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The errors that may arise from the use of the external random field (ERF) approxi-
mation in the spin relaxation theory are estimated for the case of a binary solution.
The experiments by M. Ishiwata and Y. Ishii (J. Phys. Soc. Jpn. 60 (1991) 1379, ibid.
60 (1991) 1743) have been analyzed. Coupled spin-lattice relaxation of solute molec-
ules has been measured in the experiments where the solvent spin system was exposed
to the effect of nonselective pulses. Going beyond the ERF model we assume that the
behavior of a solvent spin system can be characterized by a single polarization. This
approach involves the consideration of coupled solvent-solute relaxation (CSSR). It
has been found that the parameters of molecular motion, extracted with the CSSR ap-
proach, differ noticeably from those obtained within the scope of the ERF model. We
conclude that if the solvent spin system is perturbed during the experiment and its
spin-lattice relaxation time is not too short, the CSSR approach should be recom-

mended for quantitative study of the motion of solute molecules.

coupled spin-lattice relaxation, cross-correlation, intermolecular dipole-dipole

interactions

In the treatment of the magnetic resonance
relaxation experiments intermolecular dipole-
dipole interactions are often modeled as ran-
dom-field-type interactions. This external ran-
dom field (ERF) model is widely used in the
works which treat multispin scalar coupled sys-
tems using the Redfield density matrix formal-
ism.» The ERF model is believed to be
adequate for experiments on diluted binary
solutions designed to measure a response of
the spin systems of solute molecules. The limi-
tations of this model were investigated ear-
lier*” and it was shown that if the solvent spin
system is maintained in equilibrium with the
lattice, then solute-solvent dipolar interactions
may be described by the ERF model.
However, the magnitude and significance of
the errors that might result from the applica-
tion of the ERF model if the solvent spin sys-
tem is disturbed from the equilibrium, are un-
clear. The recent experiments by Ishiwata and
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Ishii®” seem to be suitable to resolve this prob-
lem. These authors studied the selective relaxa-
tion in the NMR spectrum of *C-'H system of
chloroform dissolved in nematic phase 5 using
both selective and nonselective 'H and "*C
180° pulses. Nonselective 'H pulses invert the
solvent proton polarization as well as that of
solute protons. Ishiwata® observed the differ-
ence in recovery times of doublet lines and at-
tributed this effect to the cross-correlation
between intramolecular and intermolecular
dipole-dipole interactions. This inference is
based on the application of the ERF model for
intermolecular dipole-dipole interactions.

In the present paper we analyze the experi-
ments by Ishiwata with the intent of estimat-
ing the errors arising from the ERF model.
Here we propose a simple approach going be-
yond the ERF model. The problem under con-
sideration is of some practical interest since
the use of deuterated solvents may be avoided
in certain cases if the error associated with the
ERF model is small. The differential relaxa-
tion of doublet lines will also be discussed.
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The approach that is proposed is based on
the assumption of a single spin temperature
for phase 5 protons. Accordingly, the spin-lat-
tice relaxation of the solvent is assumed to be
governed by the sole relaxation time, Tis.
While spin-lattice relaxation of an isolated AX
system (the *C-'H system is of this type) is de-
scribed by three coupled equations,**') our
approach leads to the system of four equa-
tions for the variables

1
VI=<Iz>_<Iz>eq=E (X4+Xa _XZ-XI),

1
V2=<Sz>_<Sz>eq=? (X4_X3 +X2_X1)a

1
V3=<212Sz>=3 (Xa—x3—x2+x1),
V=T —<IDeq, 1)

where I, and S, are longitudinal components
of total spin operators for chloroform 'H and
BC, respectively, I¢ is a component of the
total spin operator of solvent protons, their
averages <{I.>, <S.,> and (I%) are corre-
sponding polarizations, { e, is the equilib-
rium average, X is the deviation of the m-th
energy level population in the AX system from
its equilibrium value (the population is given
by the product of diagonal element of the den-
sity matrix and the number of chloroform
molecules, #,). Following Ishiwata,® the levels
are numbered from the top down. The varia-
bles V1, V> and V; are in routine use in the the-
ory of spin-lattice relaxation in AX systems
(see e.g. refs. 6, 8, 10, 11).

