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cause the computed value of the property to depend
on the origin taken for the vector potential. It also
is clear that caution must be exercised in applying sum
rules to estimate the excited state parts. With a single
average excited state energy the excited state part of
the magnetic susceptibility for a hydrogen atom can be
estimated for any origin of the vector potential. How-
ever, no single average excited state energy can give a
correct sum rule estimate of the excited state contribu-
tion to the nuclear magnetic shielding for all positions
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of the test magnetic dipole. The presence of these
difficulties in the perturbation method should en-
courage the continued investigation of variation or
other methods®7 as the way to achieve quantitative
computation of the magnetic properties of molecules.

13 M. J. Stephen, Proc. Roy. Soc. (London) A242, 264 (1957).
1 B. R. McGarvey, J. Chem. Phys. 27, 68 (1957).

% J. A. Pople, Proc. Roy. Soc. (London) A239, 541 (1957).
16y, Kurita and K. Ito, J. Am. Chem. Soc. 82, 296 (1960).
7H. F. Hameka, Z. Naturforsh. 14a, 599 (1959).

VOLUME 34, NUMBER 3 MARCH, 1961

Proton Relaxation Times in Paramagnetic Solutions. Effects of Electron Spin Relaxation*

N. BLOEMBERGEN aND L. O. MoORGANT

Gordon McKay Laboratory, Harvard University, Cambridge, M assachusetts
(Received August 18, 1960)

The proton relaxation time in solutions of paramagnetic ions depends, among other factors, on the relaxa-
tion time of the electron spins, 7,. It is shown that the latter, for ions of the iron group, is determined mostly
by the distortion of the hydrated complex by collisions with other water molecules. The theory provides a
quantitative explanation for the decrease in 7 in Mn* * (and other) solutions in very high magnetic fields.
The experimentally observed field and temperature dependence of the proton relaxation times, 77 and T,
for ions of the iron group is compared with theory and the features which depend on 7, are stressed.

I. INTRODUCTION

ELAXATION of protons in aqueous solutions of

paramagnetic ions is dominated by interactions
between the electronic spin of the ions and the spins of
neighboring protons. If exchange among proton types
in the solution is rapid, all protons exhibit similar
relaxation behavior as a result of the mixing. The
over-all relaxation observed is then a weighted average
of relaxation rates in each different local proton en-
vironment. In the specific case of hydrated para-
magnetic ion solutions at moderate concentrations the
principal contribution occurs when the proton is
within the hydration sphere of the ion.

Results of a wide variety of measurements, including
both temperature and frequency dependences of proton
relaxation, have been summarized in the recent litera-
ture,s In general, the most successful correlation of
experimental results has been achieved through con-
sideration of proton-electron spin dipole-dipole inter-

* The research reported in this paper was made possible through
support extended Cruft Laboratory, Harvard University, jointly
by the Navy Department (Office of Naval Research), the Signal
Corps of the U. S. Army, and the U. S. Air Force.

t On leave from the University of Texas, Austin, Texas, 1960,
with support from the University Research Institute.

1 R, Hausser and G. Laukien, Z. Physik 153, 394 (1959).

2 R. A. Bernheim, T. H. Brown, H. S. Gutowsky, and D. E.
Woessner, J. Chem. Phys. 30, 950 (1959).

3L. 0. Morgan and A. W. Nolle, J. Chem, Phys. 31, 365 (1959).

action as formulated by Solomon* and of isotropic
proton-electron spin exchange.® The combined equa-
tions are

(1/NTy)=(4/30) S(S+1) g8y 1*(m/Np) rs
XBro+Tr.(14wr2) 1]

+(2/3) S(S+1) A%2(m/Np) [re(14wir?) 1] (1)

and

(1/NT3) = (4/60) S(S+1) g28*vi*(m/Np)r™°
X[7re4+13r.(14wird) ]

+(1/3) S(S+1) A2 (m/ Np) [retre(1twddr?) 71 ] (2)

for wrreK1 and w;<Kw,. These conditions are not severe
since 7 is expected to be of the order of 107! sec, or
shorter, and w,= 650 wr.

In Egs. (1) and (2) indexes I and S refer to proton
and electron spins, respectively; w is the Larmor preces-
sional frequency; v, the gyromagnetic ratio; 7, the ion-
proton internuclear distance; A4, the spin exchange
constant; 7, and 7., the correlation times for dipolar
and spin exchange interactions respectively; #;, the
number of protons in the hydration sphere of the ion;
N,, the molar concentration of H (in any form) in the

41, Solomon, Phys. Rev. 99, 559 (1955).
8 N. Bloembergen, J. Chem. Phys. 27, 572, 595 (1957).
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solution; and N, the molar concentration of paramag-
netic ions. All other symbols have their usual meanings.

