of

R3, MV #4 reverts and fires SCR #3: The three MJ423 transistors in

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

in

the voltage at Y is +210 volts with respe¢t to ground, Thgrefore,_Rg
Figure 14 must -be set so that SCR #3 i3 fired when the coil current is

just above 2 amperzs. After a time between 2 ms and 20 sec later, de-

pending on the valuesﬁof‘Rz and‘Cz, MV #5 runs down, which fires SCR #4

and turns off the current in the coil, At the same time MV #6 is crig-
gered intreo itz unstable state, which sends a pulse te the current relay
multivibrator (Figure 9) te deactivate the cuxrent relay. Alchough SCR
##4 is triggerved at the same time as the current relay multcivibrater, the
current is reduced to zero within 1.3 ms, whereas it requires approxi-
mately 3 ms for the current relay to actually break contact, When MV

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

which deactivates relay R2 and connects the coil to the detection cir=

cuit, - The time between deactivation of the curremnt relay and signal re-

lay is variable from 1 te 10 ws by means of R&o This time i: made as
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short as possible, subject to the requirement. that the signal relay not
make contact with the coils until after the current relay has discon-
nected‘the polarizing circuitryf. When the signal relay connects the
coil to-;he‘deﬁéction‘circuit, a transient &ue to ringing of the coil

~masks the free precession signal fqor 30-80 ms, depending on the Q of

2

the coil, which places a lower limit.on the T, of samples which can be.

studied by this method.

The aoscilloscope sweep may be triggered.at the end of the time de-
lay of MV #6, or another stage may be added to delay the sweep until
after the‘switching’transient hgs died out. If-desired, a pulse from
the 1§s£‘mu1tivibrator;can be fed back tp MV #1 to make the circuit
dyele continuously,

Tq‘measﬁre Tl in the high field, switch 52 is . placed in position 2,

which bypasses the multivibrators,whiCh turn the-intermediéte,field on
and‘off.J The-curreﬁt is reduced to zero at the end of the polarizing
time, and MV #6 is triggered, which deactivates the current and signal
relays for'observing the precession signal,

Some experiments have been done using the inspectien pulse tech-

nique (Figure 5) to measuyre T. in the earth's field of 0.54 gauss. How-

1
ever, the circuitry required for this technique is still in the develop-

mental stage and has not been included,
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CHAPTER V

PROTON SPIN RELAXATION AND SELF-

DIFFUSION IN LIQUID CHCl3

Intreduction

The study of nuclesr spin. relaxation in pure liquids 1is .of con-

siderable 2rest from.the point of view of liquid kinetics and liquid
structure, Since the intramolecular contribution to preoton spin relaxa-
tion times depends on. the tumbling motion of the molecules, while the
intermolecular contribution depends on their relative translations,
valuable information about these two motions can be obtained only if the

inter- and intramolecular contributions to T. can be separated from cne

1

another, Ordiparily such separation cannot be obtained directly from

the experimental data, One case in which the separation has

perimentally obtained.is the work of Bonera and Rigswonti™, who studied

proton relaxation in wixtures ¢f benzene snd its perdeuterated analog
at various concentrations, By repeating the measurements at.different
temperatures, they obtained activation energies for rotation and trans-
1o ] . e . o .2
lation which could be compared with the predictions of the BPP model™,
Proton relaxation measurements on chloroform have been reported
» o, . o 3=6 o s .

previously in the literature o In the case of this liquid the rota-

tional and translational motions of CEClQ molecules can be deduced. from

a study of the field and tewperature dependence. of proton. spin-latt
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relaxation times alone.. Proton relaxation in high fields is dominated
by the proton-proton dipolar interaction, whereas in low fields the
‘scalar coupling hJ fﬁg 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

* T
_Tl_.. = "1'1)'5 + I sz 5, (5, + 1) k -
1 T _ k 1+ (wi - wk) T,

5 (11)--

k

%
where . the summation Zk extends over all three chlorine nuclei on the

same molecule. In Equation (11) S is the nuclear spin; % is the Larmor.
precession frequency; J, the scalar coupling constant; and 1, the cor-
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‘CHCl3 mole_cule7° The chlorine relaxation times are given by

T, = C,7___, where C

k K rot is a constant for a particular nucleus and chem-

k

s . . . . .7
" ical environment, and T is the rotationalcorrelation time . Ac-

rot

.cording to the Debye modell, T is related to the-bulk viscosity of

rot

the solvent by the relatioen

R P _
Teor = 4n-m a>/3kT = n Vm/kT (12)

where a is the molecular radius, and‘Vm is the molecular volume. The

failure of the Debye expression to correctly predict rotational corre-
lation times for all. except the most highly associated liquids is well

documented8° O'Reillyg'has recently used the large-step random-walk
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theory. of rotational diffusion and the quasilattice theory of liquids

to derive an.expression for Tfot whi.ch: provides better agreement with

experiment. Completely a priori calculations with his model are net
possible, however, witheut a knowledge of the energy required to create
a vacancy in the liquid lattice,

The quantity (TlDD)fl in Equation (11) is the field-independent

dipolar contribution to the observed relaxation rate. Its rotational
and translational contributions may be estimated using the theoretical
. 2
formulas of Bloembergen, Purcell, and Pound” as corrected by Kube and
.10 _ : i1
Tomita™ and extended by Gutowsky and Woessner  to systems of many

nuclei., They are

=1 t, -1 tr. =1 .
@™ = @ H T+ (132)

rot.-1 _ .2 232 _ _ -6 _4& oL 2 -6 1
R P & R Y FE IS Bt D Ty Jt o (130)

tr -1 2 2 -1 [ :*

L2 -l.0 | 4 iy 24 =Lio Q.
= q — g - 7 m LYy, I i (136\”
(T, ny, N[5y § (rij )ty z 8 (8, 41y, " (ry, T3] (L3e)

the internuciear distance; D is the self-diffusion coefficient for the
molecules of the liguid; and N is the number of molecules per-unit.
volume, In these formulas, Zj are summations over nuclel of the sane

]
type as the ith, and Ekg are over. all others, In Equation (13b) the.

summations are’ over nuclei in the same molecule, while in Equation (13c¢)

-1.,0 .
) being the mean

they are over nuclei of a neighbering m@leculegv(rik

for two molecules in contact. For CHCl, the first Cerm.

value of r, 5

ik
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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 CHCl3° 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 CHCl3 molecules. Relaxation times in high fields

will be shown to be determined mainly by the dipolar interaction hetween
protons. on neighboring molecules, Hence the temperature dependence of

high-field T, reflects the temperature dependence of the translational

1

motion of the CHCl3 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 CHCl, at various temperatures are also carried. out, and

3
used to test the validity of the Stokes-Einstéin equation D = kT/6ma n

relating self-diffusion and liquid viscosity.
Experimental

The chloroform sample for relaxation measurements was prepared from
- commercial reagent grade chloroform and was deoxygenated by.scrubbing
with purified nitrogen for approximately 24 hours. The apparatus is
similar to the one described by A:thurlze‘ After deoxygenation the sam=
ple.was dvacuated and sealed. 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.
.’30'00o 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 chloroform were measured.usinh
standard spin-echo techni'ques%8 Sample temperature was controlled_gver,
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 MHz. 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 whieh the shape of the free-precession signal conformed rea-
sonably well to the theoretical shape for a region of constant field.
gradientl3; 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.
meas@redﬁover the same range. of temperatures as.chloroform. The results
were in good agreement with values found in the;litel:atureu° Also; the
self-diffusion constant of water was meagured at room temperatﬁré and

at 1.5 OC,‘with similar good results. None of the samples used.in self-

diffusion measurements were deoxygenated.
- 'Results and Discussion

Typical field dependence curves at several temperatures are shown

DD

in Figure 15, The temperature dependence- of the high-field:Tl\(= Tl )

is given.in Figure 16 along with the results of Blicharski, etzaleé The .
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solid curves through the data points represent least squares fits of
Equation (11) to the experimental data. In the summations it was neces-
s - ot . _ 35 37 .
sary to take into account the two chlerine isotopes C1™~ and C1™°, which
have a natyrally occurring isotopic -ratio of approximately three to one,
Both isotopes have spin 3/2, but possess slightly different gyromagnetic
ratios and. quadrupole moments and therefore different J and t.. It was

T S, 2 ) .
assumed: that J37/J35 = Y37/y35 and 137/m35 = (QSS/Q37) , where Q is the

1 ,
nuclear quadrppole moment So For the temperature dependences of t and

bp o frrp « DD _ . DD.o
exp (AErot”R1> and T <T1 )]

relations of the form «t 1

Ty

T35

35

exp (AErel/RT) were assumed, and the unknown quantities = AE

o
35 °? rot®
DD

)0, AErel’ and' J,. were used as adjustable parameters. to fit the

35
data., The: non-linear least squares curve fitting procedure is outlined

in Appendix A, The results were AErot = 1.6 % 0,1 keal/mole, AEmel =

1.76 * 0,05 keal/mole, and JBS/ZU = 4,7 % 0,1 Hz. At 20 °C Tyg Was

found to be 24 usec; which agrees well with s valye of 23 usec from the
‘ —— o rad 33 amtdan sdme A
data of O0'Reilly and Schacher , who measured the C17" relaxation time in

CHClg directly,  They report a value of 1.4 *+ 0.1 kzal/mole for AE

which is smaller than the resulit found herein but within the range of

. . _ , 3 . . .
axperimental error. Winter's estimate” of 5.5 Hz for /27 was based

Jow
35

on Ty * 17.4 usec at room. temperature. Repeating his calculations
using Tqg = 24 u sec gives J35/2ﬂ = 4,7 Hz, which is the same as found

herein. Ottavié has reported results which lead to JSS/Zw = 3.7 Hz and,

. . IS . ; . y op
in a later publieation™, 5.2 Hz, No explanation for the difference was

§

. ) , 6. . . P .
given.  Blicharski's data lead to AErET = 1.5 *# 0,2 kecal/meole,
ook o
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The fact that AE i ffe : S o
fhe fact that 4F  differs from the activation energy AE , for

relantiop in high fields suggests that T tx contributes significantly

1

to TIDP.-‘Thié is born oup by'célqulatibnvqf.Tert using Equatioﬁ>(13§);

U81ng acgepted values for the- ggneral physxcal Fon§tants and the value

Trot 1 9 x 10 12 gec, wh;ch was obtained by 0' Reilly and Schach¢r7

-

rot ~1

from the 0135 relaxacion da;a, ong’ obtains (T = 0,88 x 10 -3 set

DD

l = 78 gec

at 20‘90. Us;ng this resqlt gnd the opservgd value T
‘(Figure 16), ang calﬁulates with the aid of’ Equatlon (lBaD, (T tF)wl

11.9 % 10 3/sec.' Hence. thg‘rotqti¢na1 cqntribution to. T i§ eXPeqtéd
to bg le$s-thgn 10% of thajuranslationél‘cgngribgtiop, gnd AErel repre-

sents the activation energy for translation,  The nepequality of the

aétivation epergies for translation and*fgtation'hasjbeeg discussed be- °
forq7’9 16 ,
R : . o ‘ . y -1.9 =l.0 _ -1
By ysing Equation (13¢), agsuming gy = (r; ) = (2)

