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The theory developed in B for the structure and kinetics of highly viscous liquids is used to explain
some features of nuclear magnetic resonance in highly viscous liquids. The theory is based on the
assumption that the liquid is a two-component medium consisting of a disordered liquid and of more
or less ordered regions located in it. The degree of order of these regions changes upon variation
of the external conditions in accordance with the diffusion law.

IN highly viscous liquids, nuclear magnetic resonance
(NMR) exhibits certain unique singularities at high vis-
cosity and high temperature; these singularities be-
come clearly manifest in the temperature variation of
the longitudinal relaxation time T,: Upon cooling, which
is accompanied in the case of such liquids by a strong
increase in the viscosity 7, T: varies like \/ﬁ Such a
dependence does not agree w1th the theories of Bloem-
bergen, Purcell, and Pound ! and of Kubo and Tomita ],
in which it is assumed that the motion of the molecules
in the liquid constitutes Brownian rotation and displace-
ment of individual molecules, giving T: ~ 7 at large
viscosities. Attempts by Favret and Meister ™ to
eliminate the disparity between theory and experiment
by introducing an entire spectrum of correlation times
is a purely computational device and does not describe
the physical picture of the phenomenon.

Skrotskif and Kokin™ attempted to explain the singu-
larities of NMR in strongly-viscous liquids by assum-
ing that a predominant role is played by translational
motion of the molecules. Numerical estimates show,
however, that this explanation is incorrect. Indeed, for
glycerin, for example, assuming the distance between
spins and the molecule radius to be 2.5 X 10°® ¢m, and
the volume per molecule to be 125 % 1072 cm ,]and
substituting these values into the formulas of *
find that the change to the half-integer dependence of
the viscosity should be observed only at were = 3.4
X 10%, whereas experiment yields for this transition
woTe ¥ 1 (wo—Larmor frequency, 7o—correlation time
for Brownian rotation). This disparity is illustrated in
Fig. 1 by the discrepancy between the experimental
points and the dash-dot line, which was constructed by
us in an absolute scale using the formulas of ™ for the
high-frequency branch of the theoretical curve.

Hunt and Powles® proposed to explain the singulari-
ties of NMR in strongly viscous liquids on the basis of
the “defect” diffusion picture previously advanced by
Glarum ™ to describe the singularities in the propaga-
tion of electric magnetic waves: It is assumed that the
molecule rotates either when a ‘‘defect’’ diffuses to-
wards it, or as a result of ordinary Brownian motion.
The half-integer dependence is the result of a mechan-
ism connected with the diffusion of the ‘‘defects.’’ An
appropriate calculation, carried out in 8] for the one-
dimensional case, gave satisfactory agreement between
the obtained figures and the experimental data. This
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agreement, however, has a purely formal character:
The indicated mechanism of the action of the ‘‘defects’’
leads in a real three-dimensional case, just as in the
theory of 4 , to a shift of the transition to the half-
integer dependence far into the high-frequency region,
thus completely v1olat1ng the apparent agreement be-
tween the theor¥ o™ and experiment. The same objec-
tion pertains to

As noted earher, the singularities of NMR and the
singularities of the propagation of sound, shear, and
electromagnetic waves in strongly-viscous liquids can
apparently be explained by a single mechanism. This is
indicated by the fact that these phenomena have a com-
mon half-integer asymptotic dependence on the viscosity
and on the frequency, and also that the characteristic
times of the processes responsible for the dispersion
and the anomalous absorption of all three types of waves
are close to the correlation time in NMR. In this con-
nection, we explain the behavior of strongly-viscous
liquids in NMR by using the theory of the construction
of strongly-viscous 11qu1ds ], which has already pro-
vided an explanation for the singularities of the propaga-
tion of sound, shear, and electromagnetic waves. Such
a unified analysis would be impossible in any of the
theories previously proposed for this phenomenon.