Temperature dependence of the dipolar part of T3
and T3 is attributable to variation of 7., which for a
number of paramagnetic ions, e.g., Mn**, Cu®+,
Gd*,%3 has been shown to be related to the ion tumbl-
ing time 7,. Thus, 7. should have an exponential tem-
perature dependence®

re=71. exp(V./RT). (3)

This is well confirmed experimentally.??¢ However, the
exponential dependence does not necessarily follow
for the spin exchange contribution, nor for the dipolar
contribution when 7. is not primarily determined by
tumbling of the complex, but also by the time de-
pendence of the magnetization of the electron spin 7.
The time dependence of the scalar interaction is
determined by the time 74 for chemical exchange of
protons in the complex and also by 7.5 If the inter-
action between the ith proton and jth electron spin is
written as

3ij exp () = A (8) Li- S;(1), (4)
the correlation function may be written
(44(t) S:i(8) A i (t47) Sei(t+7) )
= (A 4() A1 (t47) ) (Si(£) Sei(t47) )
=A*exp(—7/70)5S(S+1) exp(—7/r)  (5)

because the motion of the protons in and out of the
complex is not correlated with the motion of the
electron spin. This is shown in more detail in the
following section where the electron spin relaxation
time is discussed. A similar relation holds for the
transverse components of the electron spin, in the limit
of rapid motion for electron spin relaxation. One has
therefore

T = 4L (6)
Similarly one has for the dipolar interaction
7'(:—_1 = Tr—1+7's_1 (7)

because it will be shown that the electron spin motion
is—to a good approximation—not correlated with the
rotation of the complex. For the Mn* * ion one has at
low temperature

Th > Ts>>T,-.

In general, 7, will be a function of the temperature
and the magnetic field. In fact, 7, can be expected to
increase if the precession period of the electron spin
becomes comparable with the characteristic time for
motions leading to electron spin relaxation in the solu-
tion. Accordingly, the transverse relaxation time for
the protons should decrease. This is in qualitative
agreement with the data of Bernheim, Brown, Gutow-

6P. F. Cox and L. O. Morgan, J. Am. Chem. Soc. 81, 6409
(1959).
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sky, and Woessner> and of Morgan and Nolle? A
quantitative discussion requires a more careful analysis
of electron spin relaxation, when the motion in the
liquid is not fast compared to the electronic Larmor
precession. In general; several relaxation times 7, will
then have to be considered.

Kivelson’” has developed a theory of electron spin
resonance linewidths for free radicals and paramagnetic
ions in magnetically dilute crystals and in dilute liquid
solutions which includes consideration of nuclear quad-
rupole moments, zero field splittings, anisotropic Zee-
man terms and intramolecular electron-nuclear dipolar
interactions, motional and exchange effects. The theory
has been applied by Rogers and Pake® to explain the
variation in linewidth with m; in the hyperfine ESR
spectrum of VO** in aqueous solution. Spin-orbit
coupling was specifically excluded in both considera-
tions. It is shown in the following section that the latter
is the principal mechanism leading to electron spin
relaxation in dilute aqueous solutions of iron group
ions. A comparison with experimental data in the last
section of this paper shows that it is sufficient to explain
satisfactorily the observed features of the contribution
of electron spin relaxation to proton spin relaxation in
many such solutions.

II. THEORY OF THE EI%%&%ION SPIN RELAXATION

The data of Tinkham, Weinstein, and Kip® show that
the interaction between Mn™ * ions plays a negligible
role in the relaxation mechanism in dilute solutions
(<0.05N). In such solutions the dominant mechanism
is undoubtedly via the spin-orbit coupling, first con-
sidered by Kronig.”® Van Vleck!! has made an elaborate
model of this relaxation mechanism considering the
coupling of the spins with the normal modes in a com-
plex, which in turn are modulated by the Debye waves
of the crystalline lattice. This model has been adopted
by Russian workers'?-1 to discuss the relaxation time
of ions in crystals and solutions.

In a liquid one considers the modulation of the
crystalline field splitting, the g-tensor, and the hyper-
fine coupling by the Brownian motion. In a similar
way the Kronig-Van Vleck mechanisms could be
described in terms of a modulation of the coefficients in

7 D. Kivelson, J. Chem. Phys. 33, 1094 (1960).

( SR.) N. Rogers and G. E. Pake, J. Chem. Phys. 33, 1107
1960).

? M. Tinkham, R. Weinstein, and A. F. Kip, Phys. Rev. 84,
848 (1951).

1 R, deL. Kronig, Physica 6, 33 (1939).

1§ H. Van Vleck, Phys. Rev. 57, 426 (1940).

2S. A. Al'tshuler and K. A. Valiev, J. Exptl. Theoret. Phys.
WU.S.S.R.) 35, 947 (1958) [translation: Soviet Phys. JETP 8,
661 (1959) 7.

1B A, A, Kokin, J. Exptl. Theoret, Phys. (U.S.S.R.) 36, 508
(1959) [translation: Soviet Phys. JETP 9, 353 (1959) 1.

4 G. V. Skrotskii and A. A. Kokin, J. Exptl. Theoret. Phys.
(U.S.S.R.) 36, 169, 481 (1959) [translation: Soviet Phys. JETP
9, 116,335 (1959) 7.