'calcqla;ing‘g assyming a filling factor of 0.74 for hexagpnal close -

packing of hayd spheres, one calculates (T Fr)~l‘= 3.4 x 10-3/sac.at 20

1

37

‘OG. Due to the small gyromagnetic ratios cfvcl35 and €17°, the second

term insidé the brackets of Equation (13c¢) ;s less than 10% of the first,

and T tr-is determined mainly by the dipolar interaction between protons

1

on neighboring molecules, The calculated (Tl#r)_l is about.a faétorvof

two smallg; than :be.experimental réte. _Butbthis"is<reésqnable agree~
ment gonsidgring the crudeness of the model and the agyroximations in=-

volved in}calqulating quantities like (r ?l)q which could easily be off

_ , i}
by a factor of twp for a mplecule like CHGl3, in whicthhe proton 1s not-
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at the center of a molecule of spherical symmetry. Similar. discrepan-
cies occur when the Debye formula is used to calculate rotational corre-

lation times. Equation (12) giveS‘rrot'=.l& x 10712 sec for CHCL, at 20

3

OC, which is about a factor. of =zeven toe large., Such:poor agreement. is
not unusual,. as: the Dehye.formula quite often predicts rotational corre-
latjon times which are,;oo.large by.a factor of ten or more. -

As indicated in Table I, the self-diffusion constant of liquid
chloroform was found te be 2.5 x'lO“5 cmZ/seC'at 25 OC, with an activa-

tion energy AED = 2,1 ¥ 0.2 kcal/mole. The room temperature value is in.

agreement with the value 2,6 x 10_5 cmZ/Sec obtained by Mccalll7a Recent

measurements by O'Reillyg gave-D =.3.3 x.lO-Slcmz/sec’at 3OO.OK, and -

-5

D =0.50 x 10 cmz/sec«at 200 OK, with AE. = 2,2 keal/mole. The dis-

D

2

P
crepancy between AE_ - and &Etr, confirmed by the work. of others. 99 ap=-

D
pears tb be.real, and raises a question about the adequacy of the theory
of relaxation by~intérmolecular~dipolar'interacti0n, |

The results.of.Bonerawand‘Rigamontil.on~benzene'are5319@lgivem.im
Table I, since they. allow similar comparisons  to be made for that liquid,

It is seen. that AED =.AE1/T,'in agreenent with the Stokes-Einstein re-

lation. Again, AE
: o

” is much smaller than ﬁED, as appears to be the

case for all but the.mest highly associated liquids:. As in chloroform,

AE__ appears to be significantly smaller than AE

fr Taking into account

DD
the temperature dependence 'of N in Equation (13c¢c) only increases this

discrepancy. It has been suggested that. the difference between these.
two activation energies may be due to medulation of the intermolecular

dipolar interactjon by molecular rotations as well as by-tranelatiunng
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TABLE I
ACTIVATION ENERGIES FOR™RELAXATTON, ROTATION, TRANSLATION,
SELF-DIFFUSION, AND VISCOSITY IN BENZENE AND CHLOROFORM-

AE AE AE, AR AR
n/T

Molecule rel ‘rot tr D
' (kcal/mole) (kcal/mole) (kcal/mole) (kcal/mole) (keal/mole)

CHCl, 1.76 % 0.05 1.5 % 0,1 1.76 £ 0.05 2.1 £ 0,2° 2.3 % 0.1°
g, 1.9£0.2° 1.2:03° 25:02° 31:02° 3103

E W. Washburn, ed., Internat10nal Critical Tables (McGraw-Hill
Book Co,, New York, 1926)

bat 25 0 10°D = 2,5 0.1 cm’/sec.

“G. Bonera and A. Rigamonti, J. Chem. Phys. 42; 171 (1965).

dR. Hausser, G. Maier, and F. Noack, Z. Naturforsch., 2la, 1410
(1966) ,
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This seems reasonable for a molecule like CHCl3, in which the proton is
not at the center of a molecule of spherical symmetry, and would lead

to an activation energy-AE, . < AE

.~ However, since T
inter D ’

is go short,
rot

it is unlikely that such a mechanism could account satisfactorily for

the observed relaxation rate.
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CHAPTER VI.

PROTON SPIN RELAXATION AND EXCHANGE PROPERTIES OF

lHYDRATED CHROMIC'IONS-IN‘HQO AND H_0-D,0 MIXTURES

2

2
“Introduction

Although the basic mechanism for proton spin relaxation in aquecus.

. . ; . 1 R \
chromium (II1) solutions is well understood , relaxation times reported

by different observers for apparently identical systems do not agree™ .-~

Thermal hysteresiss”6, solution agingz, specific anion effects79 and pH

dependen©e8’9’10

have all been noted., Some of these effects appear to
be a result of the unusual features of chromium (IIL) chemistry.' In
. 3+ R . P . .
aqueous sclution Cr™ hydrelyzes readily, forming CrOH" and higher hy-
, 8 , .
drolysis products, which have been shown  to have a pronounced effect on
proton relaxation times. in the solution. Chromium (111} also forms .
stable coordination compounds with a large number of other ligands, and
at high temperatures long-lasting hydrelytic polymers are easily
f@rmed%lo Once formed, these polymers break down. very.slowly, even in
highly acid media, giving rise to the thermal hysteresis effects which
. , ) 6
have been reperted .
Chromium is one, ameng several paramagnetic ions, in which the life-
time for protons in the primary hydration sphere at low temperatures is
relatively long, so that the observed relaxation rate of the scluticm is

limited by the rate of proten exchange between the hydration sphere of

48
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the ion and the bulk water. ‘At high temperatures exchange is fast, and
the solutien relaxation rate is limited by the rate of relaxation in the
ion hydration sphere. The observed proton relaxation time in a sclution
containing onlyvCr(H20)63+ is given- by the expression

obs, -1 o,=1 s,~1 -1

@PH™T - @, e T e ) (14)

where the subscripts x and w refer to water of hydration in Cr(H20)63+

and bulk water respectively.:@ The quantity T s is the proton relaxation

1w
, R . , . . 3+ .
time in the bulk water due to dipelar interaction with the Cr spins,

and T is the relaxation time due to other mechanisms in the solvent.

o
1w
The latter quantity can be equated to the relaxation time im the solvent

not containing paramagnetic iomns, but otherwise under conditions identi-

cal to those of the studied solution., The time TXW is. the average life~
\ . . v 3+ ;
time of a proton in the hydration sphere of Cr(HZO)G , and p 1s the
C s e g ) ] PSR 3+ 9 e
probability of finding a particular proton in Cr(H20)6 s A relation

, although in. gen-

. . . . v obsg
similar to Equation (14) is assumed to hold for T,

2
eral there will also be transverse relaxation by the.so-called "Aw-
a2 e o 5
effect . However, on the basis of the parameters derived herein, one
can show that this relaxation mechanism is negligible in the case of

CI(H20)63+ solutions up to 14 kG, which was the highest field studied.
obs

& more general expression for T1 , valid for solutions containing

Cr{H O)wOH2+ in additien to Cr(H,.0) 3+9 is given. in Appendix B. Alsc
2:3 26

and T s which will

reproduced there are theoretical expressions for T 1w

1x

be used later in interpreting the experimental data.
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Protons in Cr(H20)63+ are known to.exchange with the.bulk water by

transfer across hydrogen bouds rather. than by exchange of whole water
.

: : ) . . . . R 13
molecules., The latter have hydration lifetimes of the order of hours™ ™,
In intermediate acid. concentrations the dominant exchange mechanism is.

4 " . . . R
believed to be the first acid hydrolysis react‘mngQH

k

X 3+ 51 . L2+
Cr(H20)6 + H20 ém——%% Cr(ﬁzo)SOH + HSO . (15)
-1

In highly acidified solutions there iz an additional acid-catalyzed pro-

9,10

ton exchange veaction >, which is believed to occur via the mechanism

E

k
crn,0) "+ mt —2p crm?o)S(HE*o;)"’**: | (16a)

Y. A fast % . St +
Cr (H,0) (B, 0) " —p cr(m,0), (8, 0)" +H .0 (16b)

Reaction (1l6a) involves the protonation of one of the six coordinated

. ‘ 3+ N , , P
water molecules of Cr(ﬂ20)6 , forming a-coordinated Hg in which che

three protons are equivalent. This is assumed to be the rate determin=
ing step of the acid-catalyzed proteon exchange reaction, and is followed.
by a rapid deprotonation with a probability of 2/3 that the proton trans-—
ferred is not the proton originally accepted by the fon. In weakly

acidified or non-acidified solutions complications. arise due to forma-
R | .

tion of Cf(H?OJSOH , which is believed to have a pronounced effect on

the observed relaxation rate due to its rapid rate. of proton exchange
‘o - 8

with the bulk water .

The effects of isotepic substitution of deuterons on the protom
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relaxation times in aqueous solutions of.Cr(N03)3 have been . studied by

. 15 R . . .
Mazitov ™, The observed inereasse in the proton 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 relaxation times as the solvent

is changed fr@m-Hz

0 to DQO can also be expected on the basis of a. change
in the probability of finding a proton in the iom hydration sphere16o.
This arises du@&t@ the difference in wvibratiocnal zerc-point energiles of
protons and deuterons, which can give rise to a proton fraction in the

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

observed relaxation time woeuld be given by the equation

obs,=1 o, =1 s,~1
) = (T 3 + . - T
1 ) (r. ) (T, 7Y T+ p(TlX’i :

(F 1w 1w

Xw)"l [(1-x)8 + &k]7h )

where B is the fraction of protons in the solution. The constant K is

the equilibrium constant for the exchange reaction

B 4+ D 2 D + H,
x W X W

A~

=
Resl
N

where K is assumed.to be independent of 8. Its temperature dépendence

&)

is given by the relation K = exp (AS /R) exp (NAHQ/RT)Q where AS° and
28 are the differences in entropy and enthalpy between the products and
reactants in their standard states. Although not stated explicitly in
the derivation in refevence 16, Equation (17) holds only 1f the concen-
trations of the species AHmDném’ where m = 0,1,2,...n, are related by

o 1 e 17 . , . .
statistical factors alone™ ., This is a very good approximation for sol-

vent water and should be expected to hold for coordinated water as well,

This theory was in partial agreement with published experimental resu
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but deflnitive conclusions were not possible on the basis of availablev
data..b

In the present study, measurements of“the fieldﬂand tenperature
dependence of proton spln relaaatlon times were undertaken on a 0.10 M

HClO4 solutlon of Cr(NOB)r for the purpose of determlnlng the rate con-

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

. + . ) . ' A
species Cr(H20)63 . Proton spin relaxation times were measured in:solu-

tions containing up to 8.0 M‘HClO4 in order to determine the rate con-

stant k3 of Reaction (l6a). Measurements were made as a function of

mole fraction of DZO in order to determine the quantity K in Equation

(17) and to study the effect of deuteratlon on the other parameters 1n—
fluenc1ng proton spin relaxationm. Measurements were also made on weakly
acidified solutions of H 0 which contained appreciable quantities of the