The main premises of the theory of ] are as fol-
lows: It is assumed that a strongly-viscous liquid is a
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FIG. 1. Dependence of the longitudinal relaxation time T, on the
ratio of the viscosity 7 to the absolute temperature T for glycerin
(water content less than 1%). Circles and crosses — experimental points
taken from [3] for Larmor frequencies 20 and 10 MHz respectively.
Triangles — experimental points taken from [!!]for 21.5 MHz. The
viscosities are taken from [!2]. The solid lines show the theoretical
curves obtained from the proposed theory. The dashed lines show
curves constructed in accordance with the theory of [1:2]. The dash-dot
line shows the high-frequency branch of the theoretical curve plotted
from the formulas of Skrotskii and Kokin [4].
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disordered medium in which more or less ordered reg-
ions are situated. The degree of ordering of these reg-
ions is characterized by a quantity £,. Under different
external conditions, the equilibrium values of &; will
differ. If the external conditions change sufficiently
rapidly, then & will have a nonequilibrium value equal
to &7 + &1, where &9 is the equilibrium value under the
new external conditions, and £; is the deviation from the
equilibrium value, which tends to zero with increasing
time. For the disordered part of the liquid we intro-
duce analogously the quantity & (£2 = £3 + £2). Unlike
£, the equilibrium value £3 does not change when the
external conditions change. The establishment of the
equilibrium value £, and &; is via diffusion equalization
of the values of £; and £;. The quantities £, and £, can
be regarded in rough approximation as hole concentra-
tions, and it can be assumed that the equilibrium values
&9 and £3 are established by diffusion of the excess
holes through the boundaries of the ordered regions.
For simplicity, the ordered regions are assumed in the
calculations to be spherical with identical radii a. The
sphericity assumption is inessential, since it can be
shown that the final results are not very sensitive to
the shape of the ordered regions.=

It follows from the hole interpretation of the degree
of ordering that the actions that lead to the realignment
should change the volume per molecule. In order to get
an idea of the order of magnitude of the quantities in-
volved, we present the following figures. As shown
in [7_9], ultrasound of intensity of the order of 0.1 W/cm?
gives rise to realignment of the ordered regions. In
glycerin, for example, the relative change in the volume
is of the order of 10°%, and the energy required for this
purpose is 107 erg per molecule. In spite of the fact
that this energy is negligibly small compared with kT
(k is Boltzmann’s constant and T is the absolute tem-
perature), realignment does nevertheless take place,
since, as shown by calculation, at the indicated change
in volume a change takes place in the thermodynamic
potential by an amount of the order of kT, owing to the
change in entropy. It was shown in -] that a shear wave
of intensity 0.1 W/cm? also causes realignment. Esti-
mating for glycerin the torque that orients the molecule
in this case, we find it to be of the order of 10 dyne-
cm.

Molecules of highly viscous liquids are diamagnetic,
that is, they do not have any constant magnetic moments
connected with the electron shell. Those with which we
deal are made up of C, H, and O atoms, with the hydro-
gen atom having spin 1/2 and the others having zero
spin. The spin system considered below is an aggregate
of spins coupled by dipole-dipole interaction. This in-
teraction depends on the orientation of the axis joining
the spins and on the distance between spins, and relates
the spin system with the molecular surrounding (lattice).
If the spin system is somehow taken out of its equili-
brium state, then the restoration of the equilibrium is a
result of its interaction with the lattice.

The explanation proposed by us for the singularities
of NMR in highly viscous liquids is based on the follow-
ing physical picture. The spin flip which leads to
restoration of the equilibrium magnetization, is brought
about by thermal motion of the molecules both in the
disordered part of the liquid and in the ordered regions.
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In the disordered part of the liquid, however, the spin
flip does not change the equilibrium state of the lattice
(the lattice can be regarded as a thermostat), and in the
ordered region, we shall assume that the spin flip upsets
the equilibrium of the lattice. This loss of equilibrium
is the result of the change in the equilibrium volume
per molecule, leading to a change in the equilibrium
degree of ordering. The equilibrium state of the lattice
is restored by realignment of the ordered regions.