18 Sh. Sh. Bashkirov, Phys. Metals and Metals Research
(U.S.S.R.) 6, 2 (1938).
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a spin-Hamiltonian by the lattice vibrations. For iree
radicals with spin S=3 and a g value close to the free
electron value modulation of the isotropic and/or
anisotropic hyperfine coupling is important. For Ti%*
and Cut *ions, with S=} but an anisotropic g different
from 2, modulation of the g tensor is probably dominant.
McConnell,** Kivelson’ and Rogers and Pake® have
discussed these effects. For ions with S>1, such as
Nit+, Cr¥t, Vt+ Fe**, and Mnt +, modulation of the
crystalline field parameters will be the most important
mechanism, as was first discussed by McGarvey."” His
equations are only qualitatively correct. Al’tshuler and
Valiev?? have given a very interesting discussion of
electron spin relaxation in paramagnetic solutions.
They arrive at the conclusion that for ions such as Cu*+
and Co* *, which have some closely spaced low orbital
levels, the transverse electron spin relaxation time may
be considerably shorter than the longitudinal one. For
other ions they reach conclusions similar to those
presented here. Our work considers in more detail the
various motions in the liquid and the different relaxa-
tion times that may result when the motion in the liquid
is not very fast compared to the splitting of the electron
spin levels. It is also shown that the proton spin
relaxation times provide a check on the details of the
electron spin relaxation mechanism.

Since the motion is random and isotropic, one has
for tensor components in irreducible form, T [compare,
e.g., Rose, Eq. (4.32)].

(Tlm(oy ¢7 t) Tl'm’ (07 ¢) t+T) >
=811 0mme exp(—1l(l4+1) /1), (8)

where 7. is the correlation time for the rotation of the
complex with an orientation described by spherical
angles 6 and ¢. For a sphere of radius ¢ in a viscous
medium,

7v/2=4mna®/3kT. (9)

The constants ¢; should be determined from the trace
relationship

TTJC",[2= chcr,lzz (21"‘1)612,

my

(10)

where 3., is the /th power polynomial in the crystal-
line field potential with zero average. In the case of a
cubic Mn*™+ complex, e.g., only ¢ is nonvanishing.
The left-hand side of (10) is then equal to 482, where &
is the energy separation between the doublet and
quartet state of the S=$§ ion in a cubic field. In
terms of the constant ¢ of the spin-Hamiltonian
a(SA+ 5,4+ S4) one has cs=3"*X48a. The relaxation
times can now be determined in the usual way from
the equation of motion for the spin density matrix o

1 H. McConnell, J. Chem. Phys. 25, 709 (1956).

7 B. R. McGarvey, J. Phys. Chem. 61, 1232 (1957).

#M. E. Rose, Elementary Theory of Angular Momentum
(John Wiley & Sons, Inc., New York, 1957).
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in the rotating coordinate system in the Schrodinger
representation.

(11)

where the notation of Redfield® [his Eq. (2.19) ] has
been adopted and where the indexes refer to the m,—
states with values from —§ to +3. The relaxation
coefficients can readily be expressed in terms of spectral
densities which are Fourier transforms of Eq. (8).
For the longitudinal relaxation times one is interested
in the diagonal terms Rg.gs. For the transverse relaxa-
tion time one needs terms with a—a'=8—p8"==1.
One finds [Redfield,”® Egs. (2.16) and (2.24) ]

Rogmumyrmg =022 2071 (14-1)"1c 2C2( SIS ; mom,’)
!

Gaat= Z;Raa’ﬂﬂ’ (a'ﬂﬁ’ "‘0’550553/) ’
8.8

X[ 14w (me—ms ) 2222 (141 2T (12)

In the limit of extreme narrowing the last factor may be
put equal to unity. One then has a single relaxation
time. Following the method of Abragam and Pound®
for the solution of the rate equations in this case, one
obtains for the relaxation time of the longitudinal
component

= [/ U1)]

X[1—Q2S+DW(SH, S, $5)], (13)

where W is a Racah coefficient, tabulated by Rose,®
in his Appendix I. On substituting its value into Eq.
(13), one finds

rl=2r 02D o2/ S(S+1). (14)

D

For the cubic Mn*+ complex »_wc2=16X48a2 It is
easy to show that the same relaxation time also ap-
plies to a transverse component in this limit.

To explain the field variation of 7, one has of course
to go back to the set of rate equations (11), because
one is then interested in the deviations from the extreme
narrowing case. In general, there are 2.5=>5 character-
istic longitudinal relaxation times. Because of the
symmetry property of the matrix elements, the
relaxation coefficients in (11) satisfy the relation
Ry = R_nm—m—m. The magnetic moment opera-
tor decays with only S-+3=3 characteristic times
which may be obtained by solving the three simul-
taneous equations fOI' 6'5/2,5/2_6’_5/2'_5/2, 6’3/2,3/2—*&_3/2,_3/2,
and 6yy2,12—6-152,-172. The eigenvectors v, (m=3, 3, )
corresponding to the three relaxation times 7ia(A=
1, 2, 3) are then found. The correlation function for the
z component of magnetization is then

(S:(8) S (t47) )= Z Z MU )

m A=1,2,3

Xexp{—r/rm}%S(S-i—l)/Z ;mvm,x. (15)