2+

flrst hydroly51s product Cr(H 0) OH™ Its relaxation and exchange

properties were examlned and compared with those’ for Cr(H 0) 3+

Experimental

Measurements of proton T. in the range from.l.l to 520 gauss were

1

made u31ng the earth s fleld free prece581on technlqueo Measurements

at 14 kG (60 MHZ) were made us1ng standard spln-echo NMR technlqueslg’lg.

i

The sample temperature was controlled, in the- earth s f1eld tech—

nlque, by pumplng heated or cooled water around the - sealed glass sample

Ll . N i

bottle° The temperlng 11qu1d was doped w1th Mn2+ ions so as to - suppress

its contrlbutlon to the NMR 31gnal At 14 kG the sample temperature

£
-

was controlled by a regulated gas flow cryostat. Temperature stability
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(O8]

. PR« v .
was approximately * 0.5 € with both systems,

The chromium solutions were prepared from reagent grade Cr<N03>3

and were acidified with HCIOAO All were prepared by dilution of the

same master solution, which was 0,10 M in HC10 No measurable change

40
could be detected between a freshly prepared master solution and one
stored for over a year at room temperature,

Values of the viseosity of H20 used in calculating rotational cor—

e

R s ' , 20 .
relation times. were takem from standard tables™ ; those. for D20 ware

calculated from~n(D20)/n(H20) ratios taken from, the data of Hardy and

. 21 ; 22 . ‘oa . -
Cottington™ and Lewis and MacDonald™™, Viscosities for mixtures of.

H20 amd'DZO were estimated by assuming a8 linear variation of viscosity

; . .22 ; : . s . e
with proton fractiom . PFor the calculation of T“w , self-diffusion

b

(@}
f“
bﬁ’

coefficients for H20 were taken from the data »f Simpson a

Self~diffusion coefficients for Cr3+ do not appear to have been measured

) Fed e
o . E 7 2 ° e
and were approximated by the values for La” ,“which were calcul

. . 24 . ; P
conductivity data using the Nernst equation . Errvers introducesd by

[

thiz approzimation are not seriocus since diffusion coefficiant
ions are less than 23% of those for water, and only the sum.appears in

the calculations. Self-diffusion ceefficients for pr©t©n5 in wixtures

of Hzﬁ and. D 0 have been measured by Douglass and Mc Call at 25 “C,

Values at other temperatures were calculated using the Stokes-Einstein

eguation

D(B,T) = kT/6% r(B) n(R,T),

Values of n(8,T) were known experimentally, and the B-depenz
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.

Stokes~Einstein radius r could be calculated frnm_tﬁé?knawn variation
of .D and n with praton:fractionratvZS]QCO Self-diffusion coefficients
for Cr3+‘in deuterated solutions were calculated. from the Stokes-Ein-
stein equation by assuming that the ratios r(B)/r(B=1) were the same for

Cr3+ias for HQOO‘

Results and Discussion

Solutions of Moderate Acidity.

The experimental field and temperature results for chromic ions in
0.10 M perchloric acid solution of water are shown in Figures 17-19,
The observed proton relaxation times in the solution have been corrected

for relaxation in water net centaining paramagnetic ions using the re-

latien
o cory=1 obs,~1" , o -1
(r,H™ = @ HT - 19 (19)
. . ¢ sas cor . . , ; . m COr
with a similar definition for Tz. s According to Equation (14), pT,

should be independent of the concentration of pamam@gnétic long, which
was indeed fovand. to be the case,

The experimental curves can be a@c@unted‘f@f.Satiafa@tarily by
using Equation (14) along with the stapdard thecretical expressions for
Tix and les which are given in Appendix B, Im all, the.equations con-
tain five unknown. quantities which are to be determined by.fitting the
theoretical expressions to the experimental data... They are the protom

L8

, . . . ; , 3+
lifetime was,the rotational correlation time t_ of the Cr(H20>6 com=-
plex, the correlation time for electron relaxatien T&s the scalar

coupling constant A, and the constant C appearing im the Bloembergen-
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Morgan equation for Tig? which is-related to:the asymmetry of the crys-

o
talline field around a Cr3+'iono. The value r = 2,74 .A obtained. by

3+

o

Hausger and Noa@k7 was used for the ion-proton distance in Cr(H20)6

The same value was used for the closest distance of approach of a proton
in the bulk to the ion spin sinece larger values gave slightly poorxer

fits to the data.

26

According to the Debye model”™ , the temperature dependence of the

rotational correlation time can be computed from the expression
, ] . 3y ' i)
T, = 4rn a” /3KkT {20)

where n is the bulk wiscosity of the solution at.temperature T, and a-

is the radius of the coordinated paramagnetic fon, Exponmential tempera-

ture dependences of the forms * = T_vo exp (V. /RT) and ©_ = = v exp
_ KW W xW v

(VV/RT) were assumed for g 804 T . The solid curves through the data

points in Figures 17-19 represent least squares fits of the theoretical,

equations to the experimental data, using as adjustable parameters the

P e e v .
unknown quantities v ", V. , v 4.V, a, G, and A, The non-linear.
W xw’® v’ v~
3

least squares curve fitting procsdure is outlined.in Appendix A, ALL
the parameters are determined uwnambiguously from the cowbination of
field and tempevature results and are presented in Table.IIl., The re-
mginingchrves}in.Figures 18 and 19 result from the. least squares curve

fits and may be used to synthesize all the experimental data.

At low fields where wSZTVZ << 1, ey -1 SCTV frem Equation

*1s ‘28

(B+~5) of Appendix B, The slope of the;line.(GTl 2*)
§ S

in Figure 18

gives an activation energy for T, of 2.1 keal/mele, This cempares
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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 sclutieon
. . 3+, . ,
containing onlerr(H20)6 is given.by the expression,
obs,~1 o,=1 sy=1 -1

@7 = @ T DT ey ) (14)

where the subscripts x.and w refer to water of hydration in Cr(H20)63+

and bulk water respectively.: The quantity T S is the proton relaxation

lw
] N , . . . 3+
time in the bulk water due to dipolar interaction with the Cr spins,

o L . . . .
and T is the relaxation time due to other mechanisms in the solvent.

1w
The latter quantity can be equated to the relaxatien time in the solvent
not.containing paramagnetic ions, but otherwise under conditions identi-~

cal to those of the studied sclution.. The time T is - the average life-

time of a preton in the hydration sphere of cr(H20)63+5 and p is the

oAy F
probability of finding a particular proton in Cr(H20)63 . A relatiocn

. , . . e s -~ obs . .
similar to Equation {(14) is assumed to hold for IZ‘ , although in. gen-

eral there will also be transverse relaxaticn by the so-called "Auw-

. wl2 P o o P
effect . Howevear, om the basis of the parameters derived herein, one
can show that this relaxation mechanism is negligible in the .case of

3+

P solutions up to 14 kG, which was the highest field studied.

Cr(HZO)

obs

Amore general expression for Tl

, valid for solutions containing

qit o oL . , 4
Cr(HZO)SOH in addition to Cf(H20)6 , is given in Appendix B. Alsc
reproduced there are theoretical expressions for TlX and les which will

be used later in interpreting the experimental data. .
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Protons in CK(H20)63+ are known to exchange with the bulk water by

transfer across hydrogen bonds rather than by exchange of whole water
molecules., The latterfhave.hydration lifetimes of the order of h@urSLBO

In intermediate acid concentrations the dominant exchange mechanism is.

believed. to be the first-acid:hydrglysis reactionsf@l4

k
, 3+ 1. 2
Cr(H,0),~" + H,0 =% Cr(H,0), 08" +HO, (15)

k—l

In highly acidified solutions there is an additional acid-catalyzed pro-.

9,10

ton exchange reaction , which is believed to occur via the mechanism

+

k
or8,0) >+ " —p Grm0), (B x0) T (168)

% fast % 31 +
Cr (a0 (1, 0 22 crm,0), 8,07+ E L s

Reaction (l6a) involves. the protomation of one of the six coordinated

, 3+ L , I C
water molecules of Cr(H20>6 s forming a coordinated H30 in which the

three protons are equivalent. This is assumed to be the vat
ing step of the acid-catalyzed proten exchange reaction, and is follewed.
by -a r&pid deprotonation with & probability of 2/3 that the proton trans—
ferred is not the proton originally accepted by the ion. In weakly
acidified or non-acidified solutions complications.arise due te forma-

tion of Cr(HOG) OH2+, which is believed to have a.proncounced effect on.

5

the observed relaxation rate due to its rapid rate of proton exchange
; e .8

with the bulk water .

The effects of igoteopic substitution of deuterons on the proteon



relaxation times in aquecus solutions of Cr(NO

)

3 have been studied by

3
. 15 . . , . .

Mazitov ™, The observed increase in the proton relaxation times with

deuteration was interpreted on the basis of an increase in the lifetime
. o 5 . 3+

of protons in the primary hydration sphere of Cr~ , It . has been re-

cently suggested that changes in proton relaxation times as the solvent

is changed fr@m'H20 to D,0 can also be expected on the basis of a change

’ L )

. . B o o aa ) . . P 18

in the precbability of finding a proton in the ion hydration sphere™ ,

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

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

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

cbserved relaxation time would be given by the equation

-1

obs. =1 . o, =1 5 =1 =1,
. bl . T 3 1 g - 7 . . il
) Liw +- {le ) + p(T1 + - ) [(l )8 + K] (17)

where 8 is the fraction of protons in the solution. The constant K is

the equilibrium constant £or the exchange reaction

where K is assumed - to be independent of R. Its temperature dependence
, . . o .0 _ PR . na® ,
is given by the relaticon K = exp (AS /R) exp (-AH./RT), where AS  and

<

2H” gre the differences in entropy and enthalpy between the products and.

reactants in thelir standard states. Although not stated explicitly in
the derivation in reference 16, Equation (17) holds only.if the concen-

trations of the species AHmDn m5 where m = 0,1,2,...0, are related by

¢ 17 .. , ] .
statistical factors alome™ , This is a very good approximation for sol-
vent water and should be expected to hold for coordinated water as well,

This theory was in partial agreement with published experimental results,
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but definitive conclusions were not pessible on the basis of available
data.

In the present study, measurements of the field and temperature
dependence of proten spin relaxation times were undertaken on.s 0,10 M

HClO4 soclution of Cr(NO

)3 for the purpose of determining the rate con~

3
stants of Reaction (15) and the relaxation parameters of the hexaquo.

. 3+ . , . . :
species Cr(HZO)6) . Proton spin relaxation times were measured in solu-

tions containing up to 8,0°'M HelD, in order to determine the rate con-

4

stant_kS of Reaction (l6a). Measurements were made as a functiom of

mole fraction of D?O in order te determine the quantity K in Equation

(17) and to study the effect of deuteration on the other parameters in-
fluencivng proton spin relazation, Measurements were also made on weakly

acidified solutions of H20 which contained appreciable quantities of the.