To verify that spin flip does indeed lead to realign-
ment of the ordered regions, let us estimate the change
in the energy of the dipole-dipole interaction of the
spins when one of the spins of the ordered region flips,
per molecule of this region, and the torque rotating
that molecule in which the spin reorientation took place.
For glycerin at room temperature we obtain respec-
tively 107 erg and 102 dyne-cm. From a comparison
of these figures with those presented earlier it follows
that spin flip can actually cause realignment of the or-
dered regions. Each spin-flip act in the ordered region
causes realignment independently of any other act, since
the time of realignment is much shorter than the aver-
age time interval between flips. Indeed, for example,
for glycerin at room temperature, the ordered regions
contain approximately 100 molecules, that is, 800 nuclei
with nonzero spin, whereas the magnetization relaxation
time is of the order of 10 sec. Thus, the average
interval between successive spin-flip acts is of the
order of 10 sec, which is much longer than the re-
alignment time of the ordered region, which at room
temperature is approximately 107 sec.”

Each spin-flip act can be regarded as instantaneous
compared with the realignment time. Indeed, the spin-
flip time must be regarded as equal to the time of the
molecule-jumping process itself; this time, in accord-
ance with the generally accepted picture of Brownian
motion in the liquid, is small compared with the corre-
lation time, that is, the average time between successive
molecule jumps. On the other hand, the time of realign-
ment of the ordered regions is of the same order as the
correlation time observed in NMR.

The correlation of the position and orientation of the
molecules in the ordered region, that is, their depend-
ence at the instant 7 on the position and orientation at
the instant 7 = 0, will be determined by two processes:
the realignment of the ordered regions and the usual
Brownian motion. Both types of motion will be taken
into consideration in calculating the relaxation time in
the ordered region. On the other hand, in the disordered
region, of the liquid we shall assume that the correla-
tion is connected only with Brownian motion. We shall
henceforth take into account only rotational Brownian
motion, since its contribution exceeds the contribution
of the translational Brownian motion.

Thus, on the basis of the picture described above,
let us proceed to calculate the relaxation times of the
magnetization in the ordered region. We shall take into
account here only the interaction between spins belong-
ing to one molecule, and assume the distances between
spins to be equal; we shall likewise disregard the
correlation and the motion of the different spin pairs
belonging to one molecule. For the reciprocal values
of the longitudinal and transverse relaxation times in
the ordered region we have the following formulas "%:
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where y is the gyromagnetic ratio, i Planck’s constant,
n the number of spins in the molecule with which the
given spin interacts,
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G(Q)('r) = Flad(t + 7)F(Q *(t) the correlation function of
the quantities F and Fl@* (the bar denotes averaging
over the ensemble), and F\Y is a function of the angles
6 and ¢ of the axis joining the spin pair and the distance
ro between these spins:
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are normalized spherical functions. Unlike the formu-
las given in 10 , we retained in the expression for 1/T;
in (2) the first-order term 1/T;, since it does not van-
ish in the ordered regions.

We assume for simplicity that the molecules have at
the initial time a random orientation. This is possible,
since allowance for the order and the regions under
consideration only complicates the calculation, without
chan(%lng the final result. The quantity &(7) -

(T)/D((I)(O) is the reduced correlation function of
the molecule orientation, which had at the initial instant
of time a random orientation, and then changed the
orientation both as a result of Brownian motion and as
a result of realignment of the ordered region, due to the
instantaneous change in equilibrium degree of ordering
from the value £3(s)) to the value £3(s2) (s; and s, are
the aggregates of the spin coordinates of the ordered
region before and after the spin flip). We shall assume,
just as in"%, that the reduced correlation function is the
same for any q.

Realignment of the ordered regions upon instantane-
ous change in the degree of ordering from a value
£3(sy) to £X(s2) can be described, as follows from'®, by
means of the following equations:

£ (r, 1) — DALY (r,7) = (& (51) — E(52)]8(v)

&' (r,1)—DAE (1) =0
subject to the boundary conditions

& (1) =§&/(n),

where r is the distance from the center of the ordered
region, 6(7) is the 6-function, and D is the diffusion
coefficient, which may or may not coincide with the
ordinary diffusion coefficient.