9 A, G. Redfield, IBM ]. Research Develop. 1, 19 (1957).

2 A. Abragam and R. V. Pound, Phys. Rev. 92, 943 (1953).
2 F. Lurcat, Compt. rend. 240, 2402, 2517 (1955).
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A similar program could be carried through for the
transverse components of the magnetization, starting
from the rate equations for the off-diagonal elements
of the density matrix.’8:1
(16)

Om m+1™= z :Rnl,m+1,7n’ /10 m’ m/ ]
m!

with
Rm,7n+l,m’,m'+]= 2( - 1>m/—mC( SlS, m, m'—m)

Wier A (IH1) "l
C(SIS; m+1, m'—m) AL
( 3 m+ , m ’”L) 1+ws2(m'—m’>27’r21_2(l+1)_2

— 28 9 C2(SLS; mgq)

X {282 (I4-1) e 2/ 14w le?r A2 (11720 . (17)

Tﬁls' = 22 ZRmmm'm' ( E
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This will lead to three transverse relaxation times,
which are in general not equal to the longitudinal times.

Thus one will have six different times r, and conse-
quently six different times 7. to substitute in Eq. (2),
three in the first term, and three others in the second
term. The experimental data do not warrant such a
computational effort. When T is much shorter than 7T,
the difference is due primarily to the term in Eq. (2)
which is linear in 7,. Therefore, 75! increases with 7,
for large values of w,r,.

A qualitative idea about this increase may be ob-
tained in the following way. There is a situation in
which there is only one longitudinal relaxation time
even for slow motion w1, If thermodynamic
equilibrium is assumed at all times within the spin
system one has the single relaxation time!!#

— E) /ZZ = B ).

(18)

This assumption is clearly not valid in our case. It supposes an inﬁnitely short transverse relaxation time. In a
solid with rapid dipole-dipole flip-flops between the various m-states it is applicable. Let us neverthele%s evaluate

Eq. (18) for our case

~+-s 48
23 D CSIS; mm) (m—m') 1 Fw2(m—m') 222 (14+1) 2% 2r,

1 m=—s ml=—s

The numerator may be evaluated as follows

Te C2(2841) S(S+1)

(19)

> 2CSLS, mm'—m) (m— m’)2—z > Zc%szs mum')

m m m

—[(2S+1)/(21+1)2 }’_‘, Zcz(ssz ')

In the extreme narrowing limit this expression reduces
properly to the previous result Eq. (14). There it was
shown that magnetization decays with a single ex-
ponential, regardless of the initial distribution over the
various spin states. In particular, the same value should
be obtained for an initial Boltzmann distribution. It is
believed that 7, as evaluated from Eq. (19) gives a fair
indication of how T:7%, given by Eq. (2), increases with
increasing w,. Note that the decrease in T should begin
for ws(4/20)7,~1, with m—m'=4 and I=4, whereas
the increase in T due to reduced dipole-dipole relaxza-
tion should begin for w.(2/6)7,~1, with m—m'=2
and I=2.

The experimental data for Mn* * solutions indicate
that the important decrease in T occurs for much
higher values of w, than the increase in T'y. The probable
reason is that the main relaxation mechanism of the
Mn* * jon is not the modulation of the 16-pole inter-
action by rotation of the cubic complex [term with
I=4 in Eq. (19)], but rather the distortion from cubic
symmetry by the water molecules outside the complex
which dart rapidly in and out and deform the complex'

=[(2S+1)/(21+1) ]Z Z

= (25+1)%I(1+1).

with a characteristic time, 7,<r/I(41). Although this
motion is much more complex and cannot be treated
rigorously, one may add, in analogy with the case of
rotational motion a term with /=2 in the various
Eqs. (11)-(18) with 7,/6 replaced by 7,, and the
constant ¢; determined by

Sc*= Tr{D[S2—1S(S+1) ]+ E[S2— S, %

This is the only term in Eq. (14) present for Nit + and
Crt with §<2. It should be emphasized once more
that the correct way to calculate the decrease in T
is by using the solutions of the rate Egs. (11), rather
than (18) which is strictly valid only in a solid with
strong interaction between neighboring ions.

Finally the possibility of interference with other
electron spin relaxation mechanisms should be con-
sidered. In the following enumeration I will denote the
nuclear spin of the paramagnetic ion, not as heretofore
the spin of the protons. The interaction of the latter
with the electron spin determines their relaxation time

(20)

21, C. Hebel and C. P. Slichter, Phys. Rev. 113, 1504 (1959).
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F16. 1. Proton N7; and N7, for Mn* * solutions as functions
of 1/T. []—14 Mc, A—30 Mc, O—60 Mc. Upper curves—N 11,

lower curves—N7,. Solid lines were calculated using the con-
stants given in the text.

according to Egs. (1) and (2), but it can be ignored
in the calculation of r,. The following processes can be
distinguished:

(a) Relaxation by modulation of the isotropic hyper-
fine interaction 4 (¢) I-S;

(b) Relaxation by modulation of the anisotropic
hyperfine interaction I-B(¢)-S;

(c) Relaxation by modulation of the anisotropic
g-factor Hp* Ag(¢) - S;

(d) Relaxation by modulation of the quadratic
crystalline field splitting S-D(2) - S;

{e) Relaxation by modulation of crystalline 16-pole
interaction, etc.