, 2 .
first hydrolysis product Cr{(HQO)SOH,+o Its relaxation and exchange
, _ . . . » 34
properties were examined and compared with those for Cr(HzO)E .

Experimental

Measurements of proton T, in the range from.l.l to 520 gauss were

1
made using the earth's field free precession technique. Measurements
: - i . Py . 18,19
at 14 kG (60 MHz) were made using standard spin-echo NMR techniques 0
The sample temperature was controlled, in the earth's field tech-
nique,; by puwmping heated or cooled water around the sealed glass sample
. . . . I ; 2+ - , ]
bottle. : The tempevring liguid was doped with Mn~ ions so as to. suppress
its contribution to the NMR signal. At 14 kG the sample temperature

was controlled by a regulated gas flow cryostat, Temperature stability



was approximately % 0.5 ¢° with both systens.

The chromium solutions were prepared from reagent grade Cr(NOQ)g

and were acidified with HClO4° All were prepared by dilution of the

same master solution, which was 0,10 M in HClO&O No measurable change

could be detected between a freshly prepared master solution and one
stored for over.a year at room temperature,

Values of the viscosity of Hzo used. in calculating rotational cor-

, . ‘ 20
relation times were taken from standard tables ~; those. for D2© wersa
calculated from n(DQO)/n(HZO) ratios taken from.the data of Hardy and
. 21 — 5 ;22 . e e . -
Cottington’  and Lewis and MacDonald™™ ., Viscosities for mixtures of.

HZO and‘DZO were estimated by assuming a linear wariation of viscosity

. » ., 22 X . 3} s . L .
with proton fraction ~. For the caleculation of T, =, self-diffusion

om0 o . . . B 23
coefficients for HQO were taken from the data of Simpson and Carr ~,

- g . ., 3 . .
Self-diffusion coefficients for Cr~ do not appear  to have been messured

N AP = P _
and were approximated by the valués for La™ , which were caleculated from

conductivity data using the Nernst egquatioy ., Errers introduced by

fon coefficis

this approximation are net seridus sinece dif
ions are less than 25% of those for water, and only the sum .appears in
the calculations, Self-diffusion coefficients for protons in mixtures

=

R . : I .
of H?@ and D,0 have been measured by Douglass and MeCall™ at 25 °C.

Values at otheéer temperatures were calculated using the Sf@keSNEmnsae;n

D(BST> = kT/6ﬁ T(6>‘ Tﬁ(ﬁrsT)o

Values of n(R.,T) were known experimentally, and the f-depen:
N



Stokeg~Einstein radius r could be calculated from.th@iknown.variation
of .D and n with pratonvfraction'at'ZSjOCD' Self-diffusion coefficients
for Cr3+nin deuteérated solutions were calculated from the Stokes-Ein-
stein equation by assuming that the ratios r(B)/r(B=1) were the same for

Cr3+"as for HQOB'

Results and Discussion

Solutions of Moderate Acidity.

The experimentg} field and temperature results for chromic ions in
0,10 yzper@hlaric acid solution of watér are shown in Figures 17-19,
The obsexrved proton relaxation times in the solution have been corrected
for relaxation in water net containing paramagnetic ions using the re-
latien

o COY,. =1 obs/-l =1

(C,H™ = (@THT - @ D {19)

B ] I PN - cor . . ¥
with a similar definition for T

L%, According to Equation (14), oT,°

should be independent of the concentration of pavamagnetic fons, which
was indeed found to be the case,

The experimental curves can be accounted for satisfactorily by

using Equation (14) along with the standard theoretical expressions for

o

Tlx and le which are given in Appendix B, Im all, the.eguations con-.

tain five unknown quantities which are to be determined by.fitting the
theoretical expressions to the experimental data., They are the proton
o . . ] , . R . . 3
lifetime ?Xwaxth@.z@tatlonal correlation time TT of the Cr(HzO)6 com-

plex, the correlation time for electron relaxation T%s the scalay

coupling constant A; and the constant C appearing inm the Bloeuwbergen~-



&5

This -seems reasonable for a molecule like'CHC13, in whieh the proton is

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

ivatio A < o ince T is so Tt
to an activatien energy Einter AED However, sinc is so short,

rot
it is unlikely that sych a mechanism could account satisfactorily for

the observed relaxation rate, :
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Morgan equation for Tt which 1s related to the asymmetry of the crys-

is’

o
talline field around a Cr3+'iono. The value ¥ = 2,.74.A obtained by

Hausser anvaoa@k7'was:used for the ien-proton distance in Cr<H20)63+0

The same value was used fer the closest distance of appreach of a proton
in the bulk to the ion spin since larger values gave slightly poorer
fits to the data.

According to the Debye modelZGQ'thg temperature dependence of the

rotational correlation time can be computed from the expression

T, = 41 aB/BkT (200

where n is the bulk wviscosity of the solution at. temperature T, and a-

is the radius of the coordinated paramagnetic ion, Exponential tempera-

o _ o
ture dependences of the forms 1 = 1 exp (V. /RT) and 7= 1 exp
xW xW XW v v

(VV/RT) were assumed for Tt and'fvo The selid curves through the data-

points in Figures 17-19 represent least squaves fits of the theoretrical

equations to the experimental data, using as adjustable parametsrs the

; c s o o o . "
upknown quantities v 7, vst T ng a, C, and 4. The non~linear .
w X T TP Y mem

-~ %

2

least squares curve fittimg precedure is outlined . in Appendix 4. ALl
the parametars are deterwmined ‘unambiguously from the combination of
field and temperature results and are presented in Table II. The re-
maining curves in Figures 18 and 19 result from the least squares curve
fits and may be used to synthesize all the experimental data.

=1 -1

., 2 2 )
At low fields where w "7t < 1, 1 = 1, = 501 from Equation
5 v 1s s v

(B-5) of Appendix B. The slope of the line (GTl in Figure 18

,@28)

gives an activation energy for Ty of 2.1 keal/mole, This compares



TABLE II

PARAMETERS COBTAINED FROM THE LEAST SQUARES FIT OF THE.

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

59

T, = holx 1074 exp(11.2/RT)

T, = 3.3 % 10-14 exp(2,1/RT)
¢}

a = 4.4 A

¢ = 1.3 x 10%0 gec?

A/h = 2.1 MHz,
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favorably with the 2.4 kcal/mole frem the ESR data of Hayes27o Using

the parameters in Table II one calculates 7 =43 x‘lomlg gec. in

1,2s
low fields and at 17.5 OC, which agrees within the experimental error.

with the value Ty = 4,7 x lO-lo'se@ cbtained from ESR data. by Sancier

and Millszg at 15-20-°C and pH = 1.  In high fields where wszﬁvz > 1y

Sl

Tig increases above its low field valuey, which causes a decrease in sz

with increasing field. The quantity Z(GTIS>WI at 14 kG is plotted in

Figure 19 for comparison with the low field wvalues of (@fj'zm)ml in
: : dg 48

Figure 18, At 25 °c T, 3.3 x-lOmlz sec, as compared with 6.2 x 10*12

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

too high since they also report T 5.3 % 10m12 sec for Mﬁ"+9 as com-

bR (]

3

v i
pared with T = 2,4 % 10 see reportad by Bloembergen and Morgan ..

The value of the scalar coupling constant A/h = 2.1 MHz is only slightly
. po . 29 )
larger than the 2,0 MHz obtained by Luz and Shulman ~ from measurements
,_ ' 1
of proton chemical shift, and by Bloembergenm and Morgan™ from proton re-
O - 3 o L
laxation data., The value a.= 4,4 A for the radius of the coovdinated

Gr”  dfon compares favorably with a Stokes radius of 4,1 A obtained by

NightingaleSOo The Debye formula gives v 7.7 = 10 H se@’at.QS»@@g.

-11 i
which agress with the 8 x 10 1L see obtained by Bloembergen and Morgan™.

cor

As -is seen by the goodness of £it of the T. = curve at 14 kG and at

1
high tewperature (Figure 19), the Debye formula predicts quite well the

temperature dependence of the rotational ‘correlation time Too An ex~—
. o , .
ponential temperature dependence TW T, eXp (VE/RT) could have been

assumed . (which gives V_ = 4.2 keal/mole), but the Debye formula gives.
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an equally good fit with one less adjiustable parameter.

The slope of the-line'fxw in Figure 18 or 19 gives the activation
energy for preton exchange=vxw = 11,2 kcal/mole, This is greater than.

the 10 kcal/mole. reported earlierl’ls"Since;previous,authors have ne-

glected the contribution of T to the observed proton relaxation time,.

1w
, . . , ! , . \
This error is particularly serious at. 0 "C and in. low fields where the

contributions to proton relaxation in the primary hydration sphere of
R

Cz”" and in the bulk are approximately equal, The curves in Figure 19

. e 24+ 31 . ‘o
are remarkably similar to those for VO™ ,” in which it is also neces~

sary te taks inte account.relaxation outside the first hydration shell.
o . , \ .
At 25 "C the lifetime T for proton exchange leads to a forward

=1

rate constant for»Reaction (15) of k, = 12/TXW = 1.7 x.lOb sec T,

1

)
Using this value and the value K, = kl/k~1 = 1.4 x 10 * for the equilib-

1
. . ~32 , o
rium constant of Reaction (15)77, one calculates for the reverse rate:

cwnstant~km1 = IOZ»XVIOIO'leefl secwlo’ The  change in enthalpy fer

. - , .32
Reaction (13) has been measured.by Postmus and King ™~ who report a value
o ) e . o
of 9.4 * 0.4 kcal/mole for AH .  Thus ene finds for the activation

energy of the reverse rate;constant,vml = 11,2 - 9.4 = 1,8 keal/mole,

Both the magonitude of k . and its activation energy are consistent with

1

. e , . 1 ; 33
a diffusion-limited recembination process™ .

Highly Acidified Solutions.

Measurements of .the temperature dep@nden@e;of'prat@n,Tm_in,highly

4

acidified solutions. of 3.0 x .10 MFCK(NOB)B are shown in Fizure 20. In
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in Highly Acid-
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these highly acidified solutions, acid-catalyzed proton exchange be-

tween Cr(H20)63+ and ' the bulk water becomes.importantg’loc This results

~in. a decrease in the~prot©n;lifetime“wxw and'a decrease in the observed

proton relaxation times at low temperature., Acidification has no effect

on T1X for Cr(ﬂ20)63+, as ‘evidenced by the data at high temperatures

where the observed relaxation times are independent of the acid concen-

tration up to 8,0 M HC10,, which was the highest acid concentration

4
studied. The results for this soclution were wirtually identical to

those for the solution containing 4.0 M HC1O The fact that T, 1is io-

4° 1x

dependent of perchloric acid cencentration iz at odds with the results
: e 28 . o .

of Sancier and Mills™ , who observed. a decrease. in . spin intemsity and-

linewidth of the ESR spectrum of Cr3+ in concentrated solutioms of HC.'ILOL,,lo

An increase in 1 wonld result in a decrease in Tlx.(Appendix B},

1328 X
The combination of the exchange processes. (15) and (16) leads to

the rate law

/ | - . + &)
L o= k /12 + kB,[H 1718, (21)

A factor of 1/12 appears in the first term since whenever Reaction (15)
occurs there is a probability of 1/12 that a particular proton original-

1y in the hydration sphere of Cr(H20)6J+‘will enter the water system, .