These equations describe the realignment of the
ordered regions on the average in all regions. In view
of the linearity of the equations and of the boundary
conditions, the solution can be represented in the form

Y2 (0,9

(4)

grad & (r,v) = grad &'(r,1) forr=a, (5)
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& (rt) = &0 (s1) — E1°(52) 1808 (7, 0),

where &1, a(r, 7) is the solution of (4) under the condi-
tion £X(s1) —£(ss) = 1, and consequently does not depend
on s; and saz. ,

The quantity 1 — §1,5(r, T) can be treated as the
probability of realignment at a distance r by the instant
of time 7, and

Eis(1)= S Eis(rr) R dr (6)

3
ad
can be treated as the reduced correlation function con-
nected with the realignment, averaged over all the
molecules of the ordered region. Using the solution
of (4) obtained in ] with a periodic right-hand side, it
is easy to obtain for £/ 6( 7) the following expression,
which is convenient for further calculations:

Ej 5(1: S —-—-———F(mz)_l_ ¢ —10T d.r’ (7)
where
F(om)— 3 1+(1—y )Yorol{(1 — i) Yoto— th[(1 — i) Youol} e
2 (1 — i) (0To) " {4 + th{(1 — i) Yoo}
and

To = a2/ 2D = a%n | kT (9)

is the time of realignment of the ordered region (6 is a
constant). A plot of the function F(w7o) is given in"
When wTo < 1 we have

F(0m) = /5 010 — %/3(0T0) 2 — i[1 — 2/3(0T0) "] (10)
When w7 > 1 we have
1—:
F(ow)= ‘ (11)

}’co‘ro
The correlation function corresponding to the as-
sumption that the molecule can become reoriented both

as a result of realignment and as a result of Brownian
rotation, is the product of the correlation function
corresponding to the realignment by the correlation
function corresponding to the Brownian rotation, that is,

@ (v) = exp {—||/7c} 10" (x). (12)

Using (7) and (12), let us calculate the quantities
J Y (wo) and J (2 we) which enter in (1) and (2). After
simple transformations we obtain

F(—oogto + ito/tc) 4 i

F(ﬁ)hoo + i't‘o/‘l.’c) +i }
—wog + /7

wog + /7.
13)

(q = 1, 2). Substituting these expressions in (1) and cal-
culating G9(0), we get an expression for the reciprocal
of the relaxation time in the ordered region. Substitut-
ing (13) in (2) and noting that the term with q = 0 is
determined only by the Brownian rotation, we obtain an
expression for the reciprocal of the transverse relaxa-
tion time. We shall not write out these expressions, to
save space, and present only the formula for the re-
ciprocal of the longitudinal relaxation time for the en-
tire liquid as a whole, that is, with allowance for the
contribution from the unordered part of the liquid:

1 3 1 Te 4T,
T, "0 Vs {2[1 Tom): T 1+4(mm)2]

[F(—u)oro + ito/te) | F(woTo + ito/Tc) ]

—wo+ /7 o+ i/7c

J@(@og) = G(q)(()) {
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(14)

F (—2w070 + ito/7c) F (20070 + ito/7c)
4
+ ¢[ — 200 4 /7. 200 + i/ ]}
¢ is the relative volume occupied by the ordered reg-
ions. When wo7, > 1, this expression yields

1 4 RTES
ﬁ=imhzn_1.{_ 3 1+72 L}, (15)
Ty 20 ro® \ w2t 2 woVoere ' To
and when w,7, < 1
1 3 1 :wz“/Tc e T
= N2y — 10y = — =
F=yvmon(1- 5t ), i = e

1 3 1 4 T
= aipp - Rl i
5 nrosra(i ¢>+5¢Tc), if

To
T o<t (17)

The fundamental term in (15) is the second one, and
thus T; changes when wo7e -2 1 in proportion to
7/*T2w3/%. When woT, < 1 the quantity T, varies in
proportion to 7/T and does not depend on the frequency,
as follows from (16) and (17).