The modulation of the scalar 4 (¢) is caused only by
impinging of molecules outside the complex. The wave
function at the nucleus is thus distorted with a correla-
tion time 7,. The modulation of the second-order trace-
less tensors B(#), Ag(#), and D(¢), has two causes.
The rotation of the complex as a whole modulates the
angular factors with correlation time r,, describing the
orientation of the tensor axes with respect to the
laboratory coordinate system. If the complex had per-
fect cubic symmetry and this were the only motion,
the interactions would vanish and no relaxation would
result. The ratio of the axes of these tensors may,
however, be modulated by molecular distortions of the

BLOEMBERGEN AND L.

0. MORGAN

complex with correlation time 7,. This was shown to be
the most important mechanism for the tensor D(%).
Although the modulation of the dipolar hyperfine
structure and anisotropic g-value is usually considered
to arise from a rotating rigid complex, it should be
emphasized that this model is adopted mainly for
mathematical elegance. The dipolar interaction has
only three independent elements rather than five for a
general traceless second order temsor, but one is the
radial factor, which may be modulated by distortion
of the complex from outside. The same motion can also
modulate Ag in the same way as it modulates D, E
and the Eulerian angles of the tensor D(#).

There is no interference term between process (a)
and any other mechanism. When the statistical average
over all orientations in space of the tensors is taken in
the isotropic liquid, a vanishing result for the cross term
is obtained as A4 itself does not depend on the angle.

In the same way the cross term between mechanism
(e) and any other mechanism vanishes, since the orders
of the spherical harmonics involved are different.

It remains to investigate the cross-effects between
(), (¢), and (d). McConnell® and Kivelson’ have
shown the existence of cross terms between (§) and
(¢}, and in principle similar cross terms should arise
with (d). The interest is here, however, centered on
paramagnetic ions which have no resolved fine or
hyperfine splittings in aqueous solution. Therefore,
averages over all m; and m, states should be taken.
Then all interference terms between (8), (c¢), and (d)
vanish, because {I)=(S)= (I.5:)=0, etc.

III. COMPARISON WITH EXPERIMENTAL RESULTS
Mn++ Solutions: (§=%; 3d° S)

In addition to data reported previously' for proton
relaxation in aqueous Mnt *+ solutions, results have been
obtained at proton resonance frequencies of 14, 30, and
60 Mc over the temperature range 5° to 80°C,® and
are shown graphically in Fig. 1 as a function of T
The solid curves indicated for NT are those expected
for 7,(300°K) =3.0X 10~ sec and V.=4.5 kcal/mole,
using the first term (dipolar) of Eq. (1) and Eq. (3);
with r=2.8 A, p=5.98, and n;=12.

Following the suggestion of Bernheim, Brown,
Gutowsky, and Woessner,? we assume that 7. at high
temperatures is essentially 74, and that

Th———ThO exp(Vh/RT), (21)
while at low temperatures 7, contributes heavily to
r{ £q. (6) ]. According to Eq. (19), for /=2

1 12072 [ Ty

47,
= 22
7 SS(S+H1)|1 -f—wfn2+ 1 +4w327',,2] (22)

2 Experimental methods used were those given in detail in
footnote 3. Temperature control was obtained using a flowing
gas thermostat. Reported temperatures are probably accurate to
within 1°C.
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and according to Eq. (20)
?=2/225(25-+1) S¥(S+1)?
X {1—[3/4S(S+1) N2 D" m+3(EHn]. (23)

From the experimental data shown in Fig. 1 the
spin exchange contribution to (N73)~! may be calcu-
lated as a function of temperature and frequency. At
low temperatures, where r.=7,, 7, may then be eval-
uated from the frequency dependence of (NT:)ex
predicted by Eqs. (2) and (22). The results of this
calculation are given in Table I. Noting that =, is the
correlation time for the impact of water molecules of
the solvent upon the hydrated ion, we expect that

ro=1,0exp(V./RT). (24)

The observed exponential temperature dependence of
T, gives V,=3.9 kcal/mole.

Bleaney and Ingram® found D=0.018 c¢cm™ and
E=0 for MnSiFs 6H,0 crystals and D=0.024 cm™
and E=0.01 cmi for the Tutton salt, (NH,} . Mn{(SOy),+
6H,0, from the ESR spectrum at room temperature.
In these substances the Mn* + ion is surrounded by an
octahedron of water molecules in a manner similar to
that proposed for the hydrated ion in solution. As-
suming that the effect on D of fields external to the
hydrated ion in the crystal is small, we use the value
D=0.018 catin Eq. (22). Then, takmg To= 24X 10712
sec, 75 at 300°K and 30 Mc is found to be 4.5X 1079 sec.
This corresponds to a low-field value of 3.5X 107 sec,
which is in good agreement with 7,=3X10"9 sec esti-
mated® from the ESR linewidth data of Tinkham,
Weinstein, and Kip.® The values of I and 7, used here
are considerably smaller than those obtained by
Kokin,'® whose value for D (0.08 cm™Y) is much larger
than that expected on the basis of results for hydrated
ions In crystals. Since the pertinent motion is not
rotation of the complex, our shorter value for the
correlation time appears to be more reasonable and is
consistent with the high field behavior of the proton T..