A factor of 1/18 appearxs in the second term since. in Reaction (16a)
there is a probability of 1/6 that a particular proton will be on. the
water molecule which is protenated, and a probability of 1/3 that the
proton in question will go into the water system in the rapid deprotona-

tion step which follows.. A more rigorous derivation, which aglso wmakes
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explicit, the approximations inherent in Equation (21), is given in
Appendix C.,
The rate'constant*kB'is a functien of the:acid concentration due. to

the change in iomic strength of the medium. Using abselute reaction

rate theory one, can write

, NP L I
Cr H

k (H) = k‘ (0) e e
3 3 'wCr3+ooon

where kB(H> is the rate comstant at-seid comcentratios H@fk3@@> is the-

H+-is the activity co-

rate constaant for infinite dilutioen, and yCr3+
efficient for the transition state of Reaction (16a).. By .assuming that

yCr3+ H+ % yCr4+ and calculating the activity ceefficients using the.

4

Davies equati@ng%.one‘finds thaﬁ'k%(Ool) = 4,7 kB(O) fer 0.1 M HClOég

and,kg(l) = 8,2 k3(0> for 1,0 M HCIO Hence, large changes in k, with

4° 3
ionic strength are to be expected.,

The curves in Figure 20 represent least squares fits of Equations
(14) and (21) to the experimental data, assuming an. exponential tempera-

ture dependence for the rat@‘@@nstant‘kg of the form-

ky(H) = ‘k.B(H)O exp (-V,/RI).

The activation energy V@.Was assumed independent. of ionie strength,

which is equivalent to assuming that the activity coefficients are in-—.
dependent of temperature. The remaining quantitieg in Equations (14)
and (21) were assumed to be the same as those found from fitting the.

0,10 M HC;M;)4 data in Figure 18 (Table II). The rate constant k., was

1
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assumed to be independent,of=theiionic'strengthlo since for Reaction

(15)

, YCr3+ YH 0
o 2

k =‘:k e PR SR
1 1 YCr3+oooH20 1

The results of the curve fit are given in Table III,

TABLE III

RATE CONSTANTS FOR REACTION (16A) OBTAINED FROM.DATA IN FIGURE 20

1

. o S
HCLO, 75 kg 8t 0.°C v,
1.0 M 1.8 % 10 mole ! sec™t
A
2.0 3.2 %107 3.5 keal/mole
4.0 4.6 x 107

- 4 =1, -
. 0of 4,0 x 10" mole = sec.” at

Swift, et alolo, report a value for k3

10 °C in the range between 0.1 and 1.0 M HCLO&Q with an sctivation

energy mear zere., Their analysis was based on the assumption that-kg

was independent of iomnic strength over this range and that IXchauld ba

corT

o
9 for temperatures less than 30 "¢, which is a

approximated by pT

rather crude approximatien, as seen from the curves in Figure 19,

Solutions of Low Acidity

Also shown in Figure 18 are results on a weakly acidified seolutiom

of Cr(NO3)3 which contains, in addition to the hexahydrate Cr(H20>63*9
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some of the first hydrolysis product Cr(H20)50H2+o At low temperatures

and low field (1.1 G) the effect of CrOH2+:is to shorten the observed

" .8 . . ) 24
relaxation time , whereas at high temperatures the formation of CrOH

lengthens T

obs . c s .
. - At these high temperatures the proton lifetimes in

1

both species are sufficiently short that the conditions T q<“T1x and

Iyw.<< lebare fulfilled. Here the subscript v referé to the species

Cr(H20)50H2+Q Under these ceonditions the general expression for relaxs-

tion in the solution (Appendix B) reduces to

(TIObS)'l = {EIWO)“]‘ + (les)"l + (12x%/2w) (Tlx)’”l + (1ly/2w) (lefl (22 .

Where ¥ and y are the molar concentrations of Cr3+ and CrOH2+ in the

solution, and . w is the molar concentration of solvent water. In this
simple case the relaxation rate in the solutiom is the weighted average
of the relaxation rates in the separate environments.
_ B : . T
The fact that the presence of Cr0H” at high temperatures lengthens

obs . . . .
Tl at 1.1 gauss, whereas in fields greater than approximately 400

gauss there is almost no effect at all, suggests that the dipolar contri-

bution to Tl is approximately the same for both species, but the scalar

B

g , ) 2+ . 3+ . .
comtribution is much less in CrOH’ than in.Cr™ due teo a shorter elec-

tron relaxation time Ty 9g0 a .smaller scalar coupling constant A, ovr
1,2

both. In the 0,001 M HC?LO4 solution of 3.0 x lowévM Gr(N03>3 one. esti~-

. = 2.6 x lOm3 for

mates a value x/y = 0,46 at 75 005 using the value Kl

the equilibrium constant of Reaction (14). This wvalue is for an fonic

-. P ) ;
strength of 2.4 x 10 3 mole liter ', and was calculated from the expevi-
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1

mental data of Postmus and KingBZ»at I'= 0,034 mole liter™, using ac~-

tivity coefficients calculated from the Davies equation34¢ By -using

T = 2.4 yseec and assuming that T

1x "is identical teo the dipelar contri~

ly

bution t@‘TlX? which is 12.2 ysec.at 75 °c {(Figure 18), one calculates

using Equation (22) pT OF - 5.5 ysec at 1.1 gauss and 75 °c.. This

1
agrees well with the experimental value of. 5.3 usec. A precise guanti-
tative study is difficult sinece this sclution exhibited thermal hystere-
sis effects similar to those observed by, Brown, et a156 These effects
occur at high temperatures and are attributed te the formation of poly-
nuclear speries which decompose very.slowly when the sample is returned

11 : , .
to room temperature ., However, the effect of polymerization on T. was

1
: 2+ ,
small compared to the effect of the presence of CrOH  , and the qualita-.

tive conclusions reached above remain unaltered,

o, -1

obs>@1 _ )

The experimental data reported earlier8 for <T1 i (T

iw

as a function of acidity of solutions of Cr(N03)3 have been refitted.

using Equatien (B-l) of Appendix B, In the previous paperg the contri-

; . - N : ,
bution of the quantity (le') ! to the observed relaxation rate was neg-

lected, which leads to considerable errore in the. resulting parameters,

. ‘ s, =1 -
If one uses the values (T. ) = 3,7 useec, and 1 =
1w

=1
= 0,74 sec T.
P i KW

39 ¢ sec, which were obtained in.the present study.at. 380 gauss and 0.5
o - . L, . B ,
C, then 3 least squares fit of the data of Manley and Pollak wusing

Tyw and T, as adjustable parameters yields the values T, = 7 usec and

1y 1y

g.~1 . .
Tyw = 1,3 usec., In the calculatiGHS’(le ) was assumed. to be independ~-

3

. 2+ .
ent of the relative concentrations @fncr3+ and CrOH in the solutien,
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A@tually'(TlWS)wl could decrease slightly as the equilibrium shifts o

the right in Reaction (15};4due'to a shorter electron.relaxation time

2+

for CrOH However, this effect is masked by,the,in@reaSe'in the third

term of Equation (B-1) of Appendix B, which accompanies the formation of

C;rOHz+ at 0 °C. A shorter electron relaxation time for CrOHZ+ could

make‘leb> Tleat‘O °c and 380 gauss since at low temperatures <t

COm~

1ls
petes with T for the correlation time of the dipolar interaction. At

high temperatures T << for beth Cr3+

1s and CIOHZTQ which makes T &1

1y

le in high fields, since T is expected to be approximately the .same

for both species.,
If it is assumed that species v exchanges protons with the bulk

water via the second hydrolwysis reaction

Ccr(H,0) 085 + 1.0 m,lf;%;_.@, cre(u.0y, comyT + moob (23)
TR T Y g SR, T hes
-2
- = 1 6 -1 P ; = O B ﬂﬁ“7 &
then k? = LO/TVW =.7.,7 % 10" see ~, Using the value K, = 2.5 = .10 ' for

o

=]
3
i

the equilibrium constant of Reaetion (23} at 0. ¢, 7 one caleulates

- ] 13 =1 - . . P -
k- = kQ/K? = 3,1 x.10 sec , which is about 300 times greater than
L) A ’ S

P qa s . .. . -33. .
the diffusien-limited recombimation of ‘H and OH. .77, "Such g rate con-
stant for diffusional encounter is impossibly high; hence, the proton
exchange must occur by some additional reaction., A mechanism imvolving

2+

& collision between Cr(HZO)SOH and OH may be ruled out since it would

also require an impossibly large reaction rate. An exchange reaction

+ . 2+
between H and.coordinated water in Cr(H?O>SOH would reguire a rate

| - - - + . e . ,
constant of the order eof 1010 m@l@’l se@.l at 10 3 M H , which is not

~
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impossibly large. But rate constants feor such acid-catalyzed proton

, . . 6 -1 -1 [ 10
exchange mechanisms are typically 10 mole ™ sec " or less ., Further-
more, such a mechanism would give a Tyw which varied with selution

acidity, contrary te what is observed., The short proten lifetimes can-

not be due to rapid exchange of whole water molecules in Cr(H20)50H2+

since Reaction (15) would provide a fast bridge for water molecules in

. . ,
Cr(H20)63“ to enter the water system, In 1.0 M acid solutions at O °c
lifetimes of water molecules in Cr(H20)63+ would be of the order of

milliseconds rather than days as experimentally observedlgg It follows

that the rapid proton exchange of Cr(H20)50H2+ occurs 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
2t 3+ R . . .
CrOH™ compared to Cr is due to a mechanism involving the coordinated
OH alone. A possibility would be a four center comcerted proton trans-

fer involving a jump of the two protens. in the directions. shown,

N

oo . . . 35,
8imilar four center proton transfers have been postulated previcusly™ ’

370 But such a mechanism would allow only.one of the eleven pretons in

24

Cr(HzQ)SOH "to be exchangeable with the bulk, and the increase in pro-

ton relaxation rate with the formation of CrOH2+ could only be accounted,
. 2+ ( , . . LA
for if CrOH” were a more.strongly relaxing species than Cr” , which has

g

been shown not te be the case.  TFour center proton transfer invelving
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coordinated water molecules is not important for Cr(H20)63+9 and there

is no reason to assume that it would 'be an effective mechanism for

Cr(HZO)S'OH2+ either, The most logical mechanism seems to be & concerted

proton transfer reaction of the form

in which a coordinated water molecule is connected via a Grotthuss chain
to ;ﬁe @ooxﬂinatéd~OHf ion. The water molecules at the ends of the
chain act as either acid or base catalysts, and transfer occurs via a
qounterclockwise jump of the protons through the chain in the directions
indicated. The OH "diffuses" thmﬁughout.the hydration sphere, which
insures that all eleven protons are exchangeable with the bulk., Similar

8,39

. 3 . o ‘
mechanisms have been proposed™ * to account for the rapid rates of

other reactions, e.g., the mutarctation of glucocse, which are both scid-

a

and base~catalyzed. Such concerted mechanisms are not diffusion |

=
ke
g

o
(33
ih

[«%

and are favored since they avoid the solvation and desolvation of any

charged intermediates.

a

Isctope Effects in Moderately Acidified Soluticms

Measurements at 14 kG en Cr(N03)3 samples of varying velume frac-

tions of H,0 and‘DQO are presented in Figure 21, The temperature de-

2

pendence of proton T. and T, for a 20% HZO—SOZ DZO sample {8 = (.2) are

1 2

given in Figure 22. All the samples were uniformly made 0,10 M in HClOQO
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An interesting empirical result from Figures 19 and 22 is that the pro-

ton reiaxation measurements at.- B = 1.0 and B =-0,2 can be made to coin-

cide by a.shift in'the\temperature.scale:by-anfamountleBITv= OolZ-OK*l,

which corresponds to a temperature shift of approximately 11 ¢° pear

room temperature.  This fact suggests that the water structure around

1
¥

Crgf, and therefore the structure difference between H O and'Dzﬂ, re-

2

mains constant over an extended range of temperature. A similar result
40 . ,

-was noted by Baker ~, whe observed that the viscosity of heayy water

equals that of light water at a temperature 8.5 c® less, from 15 OC to

i

the highest temperature studied, 35 °c.