Let us compare now the results of the foregoing cal-
culation with the experimental data. The circles and
triangles in Fig. 1 represent the experimental points
for the longitudinal relaxation time in glycerin at fre-
quencies 20 and 21.5 MHz, as taken from ®*!!, The
crosses denote the experimental points for 10 MHz
from ™. The solid lines show the theoretical curves at
20 MHz (curve 1) and 10 MHz (curve 2) obtained from
formula (14). To plot these curves we assumed, as
above, that ro = 2.5 x 10 cm, in agreement with the
data on the lengths and angles of the bonds; 7, was as-
sumed equal to 8 X 10 sec at /T = 1.6 poise/deg and
to vary in proportion to 1/T; 7o was obtained from
acoustic measurements. The relative volume occupied
by the ordered regions was estimated by starting from
the assumption that it varies linearly from zero to
unity when the temperature drops from the point of
intersection of the elastic moduli (+153°C) to the vitrifi-
cation temperature (—89°C). The dashed line in the
same figure shows the curves given by the theory[l’zl.

The circles and crosses in Fig. 2 show the experi-
mental points for the longitudinal relaxation time in
1-3 butanediole at frequencies 20 and 10 MHz, respec-
tively, taken from . The continuous lines show the
theoretical curves calculated from formula (14) for
20 MHz (curve 1) and 10 MHz (curve 2). To plot these
curves, we assumed 1o = 2.6 X 10”% cm, which agrees
with the data on the length and angles of the bonds, and
7c was assumed equal to 8 X 107° sec at #/T
= 0.53 poise/deg and to vary in proportion to 7/T; To

Ty, sec
[ I
107 N,
NG
R i
)<~<‘ 7 4 [ P
X
0 hgx AREINECa
1
1
03 07 w0’ 1 10

7 /7, poise/deg
FIG. 2. Dependence of the longitudinal relaxation time T, on the
ratio of the viscosity 1 to the absolute temperature T for I — 3 butane-
diole. Circles and crosses — experimental points taken from [3] for
Larmor frequencies 20 and 10 MHz respectively. The viscosities are
taken from [13]. The solid lines show the theoretical curves obtained
from the proposed theory.
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was taken from acoustic measurement. The relative
volume occupied by the ordered regions was estimated
in the same manner as for glycerin. For 1—3 butane-
diole the point of intersection of the elastic moduli is
+116°C, and the vitrification temperature is not known
exactly, but was assumed to be —120°C.

As seen from the figures, the proposed theory agrees
well with experiment for the longitudinal relaxation time
in the entire temperature range. It must be emphasized
here that in constructing the theoretical curves, just as
in [1’2], only two quantities, ro and 7., were taken from
the experiment under consideration at a single tempera-
ture. Thus, the theory proposed in"® for the construc-
tion and kinetics of strongly-viscous liquids, which has
already made it possible to explain earlier the singu-
larities in the propagation of acoustic, shear, and elec-
tromagnetic waves, turns out to be capable of explaining
the singularities of NMR as well. In the derivation of
(14) we assumed that the observed value of 1/T; is an
average taken over all molecules. In fact, in a number
of experiments (see, for example, **) there is no such
averaging, and under certain conditions it is possible to
observe separately the relaxation of the magnetization
of different groups of molecules. It is possible that in
these experiments one can separate the relaxation given
by the fraction of the molecules, the correlation of which
is determined by the Brownian rotation, and the frac-
tion of the molecules whose correlation is connected
with the realignment”. Here, however, the situation is
aggravated by the fact that the molecules that are loca-
ted at different distances from the center of the ordered
region have different correlation times, so that the re-
laxation connected with the realignment cannot be des-
cribed by a single exponential.

For an experimental verification of the hypotheses
on which the theory of - g based, as well as for a
check on the assumption that this theory is applicable
to NMR, it would be interesting to attempt an observa-
tion of acoustic nuclear resonance, the appearance of
which can be expected in highly viscous liquids, since
periodic compressions and rarefactions in the acoustic
wave lead to periodic realignments of the ordered reg-
ions, and consequently to periodic changes in the
dipole-dipole interaction between the spins of the nuc-
lei; in exactly the same way, one can expect the ap-
pearance of nuclear resonance when an alternating
electric field is applied.

In conclusion, I am grateful to M. A. Isakovich for a
discussion of the work.
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