At high temperatures {r.=) the best fit of Eq. (2)
to experimental data is obtained with 7(300°K)=
2.3X 1078 sec and V»=8.1}kcal/mole, which are com-

TasLe I. Temperature dependence of 7, in Mn** solutions.

T(°C) TH(°KY) (ws)c®(Mc) To(seC)
12 3.5 72 3.4X10™
21 3.4 89 2.8X10™1
30 3.3 105 2.3X10™
40 3.2 127 1.9X10-2

& Frequency at which were=1.

2t B, Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London)
A205, 336 (1951).
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F16. 2. Proton N7 and N7T; for V' * solutions as functions of
1/T. X —2.7 Mc, [1—6 Mc, A—14 Mc, O —30 Mc, @ —60 Mc.
Upper curves—N T3, lower curves—NT%. Solid lines were calcu-
lated for N7\ using the constants given in the text. To avoid
confusxon the calculated curves for N7y are shown in Fig. 3 for
the spin exchange contribution.

parable to the values reported by Bernheim, ef al®
Thus, 7.(300°K)=23.8X10® sec and (A4/h) = 10)(10:
sec”t,

The solid curves drawn in for N7 in Fig. 1 represent
Eq. (2), taking all contributions into account accord-
ing to the preceding discussion. The agreement is well
within the expected experimental error and must be
considered satisfactory. The behavior of Ty and T,
clearly indicates that two distinct motions in the
solutions, described by 7, and r,, are important in the
relaxation mechanism, and corroborate the assumption
that proton chemical exchange becomes important if
electron spin relaxation times are sufficiently long.

V+ Solutions: (§=4%; 3d? *F; Orbital Singlet Lowest
in a Cubic Field)

Proton relaxation times for solutions of VSQ; in
dilute HoSO, are presented in Fig. 2. These data were
obtained using samples maintained in a reducmg
atmosphere and containing an excess of solid zinc
amalgam. Other experimental details have been given
previously.? It was verified that both Ty and T are
independent of concentration to at least 0.01 M VSO,
and 0.1 M H,SO,. The predominant ionic species in
such solutions is usually assumed to be the hydrated
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Fic. 3. Spin exchange contribution to proton N7 for V++
solutions as a function of 1/7. []—6 Mc¢, O —30 Mc, @ —60 Mc.
Solid lines were calculated using the constants given in the text.

vanadium(II} ion and no evidence was obtained in
this work to the contrary.

The solid curves representing 7 in Fig. 2 are those
expected for the several proton resonance frequencies
employed according to the first term (dipole-dipole) of
Eq. (1). The constants used were the same as those for
Mn*+ solutions except u,=3.83, V.=4.3 kcal/mole,
and 7.(300°K) =2.0X 101 sec. It should be noted that
in each case the curves give essentially the correct
temperature dependence. However, the expected 10/3
increase in T, at high fields relative to the low-field
values is not entirely realized. A similar situation in
Cut * and Gd** solutions has been previously noted.?
The cause of the discrepancy is not known, but may be
the contribution of relaxation occurring in the second
and more remote layers of water molecules around the
paramagnetic ions. There the effective correlation
time may be considerably shorter than for protons in
the primary hydration sphere so that the important
increase in that part of T occurs at higher frequency.

Certain features of the transverse proton relaxation
behavior are apparent even in the unresolved data
shown in Fig. 2: (1) T, is considerably less than T at
all frequencies, (2) there is no gross frequency de-
pendence, and (3) in general, Ty decreases with in-
creasing temperature. These observations suggest that
73 and 7,27, so that r.=7, and w,r.>>1. The spin
exchange contributions to N7, are shown in Fig. 3.
Application of Egs. (2) and (22) to the observed fre-
quency dependence of (NT32)ex gives the values of 7,
listed in Table II, from which V,=2.8 kcal/mole.
The value of V, calculated from the temperature varia-
tion of (NT3)e at 2.7 Mc is 2.6 kcal/mole, assuming
that 7, [and (NTs)ex] is an explicit function of 7,

N. BLOEMBERGEN AND L. O.
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and is essentially equal to its zero field value at that
frequency.

A value of D for the hydrated V*+ ion in solution
may be estimated from data reported for the vana-
dium(II) Tutton salt, (NHi),V(SO4),6H,0, by
Bleaney, Ingram, and Scovil® for which D=0.158+
0.01 em™ and E=0.049£0.005 cm™". Assuming that
D for the ion in solution is approximately 2 of that for
the solid Tutton salt and E=0 as in the case of Mn™* *,
we obtain 7,(300°K) =5X10"1 sec at low fields and
6X1071 sec at 30 Mc. On that basis Eq. (2) yields
(A/h)=2X10°sec™’. In the temperature range 0°—
100°C 777! and 7.=1,.