. eor.
: . . ° ,
At low temperatures where T > T1 s Tz ® b@th Pll_ and PT2

cor

increase with decreasing proton fraction B, From Equation (17) this
could be due either to an incresase in the term.in brackets with de-
creasing 8 (i.e., K > 1), an.increase-in~fxw, or both, The relaxation

co

s . e . o . . '
contributes significantly to T Fat o C, but it gives an.

time T 1

1w
isotope effect in the opposite directieon due to the decrease in self-
diffusion coefficients of the solvent protons with.partial deuteration.
cor

ox? T2 is independent of proton . fraction

Near 100 °C where 1 «<<'T
XW
to within £ 3%Z. This requires K = 1,002 0,03, Using this value and
. . P , . o) o ¢)
the equation K'= exp. (-AG /RT), one obtains AG = AH - TAS = 0 % 22
. 4 '
cal/mole at 100 OCO If, as is usually the case+l, the main cause of
any deviation from K'= 1 in Reaction (18) is a difference in vibrational
zero-point energies between the products and. the reactants, then 2G° =

Q

AH”, and one calculates K= 1.00 * 0.04 at O °c, .Thus, it is expected

that most of the isotope effect near 0 °c must be due to.a chsnge in 7w

with .changing proton fraction., In any case, the data cannot be fitted
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satisfactorily by assuming deviations. from K= 1 are glone responsible
. ' o, . .
for the isotope effect at 0 C, regardless ef what assumptions are made

regarding the relative magnitudes of AH® and AS° for Reaction (18),

. s cor . . .
The: linear decrease 'in T_~ at high temperatures with decreasing

1
8 correlates qualitatively with the linear increase in viscosity as the

solvent is changed from H20 tO'Dzoozz' This gives rise to a longer ro-

tational correlation time in deuterated solutions and a decrease. in Tlx9

The absence. of an isotope effect for T, dimplies that the correlation

2%

time Ty for electron relaxation does not change with proton fraction,

and is further evidence that electron relaxation is not related to ro~

tation of the hydrated Cr3+ complexlo By linear extrapolatioen of the

car

T curve at 99 OC'in Figure 21l to B =0, one, finds that the rotational:

1

correlation time increases by approximately 287 in going from H?O to DQO'$

whereas the solvent viscosity increases by only 16%321, In terms of the

Debye model this would imply that deuteration is. asccompanied by an io-

; , 3 . g . .
crease. in the radius of the Cr™ complex ion. The increase in T with

. 3+, . . . 2+,
decreasing proteon fraction for Cr™ is in marked comtrast to Mn  dons,
which have a rotatiomnal correlation time' that is independent. of the pro-

. ©. . . . P =
ton fraction, except near.0 € where the difference in viscesities of

H.O0 and D0 is a»maximumézof This is almost. certainly linked te the

2 2

stronger interaction of Gr3+ ions with the solvent. as compared with Mn2+o
Lifetimes of water molecules in the primary hydration sphere of Cr3+

are of the order of hoursl3 as compared with approximately 10_8 sec for
water molecules in Mn(H20)62+ol? Evidence for strong hydrogen bonds

between.Cr(H20)63+)and a secondary hydration sphere has been providad by
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measurements on transverse relaxation times. of .the fiuorine nuclei in

PF6_ in aqueous, solutions of'Cr(H20)63+o Despite its high positive

charge, Cr(HZO)63+ showed only a small tendency to form secondary coor-

- 43

dination sphere. complexes with PF6 o Furthermore, in spite of the-

. . C . . . .
smaller ionic radius of‘C‘r3 s 1ts rotational correlation time in HZO at

o ~11 . w ~11. L 2%
25 Cdis 8 x 10 sec as compared with 3 x 10 sec for Ma~ at the
l . 1 . 2 1t y - =2 '3+ 2 2
same temperature . The 'structure-making” property of Cr gives rise
to this long rotational correlation time since additional water molecules

} 3
(the secondary coordination sphere) rotate with the CE(H20)6W+‘i@nQ Due

to the large volume. of the rotating complex, 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 sphere., These considerations also pre=
vide the rationale for allowing for a larger Debve radius in the more
strongly hydrogen-bonded deuterated solutions, The present situation is
in acecord with that in pure liquids, where rotational correlation times
are satisfactorily accounted for by the Debye formuls only im the case-
of liguids which are highly asscociated,

If, as suggested, there is a secondary coordination sphere which

Eo)

rotates with thevCr(H20)63+ ion and exchanges protens rapidly with the

bulk water, them Equation (14) sheuld contain an additional term
Pi(TlX$>ml, where p' is the probability of finding a proton.in the

secondary coerdination shell, and‘T1X“ is the proton relaxation time in

¥

that . environment, The correlation time for Tlx

is the rotational cor-

relation time v_, which is related to the bulk viscosity of the solvent
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by the Debye formula. ,The’quantityéTle then becomes the relaxation
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. In the present treatment p'(Tlx')—l has been
lumped in with (Tle)fl since this procedure gives a satisfactory fit to

the data with fewer adjustable parameters.
The solid curves in Figure 22 for B = 0.2 represent a least squares
fit to the experimental data using as adjustable parameters the Debye

radius a.and the activation energy wa for proton exchange. = The con-

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 B = 1,0 data (Table II). The values found were a = 4,5

o
A and wa = 11.6 kcal/mole at B8 = 0.2, The assumption of a.constant

o . . . \ :
TXW is in accord with the model which will be introduced later to ac—

count for the isotope effect. However, as equally.satisfacteory fit can
be obtained by making the opposite assumption of‘a,consfant 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.

Finally there remains to be discussed the B-dependence of L At

cor

28 °C the normalized relaxation time pT2

is determined mainly by the

+
rate of proton exchange between. the primary hydration.sphere of Cr3 and

the bulk Water‘(Figures 19 and 22), Furthermore, since sz is almost
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independent of B8 and pT.

ZWS varies enly slightly With‘B; the B~dependence.

cor

2 at 28 °C in Figure 21 reflects primarily the B~dependence of

of pT
, . : o
T’ Seml-experlmental~value5'of‘TXW vs, B at 28 "C have been extracted

co

2 t data by using the T

from the pT ‘analogues of Equations (14) and

2

(19) along with the values T, =°2.8 usec and pT ® = 170 usec. The

2% AT

calculated Tkw values are given in Figure 21. Extrapelation to 8 = 0

shows that the proton lifetime increases by appreoximately a factor of

2.3 as the solvent is changed from H20 to D20u

Changes in proton lifetimes in the hydration sphere of Cr3+ wéth
partial deuteration could be due to a difference between the rate con-
stant kl of Reaction (15) and the rate constants of reactions. such as

3+ 12 1 + +

+D0,0 gL cr,0),00° + w07, (24)

Cr(DZO)SHDO 9 9

etc. In almost pure D20 proton exchange with the bulk water occurs

mainly by Reaction (24), whereas in pure H,0 the exchange is by Reaction

2
(15). * The ratio of the proton lifetimes. in the two solvents is given

¢
by T(DZO)/T(H20> = kl!kl . Differences between the rate constants kl

and kl'-(sécondary igsotepe effects) can eccur if the binding at proton

sites other than the one being transferred changes in going from the
initial to the transition state. Bunton and Shinezc44 have proposed a
model for calculating secondary isctope 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 H20 and DZO is given by.

where EvH and-ZvH# are the sums of the hydrogen stretching frequencies

-1, . e . :
(em ) in the initial and transition states respectively, The sum ex~
tends. over all the isotopically substituted sites in the molecules,
Application of this theory requires assumptions concerning the

nature of.the transition state. For Reaction (15) the meodel

L] L]
(3 ° . o
o ? . : L)

: H" H . H H
(HZO)SCr3+’Oi: + N7 —p (H20)50r2+ 0o K
H, . “H H
*s ° \O/
B o]
H

is assumed, where the dotted lines represent hydrogen bonds to solvent
water molecules, The transition state consists of.a hydronium ion hydro-
gen-bonded to a coordinated OH® ion., This is the most. reasonable assump-
tion since the position of the proton in.the state of highest potential
energy, the tranmsition state, should be nearer te the weaker base, and.
the coordinated OH  ion is a much stronger base than a bulk water mole-
cule. The frequencies 3400'@;mml and 2900~cmmliwere,used for the stretch-
ing frequencies of hydrogen~bonded water and hydronium ioms. The
stretching frequencies of protons bound to coordinated water molecules

in Cr(H20)63+'are'not known, so the suggestion of Bunton and Shiner45

was followed, and these frequencies were estimated using the equation

v emty = 2937 + 28.8 PE_, (26)
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. , ¢ . 3t
where Ka“is the acid dissociation constant per proton of Cr(H20)6J o

Using the value Ké = 1.4 x'10_4/12 at 25 OC,Sz'one caleulates from Equa-.

tion (26)-a value v = 3080 cm_l;“ For the stretching frequency of the
proton on.the coordinated«QHF ion in>the»transition:state, a value of
3500 cm—l is assumed, which is intermediate between.the. 3600 cm_l:frew»
quency of free OH and the 3400 cmnl frequency of  £ree water., Thus,

summing over all the protons. except the one being transferred, one ob-

tains
Tvg = 3080 + 4(3400) = 16,680 cm (27a)
Zugt = 3500 + 2(2900) + 2(3400) = 16,100 em™ T, (27b)
The two 3400 cm™t frequencies are included in EVH*'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), Using Equations. (27a) and.