Cr** Solutions: (§=31; 3d? ‘F)

Among hydrated ions of the iron group Cr¥* is unique
in that the mean lifetime r, for protons in the hydration
sphere of the ion is sufficiently long that the rate of
proton exchange with those of bulk solvent determines
the overall proton relaxation time in the solution. Al-
though this has not been recognized previously, it is
perhaps not surprising in view of the very long (of the
order of hours) characteristic lifetime for water mole-
cules in the hydration sphere.®

A similar case of slow proton exchange has been
examined in detail for solutions of the bisethylene-
diaminecopper(II) ion® and general relaxation rate
equations were used in connection with that work of
the type introduced by McConnell.” Pearson, Palmer,
Anderson, and Allred® have made essentially the
same application in a recent publication. The pertinent
relation for this case is

(T)7'= (Tw) 7 +NuN ™ (Tut+n)7, (25)

in which T4, is the relaxation time in pure water and
T is the relaxation time in the hydration sphere of
the paramagnetic ion. This relation applies for
NmN -1l and 71>, The latter condition is valid
in our experiments. It is necessary in order to have a
homogeneous system, and not two distinct groups of
protons with different relaxation times as discussed in

Tasre II. Temperature dependence of r, in V** solutions.

T(°C) I (°K™) (ws)e 7o (sec)
5 3.6X107 112 2.17X1072
12 3.5%107 130 1.87X 107"
2 3.4X1078 152 1.60X 1071
30 3.3%10°° 170 1.43x10°%

% B. Bleaney, D. J. E. Ingram, and H. E. D. Scovil, Proc.
Phys. Soc. (London) A64, 601 (1951).

% ¥, P. Hunt and H. Taube, J. Chem. Phys. 18, 757 (1950).

27 H. McConnell, J. Chem. Phys. 28, 430 (1958).

2 R, G. Pearson, J. Palmer, M. M. Anderson, and A, L. Allred,
Z. Elektrochem. 64, 110 (1960).
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detail by Broersma.® A similar equation applies to T,
in this case.

Proton 7T and 7, as functions of temperature are
shown in Fig. 9 of footnote 1 for Cr** solutions. At low
temperatures 7'y and T decrease with increasing tem-
perature because the rate of proton exchange increases
and a proton remains in the hydration sphere of an ion
for a time, 7», long compared to its relaxation time in
that environment. At higher temperatures just the
reverse 1s true sothat {71) 2 ( Ty) "' NupVy H (Th) !
and Eqgs. (1) and (2) apply. Eq. (25) provides a natural
explanation for these observations. 7, is found to be
4X 1078 sec at 300°K and V=10 kcal/mole. Results
are the same for resolution of both T and T data.

Equation (25) can also explain quantitatively the
frequency dependence of Ty and 7% for Cr** solutions
reported previously.? With the value of 7, in the
foregoing, the revised 7. for dipolar interaction in such
solutions is then 8 X107 sec at 300°K. The same value
is obtained from both the low frequency 7y and the
break in the 77 vs frequency curve. ‘

At temperatures well above 300°K 7% continues to
decrease with increasing temperature, but with some-
what smaller slope. Assuming that this is attributable
to the increase in 7, in the second term of Eq. (2),
V,=2.5 kcal/mole and (N T3)=8X10"* at 300°K.

The ESR linewidth at x band for hydrated Cr** in
solutions of violet Cr{NOQOs); is about 150 gauss at
300°K, so that r,=5X 100 sec at low fields. Egs. (22)
and (23) then give D=0.08-0.11 cm™! depending upon
the choice of 7, in the range 2XX10 to 2.5X 10~ sec.
(A/h) may then be evaluated from Eq. (2) and is
found to be 2X108 sec™™.

Cut+(§S=1;3d?2D) and Gd** (S =%; 4f788) Solutions

The dipole-dipole mechanism appears to account
satisfactorily for observed T and 7% for protons in
Cu*+ and Gd3** solutions.!3# The calculated 7.’s are
consistent with the ion tumbling process (2X10~1
sec) although that value may be somewhat lower than
expected for hydrated Gd**, around which the solvent
stiffening would be expected to be greater than in the
case of hydrated Cu* .

On that basis, it is expected that 7, for both ions is of
the order of 10—*—107% sec. If it were shorter, so that
7.7, T3 and T, would decrease with increasing tem-
perature, at least at low temperatures. That does not
seem to be the case.??® If 7, were much longer than
107 sec, it is probable that there would be some spin
exchange contribution to 7%, although that also
depends upon the magnitude of 4, which could be very
small.

McConnell®® has estimated 7,1 and 7,2 for the various
hyperfine components of the Cut + spectrum in aqueous
solution on the basis of anisotropy of the g- and hyper-

29 S. Broersma, J. Chem. Phys. 24, 153 (1956); 27, 484 (1957).
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fine interaction tensors modulated by rotation of the
hydrated ion. The calculated values fall within the
range 3X107® to 2X 1079 sec for r,~3X 107" sec. The
actual relaxation time is probably an order of mag-
nitude shorter, because Cu™ * selutions do not exhibit
a resolved hyperfine structure in microwave spectra.

For Gd*, Weger and Low® report D=0.04 cm™
and E=0.004 in LaCls- 7H;0. Using that value of D in
Egs. (22) and (23), the value of 7, is found to be
4—7X 107 sec at 30 Mc, depending upon the choice
of 7, in the range 2X1072 to 2.5X107% sec. The
minimum calculated 7, is found at 7,=8X 102 sec.
A complete calculation of 7, would require consideration
of the 16-pole and 64-pole interactions, as well as those
of lower order. However, since we expect that terms
in D are the most important, the estimate of 7, given
above is probably satisfactory.

Nit+(§=1; 3d® °F), Cot+(§=%; 3d° *F), and
Fett(S=2; 3d°* °D) Solutions

Proton relaxation times in solutions of these ions are
much longer than in solutions of comparable concentra-
tion of the ions discussed before. In each case for Nit+ ¥,
and Cot*, and Fe* ™ one finds Ty~T7, with no fre-
quency dependence up to 60 Mc, and with a very slight
increase or decrease (Nit¥) with increasing tempera-
ture.l?

Ii one determines, without justification, r, from the
observed 7T with Eq. (1), very short times 7,=3 1071
sec for Nit*, 5X 101 sec for Cot *+, and 107 sec for
Fet+ would be obtained. It should be emphasized that
the theory of Sec. IT breaks down, if it leads to values
of 7, shorter than the correlation time of the motion in
the liquid 7, [compare Eq. (2.20) of Redfield®]. This
implies that the instantaneous values of the crystalline
field interactions D and E are larger than fir,™%. For
Ni*t+and Fe* * this is quite reasonable. One has nearly
complete quenching of the electron spin angular mo-
mentum at each instant. The true relaxation time of
Fet* solution may even be longer than the experi-
mental value quoted in the foregoing, if a few percent of
Fe** had been present in the experiment.!

A simple theoretical argument shows that the factor
between square brackets in Egs. (1) and (2) should be
replaced by 107,(14-w.?r,?)~1 when quenching occurs
because fi'Dr,=w,r,>>1. The nuclear spin relaxation
time is increased by a factor {w,7,)? and is independent
of the external field because w,, is very large compared
to the circular Zeeman frequency ws.

In the case of the Co* * ion with an odd number of
electrons, the quenching will never be complete since
the Kramers degeneracy remains. The dominant relaxa-
tion mechanism, however, will be that resulting from
transitions between different Kramers doublets con-
nected by the modulated crystalline potential of the

kind introduced by Altshuler and Valiev.? The argu-

% M. Weger and W. Low, Phys. Rev. 111, 1526 (1958).
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ment for Fet+ and Nit+ may therefore also be ap-
plied to Co* .

A problem related to the quenching of the electron-
spin angular momentum, is the quenching of rotational
angular momentum J of a molecule in a liquid. In most
discussions of nuclear spin relaxation, the spin-orbit
coupling ¢I-J has been ignored. This is justifiable in
the case of liquid HF because of quenching of J, al-
though the coupling constant ¢ is actually quite large.
Baker and Ramsey® found %~'c,=71 kc for the proton
and A'%r=2320 kc for F in HF. If the spin-rotational
coupling were a dominant factor the relaxation time
of F in pure liquid HF should be 25 times shorter
than that of hydrogen. Actually the two relaxation
times are found to be about equal.®

In other molecules, however, the spin-rotational
coupling may not be quenched as completely and may
contribute significantly to the relaxation mechanism.,
It would be of considerable interest to extend the
theories of relaxation to include the cases in which the
interactions with electron spin or molecular rotation
have a magnitude comparable to fir,™%.

IV. DISCUSSION

In those cases in which data are available for the
estimation of D according to Eq. (23) the values ob-
tained are comparable to those reported for crystals

% M. R. Baker and N. F. Ramsey, Bull. Am. Phys. Soc. Ser.
11 5, 344 (1960).

21. Solomon and N. Bloembergen, J. Chem. Phys. 25, 261
(1956).
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containing the appropriate hydrated ions. This in-
dicates that the instantaneous values of the distortion
of the water octahedron about the ion have the same
order of magnitude as in crystals.

Values of 7, cannot be obtained with any precision
from Egs. (22) and (23) on the basis of the tempera-
ture dependence of 7, alone in the range of magnetic
field strengths utilized in the experimental work con-
sidered here. A broad maximum is observed for
[re(14wir?) 1447, (14+4wdr,?) 1] as a function of 7,
centering about 7,=8X 1072 sec for w,=1.2X10" sec.
On the other hand, variation of w, at a given tempera-
ture (and 7,) provides the necessary sensitivity.
Values of 7,(300°K) calculated for Mnt+ and V*++
solutions, 2.4X1072 and 1.5X107% sec, respectively,
from the frequency dependence of 7, are entirely con-
sistent with the proposed molecular impact process.
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