(27b) in Equation (25) one obtains T(DZO)/T(HQO) = 1.4 at 25»009 as com=

pared with an observed value of approximately 2.3 (Figure 21)., In the
summations of Equations (27a) and (27b) the stretching frequencies of
the protons on the five coordinated water meclecules in. the initial and
transitipn states have been neglected, Actually one should expect a
slight increase in stretching frequency according to Equation (26) due

to a 1arger=pKa of CrOHz*, which weuld lower T(DQO)/T(H20>O However,

the increase in stretching frequency is small and is probably offset by
a.decrease in librational frequencies of the water molecules of similar
magnitude, so their effects have been neglected altogether. .

In - the range 0 < B < 1 other reactions besides. {15) and (24) must
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be considered in calculating proton lifetimes, Examples are proton

jumps- from Cr(HZQ)é3+ to HDO or D20»moleculeso By performing a calcula-

tion similar to that above for’all“possible such reactions and weighting
each reaction rate by its probability of occcurrence.at a given value of
By, T(R)/T(B = 1) ratios were calculated at several values of B, The re-
sults are given in Figure 21, where 7(8 = 1) = 6.3 psec-at. 28 °C has
been used as the reference value, The calculated t(B) curve is concave
vpward, in agreement with the curvature of the "experimental" T values
at 28 °c,

Isotope effécts oh reaction rates can also eccur.due to the.change:
in librational frequencies of. adjacent solvent molecules in going from
the initial to the transition state (solvent isotope effect), Reactions
of solute molecules which are "structure-making" in the initial state
(high solvent librational frequency), but."structurerbreaking“ in the
transition state (low solvent librational. frequency) can be expected to

47,48

proceed more rapidly in H_O than in D20 . Due to.the strong "struc-

2
o 1"t 3+ . .

ture-making” character of Cr~ one thus expects.the proton transfer rate

constants to decrease as the solvent is changed from HQO to ‘D20s which

would serve to improve the agreement between the experimental and calcu-

lated isotope effects. The low frequency librations of the solvent have

been shown to be responsible for the difference. in solubilities of salts

47

in HZO and D20 . The effects are small compared to isctope effects on.

dissociations of oxygen acids and bases, however, so the solvent isotope
effect has been neglected altogether.
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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6 . R .
same~solvent4 o In-this case 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 hydronium ion hydrogen-

o~ IvyT = 3080 - 2900 = 180 cn ", and using

bonded to water, then-Zv
Equation (25) one obtains TD/TH = 1,1, 'Deuteron. lifetimes in the hydra-
tion sphere of Cr3+ have ‘not been experimentally . measured, but in solu-
tions of vanadyl a ratio TD/TH = 1,3 has been reported49§vand one . should
expect-a similar result for chromic. selutions, -

The agreement between the predicted and measured.isctope 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 uncertainties
in estimating the stretching frequencies from Equation (26), The pres-
ence of large secondary.and small primary isotope effects in the proton.
'exchange;is, however, correctly predicted by the theory, which lends

support to the proposed model for the transition state.

Isotope Effects in Highly Acidified Solutions

Measurements of the:temperature dependence of proton Tj and’Tz in a

4,0 M HClO4 solution of Cr{NO

3)3 for proton fractions B = 1,0 and

B = 0,438 are shown in Figure 23. The latter corresponds to the small-
est proton fraction which can be obtained in 4.0 M.solutions without
using deuterated perchloric acid,; which is not commexcially available.
The solid curves through the 8= 1,0 data were calculated using Equa-

tions (14) and. (21) along with the parameters given. in Tables II and III,

Deuteration causes an increase in proton lifetime and an increase
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co

in pT2

r’ as in the moderately acidified solutions (Figures 19 and 22),

In the 4.0 M acid solutien the acid-catalyzed exchange mechanism is dom—

inant, which implies that the'rate.constantik3 fQﬁiRéaQtion‘(léa) must
decrease with &euterationo' Calculation using the data in Figure 23
shows that k3 increases by a factor of approximately.1.9 in going from

8 =1.0 to'8 = 0,438 at O °c, Appiicati@n‘of the Bunton-Shiney
theory44_46 to calculate. the isotope effect.for Reaction (16a) is com-
plicated by the fact that both primary and secondary isotepe effects
must be censidered, i.e,, both the proton being transferred plus protons
on all the water molecules in Reaction (16a) are replaced by deutercans

as the solvent is changed from HZO.to'Dan

If one assumes the free preoton modelAé‘for'the transition state of

Reaction (16a),

0 H - H°
3+ \
(1,0) Cr o\\H» + ?/1 ,
. 5 (28)
5 qe
Fd + 7

H O C Olaoo'H"ooo ooag
( ) )5 T Nt Q\Hn-

o °
o ° .
‘o

then the loss of .stretching frequenecy of the transferred proteon id the
transition state will give rise to a large primary isotepe effect in the
direction observed. 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,

Ivg = 2900 em t
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Z‘\)H* = (0,

and. Equation (25) gives kB(HZO)/kB(DZO) = 6,0 at 25 °c.” For the second-
ary.isotope effect,

Tv, = 2(3080) + 2(2900) + 3600 ‘= 15,560 cm -

1

wo. ¥ = 2(3080) + 3(3400) 17,360 cm

]

and Equation (25) gives'kS(HZQ)/kB(DQO)- 0,61, The 3600 cm“l frequency

is included in Zkato_aQCOunt 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 Rule d of reference 45), The product of the primary and secondary.

isotope effects gives kB(HZQ)/kB(DQO) = 3,7 for the ratio of the rates

in H20 and D0 at 25 C, in semi-quantitative agreement with the isctope

2
effect observed.

The free proton model for the transition state.should be expected
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 case. The proton is being transferred between. a coordinated
and a solvent water molecule, whereas for Reaction (15) the proten.
transfer is between a solvent water molecule and a coordinated OH ion,
The assumption that the .proton is.covalently bonded to the ceordinated
water molecule.in the transition state would lead one te predict a small
primary isotope effect, since the proton stretching frequency would be
essentially conserved in the transition state. A small secondary isotope.

effect would likewise be expected since the .changes in stretching fre-



quency for the remaining protons in the reaction

| S
NHE ﬁ a

H He )
J
(H20)50r4+ R

ANt} ~a,

a

tend to cancel one another. Thus, as isotope effect of the magnitude

observed could not reasonably be accounted for,
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CHAPTER - VII:
SUMMARY AND CONCLUSIONS
Instyumentation

A low-field NMR apparatus of the type that utilizes free precession
in. the earth's magnetic field has been designed and built. Its capabil~-
ities are as follows:

19

(1) Nuclei accessible tc measurement: Hl and F~ 7,

(2) Range of measursble relaxation times Tyt 10 ms to 1l sec .in a

field of 0.5 G (earth's field),.

1t 50 ms and up, in

(3) Range of measurable relaxation times T
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%,

(6) Timing interval stability: £ 0,5%,

(7) Estimated accuracy of relaxation time measurements: % 3%.
Chloroform.

Measurements of the field and temperature dependence of proton

in deoxygenated CHCLl_ have been. shown

spin-lattice relaxation times T 3

1
to yield the proton-chlorine scalar coupling constant and the chlorine

quadrupole relaxation times.. They also allow separation of the rotation-

8%
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al and translaticnal motions of the CH613 molecules in the liquid. Aec-

tivation energies for rotation and translation obtained from relaxation
measurements are found to be smaller than:the activation energies ex~
pected from the theory of Bloembergen, Purcell, and:Pound,. The failure

of . the BPP theory to correctly pre&ict’AEfot i well decumented, But
the discrepancy between,AEtr and‘AED found in this study for CH0139 and

by others in-C H6’ also raises a question about the adequacy of the BPP

6

theory of relaxation by intermolecular dipclar interaction.’
Solutions of Chromium (III)

The experimental preton spin relaxation results reported herein for

moderately acidified aqueous solutions of Cr(NO3 reflect the relaxa~-

)3
tien and - exchange properties of Cr(H20)63+ alone,.free_fromtthe effects
of hydrolysis products,; or polymers which cause thermal hysteresis., At
.low temperatures the relaxation times are determined by the proton ex-—

change rate and by the magnetic dipole interaction betwesn the ion spin
and protouns outside the first hydration shell, In highly acidified so-
lutions acid-catalyzed preoton exchange be comes important, resulting in
a decrease in pretoﬁ lifetime with increasing acid concentration. The

measurements on weakly acidified solutions confirm that Cr(H20)63+ is a.

more. strongly relaxing species than Cr(H20)50H2+, and that the latter.

undergoes much more rapid proton-exchange with the bulk water, The
rapid exchange is explained.satisfactorily by assuming a homogenecus
proton exchange mechanism invelving the ceordinated OH . ion. A similar

mechanism can be expected for the hydroxides of other -metal ions, al-
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though it is uncertain whether favorable cases could be found to demon-
strate its effectiveness,

. The increase in proton relaxation times with partial deuteration
for moderately acidified .solutions is due primarily to an increase in
the lifetime of protons in the primary hydration sphere of Cr3+9 which

is caused in turn by the greater basicity Of'HZO as compared to D20°

This result is in accord with othér cases reported in the literature
and may be explained on the basis of the thecry. of.Bunten and Shiner. -
Studies on highly acidified selutions show that the. rate.constant for
the acid-catalyzed proton exchange reaction decreases with deuteration,
This result is also in agreement with the predictions of the Bunton-

Shiner theory.
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APPENDIX A
NON-LINEAR LEAST SQUARES-CURVE FITTING PROCEDURE

The problem is to fepresent'N'experimental~da§a'pmints,(yi,xi) with
a .functional relationship y'=.f(x,al§o;oar) containing r unknown para-
meters al,.az,oaaara The parameters ar are. chosen so. as to minimize the
sum of -the sqguares of the deviations

N
2
S = iil [f(xi,al,cooar) - yi] . (A-1)

The minimization condition is .

= ( j = 1,.2,0,01‘ (A“”z)

which is a set of r equations in the r unknown quantities ajo

If the function y = f£(x) is a polynomial in x, the normal equations

(A~2) are linear in the unknown coefficients aj and can be readily

solved, If f£(x) is not.a polynomial in x the solution of the normal.
equations may prove difficult, and one may be obliged to ssek an approxi-

mate solution by replacing f(x;alsoaoaf) by a function which is linear

in the unknown parameters. This is accomplished by expanding £(x,a.,...

ar) in a Taylor's series in terms of aj - aj = Aaj, where the aj,are

approximate values of the,ajo The expansion gives

94



95

, r
o —_— . aof
l,oooar) = f(x,al,oodar) + & == Ag

f(x,a .
k=1 % ak

+ o oo (A"g)

where,

df A
—_ 3 a, [X,8,50008_ o (A-4)
9 ak k 1 T

A ssuming the Z} are chosen . sc that the Aaj are small, the higher

ordered terms in Equation (A-3) may:be neglected, and the exact function

f(x,al,oaqar) replaced by the approximate function £(x, la ha )

lg)occ- "

which is linear. in the unknown=parameters-Aaja' The normal equations

38 B . , _
B(Aaa) - 0 J - 1;2"000]? (A 5)
k|
become
N = N _ -
> ;32: -3%: ba, = I [y, - f(x,,al,oooézb]-géz 3=1,2,0.0r  (A~6)
i=1 k=1 aaj b i=1 * 1 Baj

These are r simultaneous linear equations in the r unknown quantities

Aaj, which can be easily solved. One then calculates the aj?s,usimg

a;, = K“!“ Aa, i o= 1y2,00. A7
§ 4 5 J s&goon ( )

In the event that the wvalues E}ware not close approximations to the an
the_calculated-Aaj may be large enough that the higher ordered terms in

Equation (A~3) are not negligible, The calculations may have to be re-

peated using for the new(ggithe value of aj obtained from Equatioen

(A-7). Experience shows_that;Aaj converges . rapidly toward zere for well-
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behaved systems, Difficulties are sometimes encountered when the value

of the function‘f(x,al,ogoaf) is relatively insensitive te one or more
of the parameters aj, in which case the Aaj may oscillate or even di~-

verge.



APPENDIX. B

THEORETICAL EXPRESSIONS FOR PROTON-SPIN

! RELAXATION TIMES IN CHROMIC SOLUTIONS

It has been recently shownl'thatzinvchromic golutions in the range
of pH where the system is adequately described by the single equilibrium

constant Kl :'kl/k-l of Reactioén (15)2, the observed relaxation time is

given by.
obs\=1 _ . o=l _ .. s-1 . 12x ¢l _ 11 '¥w .
Ty ) = (@) -+ (T 7+ 50 [‘142 w T 12 T T1x
o1 oa B Yy 11y 1 =1 _
+ @+ )le] + TS (T 7 T P {B~1)
xw '
where
1 X Tyw
D= (Tlx_+‘i§-wa)(le + Tyw) + ;’;mw'(Tlx_+ TXW)le

XW

3+

and the subscripts x, v, and w vefer to the species Cr(H20)6 s

Cr(H20)50H2+, and the bulk water respectively. . The quantities %, y, and

w are the molar concentrations of the various species in the solution;

T, 1s the average lifetime of a proton in the species j before transfer

Jw

to. the bulk water; and T.. is the proton relaxation time in envirounment

13
j: The quantity (les)“l is the relaxation rate in the bulk water due

to dipolar interaction with the spins S and:is. proportional to the number
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. . . ; o,~1 | ‘ .
of ion spins per unit volume; (le ) is the relaxation rate due 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 related to the forward rate constant of Reaction (15)

by the equation T lZ/kla2 The quantity.fyw is included to allow for

transfer of protons from the species vy =,Cr(H20)SOH2+'t@ the water sys=

tem. Such transfer is assumed to occur without the‘formation of appreci-
able quantities of other species in solution. As the solution acidity
is increased vy approaches zero, and i approaches m, the total analytical
concentration of chromium in the solution. 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™ .,

The relaxation times.T and‘TZX_of protons in_Cr(H20)63+ are given

1x

. . . 3
to a good approximation by the equations’

s(stL)y 2y 71 . S(s+1)A T ‘—g
1 _ 4 I°S 30 4 c + 2 g 2s _
e 30 r® L R B 1+w2»rﬁ§
s ’ s 2s
(B=2)
and
o s(sH) v 2y 2n? s(s+1)a’ | .
NS st LLPTR L Ta
T2x 60 r6 ' 3 7 14w "7 2
s 2s
(B-3)
where
e (B4
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In the above equations I and.S refer teo proton and electron spins re-

spectively, W is the electron precession frequency;’yi'and Ygs the pro~-

ton and. electron gyromagnetic raties; r, the ion-proton internuclear

distance; A, the scalar coupling constant; T the rotational correla-

tion time; and Tls and‘rzs, the longitudinal ‘and transverse electron re-

laxation times., Bloembergen and Morgan3 have derived an approximate

equation for T based on the assumption that relaxation occurs by modur

1s
lation of the quadratic crystalline field splitting by collisions with

water molecules outside the complex. The resulting equdiion was

T 4Tv

: + /.

1s 14+ w ZT 2 1+ 4w,2r’
s v g v

e

3 (B-5)

where.TV is the characteristic correlation time for the relaxation, and

C is a constant for the hydrated complex. In high fields where
2 2 T~
T

s v 3 1 one expects Ths < Tyg? but in such high fields the terms in-

volving 7, in Equations (B-2) and. (B-3) are negligible,

28

Theoretical equations for T ® have been derived by Pfeiferéo'

1,2w
His medel includes modulation of the dipolar interaction by tramslational
diffusion as well as by relaxation of the ion spin. With the usual ap-
<< 1, these equations reduce to

. . 2
proximations w, << ws and, w,. T

1 1 "1is
1 vlzyszhzé(s+l)
- —— 133(0) + 7 J(v) (B-6)
8 2 : s
T
1w N

and.
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2 2.2, — -7
1. Yp vg nS(s+D)

e 7 7 °J3(0) + lB'J(mS> ' (B=7)

2w b

The term, J{w) is the spectral density functien at the frequenmcy w and is

given by the integral

2
167Nt 1 +Dp"x
1 « 2 1¢ d
J(w) = -m—gg—ﬁ- S By (ed) 5 5 2 5 o (B-8)
. 15d 0 (1 + Dp TlS} + Tty

where N is the number of paramagnetic ions per unit volume; d is the
average closest distance of approach between a proton in,the bulk and

spin S; B.,.,, the Bessel function of order 3/2; and D = D_ + D_,. the

3/2 I S

self-diffusion coefficient of the bulk protons plus that of -the spins S,

Equation (B?S) can be integrated in closed form. The result, given by

s

Equation (33) of Pfeifer's paper4, was used to @alculate.les and TZW .



FOOTNOTES

1Co E, Manley and V. L. Pollak, J. Chem, Phys., 46, 2106 (1967).

ZNote'that\the rate constant kl of this paper . corresponds to klw
of reference 1.

3No Bloembergen and L. O. Morgan, J. Chem. Phys., 34, 842 (1961).

4Hg Pfeifer, Aun. Physik, 7, 1 (1961).
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APPENDIX C

SOLUTION OF THE BLOCH-McCONNELL EQUATIONS FOR

. 3+ 4t
THE'Cr(HZO)G —Cr(HZO)S(HSO) -H,0 SYSTEM

2

In an earlier paperllexghange‘Reaction (15) was discussed, and it
was shown using McConnell's modification of the Bloch equations2 that
the relaxation time was described.by an.equation of the ferm of Equation
(14) only in the limit of high aeid éoncentration where the. equilibrium
concentration of‘Cr0H2+'c0uld be neglected. A similar analysis is now

included for the reaction

Cr(H.0) g *0"” _.,_E?,_;, Cr(H.0). (H *0)4‘*‘ + H.0 (C~-1)
A 3 G 2775 27

-3

The species Cr(H20)63+ is assumed to exchange protons independently with
the solvent via Reaction (15) with a lifetime T = 12/kl? In the range

of high acid concentrations of interest here the species CrOH2+ can be.
neglected due to its short lifetime,

According to this exchange model, protons can exist in essentially
four different environments: (1) in the bulk water w, (2) on water

molecules x in.Cr(H20)63+g {(3) on one of the five water molecules z in
Cr(H20)5(H30)4+, or (4} on the bound hydronium ion h, Letting y =.

+
“,

[or (8,0) (1,071, = = [or(w,0) *1, p = [8,0%], and w = [8,0] + 3{m,07],
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the Bloch-McConnell equations. for this system become

dM&J M X M%- 1 1 1 Mz M
rraailie -M [+ =] b =R e
t T x T T T T T T
ix Xz XW xh - ZR hx WX
dM M -M M M
z _ _oz z z_ 4 X
dt T. ' T T
iz zZX X2
(C-2)
th' - Mbh - Mh 1 1 Mx Mﬁ
dt - T,. - Mh [T + T 1- T- + T
1h hx hw xh wh
dMW Mﬁw B Mw 1 1 Mx. Mh. o
- v Wy Aoy 1y o4 X, b
dt T W T T T T
lw WX wh KW hw

3

One can express the 1, in terms of the rate constants of reaction (c-1)

1]
and obtain
-1
sz a k--=3
-1 . 1 = 10y
vz - 12K T T3 ¥ kg
-1 2 - 2 Y
h - 12 %3P T 17 ¥ Kos
(C-3)
=1 2
Thx T3 k-3
-1 1
ThW = 3 k~3
o S A S A
Twh T 2w Thw 2w =3
=1 12x% -1
T = = T °
WX 2w XW

The rate constant k, has been. eliminated from Equations (C-3) by making

3

use of the:-equilibrium constant expression K = kg/k_3 = y/xp. The last-
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two equations in (C-3) arise from considerations of detailed balance.
The Equations (C-3) were substituted into Equations (C-2) and the
resulting system of simultaneous differential equations. solved under the

usual assumption that the terms dMé/dt, dMX/dt, and'th/dt,could be

neglected compared to the other terms, an -approximation valid for dilute

solutions. The result is an exponential decay,of.MW toward'MbW with

time constant

13 VT, T )

i _ 1 . o6x.. _
T T + 4 w(le-+ T (F lh+ 10 ‘zx zx’ %W

- LY
ox 1h,+ sz) 5 [1o(T
1 1w

2Tlh " xw y " xw 10 1
4t + ¥ R T o-
3 (le sz> T * 3TI,T * 6x T (T 1z 773 "3 Tip * sz)Tlxj}D (C-4)

where

T T .
= . - A iz L9
D= T+ T + o NS =7
¢ T, )( x)(le t y+18x 1x wa:(T +3szltzx°+16(Tlh + 8 zx)]°

To simply this cumbersome expression the:reasonasble assumption is-

made  that le_= Tlh‘z Tlx7 It is fyrther assumed that:the rate constant
k;3 is large so that the lifetime TZX(= l/k_3) and the ratio y/x=k3p/kh3

are small enough to satisfy the conditions

CTax S Tty

L1, 121« 7L, osr « '1)’1/2 (C-5)
X Sl Ix xw ° ZX XW ° ;
Equation (C-4) then reduces to
i _ _1 P
T T + T + T
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where p = 6x/w and

11 I

= = —_— = + ik [H3O+]

N

1 L
T T IR 17K TRk
x XW ZX

From the parameters given in TablétllI it can be shown that the
conditions in (C-5) are fulfilled in 4,0 M acid sclutions, provided only

. 8 -
that the rate constant k_, satisfies the requirement k_, 2> 10~ mole !

3 3

sec—l; k_3 is probably much faster than:this .and should be expected to

approach the diffusion limited_rate,lOlO'moleflvsecnl found, for the pro-

+
ton transfer between unbound H_.0

3 and H

20



FOOTNOTES .

¢, E. Manley and V. L. Pollak, J. Chem. Phys., 46, 2106 (1967).

ZHQ M. McConnell, J. Chem. Phys., 28, 430 (1958).
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