The evolution equations are conveniently
expressed in the matrix form:

d n

1 V=WV, )
where vector V is composed from the varia-
bles (1) and relaxation matrix W is determined
by the spin-lattice interactions. For the ana-
lyzed experiments the following interactions
should be taken into account: the internal (in-
tramolecular) dipole-dipole (IDD) interactions
among 'H and C nuclei, the interactions of
'H and *C spins with external random fields
(ERF), and the external (intermolecular) di-
pole-dipole (EDD) interactions of 'H with
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solvent spins. As previously said, the internal
interactions within the solvent will not be con-
sidered explicitly. The intermolecular interac-
tions involving *C spin are small in compari-
son with those involving protons and will be
neglected in subsequent analyses. Scalar relax-
ation of the second kind due to chlorine nuclei
also exists, but according to data cited by Lin-
dman and Forsen'? its contribution to “C
relaxation is small and vanishing for 'H relaxa-
tion. From the aforesaid, it appears that only
the chemical shift anisotropy (CSA) and spin
rotation (SR) interactions should be included
in ERF interactions.

The relaxation matrix elements, W;;, can be
presented as the sum of contributions from
different relaxation mechanisms. The relaxa-
tion rate of chloroform protons polarization,
V1, is given by

W= Wiop+ Wepp + Wy, Err- 3

The cross-relaxation rate Wi,= W, is due to
IDD interactions only.

The off-diagonal elements Wi;;= W3 and
W,3= W3, which couple one-spin and two-spin
orders result from the interference between
IDD and ERF interactions. As it follows from
the analysis of relaxation in binary solut-
ions*® and an established recipe for calculation
of relaxation matrix elements,'*® the interfer-
ence of IDD and EDD interactions cannot
contribute to the elements W;; and Wa;. The
reason for this is the vanishing trace of the ex-
ternal spin operator in the relevant expression.
This fact is the manifestation of the different
nature of EDD and true ERF interactions. For
the same reason, scalar relaxation of the sec-
ond kind does not contribute to W3 and Ws.

It can be shown that the contribution to
these off-diagonal matrix elements from the in-
terference between IDD and SR interactions is
also negligible even within a liquid crystal
oriented in a high magnetic field. The reason is
that the coupling between the angular momen-
tum of the chloroform molecule and the exter-
nal magnetic field is weak. If this coupling can
be disregarded, then the inversion of magnetic
field does not affect molecular motion and
cross-correlation between IDD and SR interac-
tions is forbidden due to the time-reversal sym-
metry of time-dependent correlation func-
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The matrix element Wy, is the rate of cross-
relaxation between the protons of chloroform
and those of phase 5 which is due to EDD inter-
actions. The element W, is related to Wi,
through

Wau=n Wi/ na, (€]

where n, is the number of solvent protons.

The relaxation rates of *C polarization, Vs,
and the two-spin order, V3, can be presented
as follows:

W= Wipp+ We,krr, &)
Wy=W 35+ Wepp+ Wi ere+ We,grrs  (6)

where superscript (2) refers to the two-spin
order.

Since the interactions of *C with external
protons are disregarded we have

W24 =Wyp= 0. (7)

The dipole-dipole interactions cannot couple
the two-spin order with one-spin orders
(polarizations); therefore, we obtain

W= Wgi=0. ®

In the experiments®” under discussion, the
initial non-equilibrium states were built up by
four different 180° pulses. The set of corre-
sponding initial conditions is given in Table I.

It is assumed here that the hard 'H pulse
covers the entire spectrum of solvent leading
to the complete inversion of solvent magnetiza-
tion, V,. On the other hand, the selective 'H
pulse covers only a small fraction of the broad
solvent spectrum suggesting that the effect of
the selective pulse on V, can be disregarded.

Ishiwata invoked the model of Freed' and

used the approximation of extreme narrowing
to specify the form of IDD contributions:

Wiop=(ko+3ki+6k;) W,

W12 = (6kz - ko) Wo,

W B, =6ki W, )
where coefficients &y to k, can be calculated for
a given order parameter S using Table II of ref
14, Wo=(l/ 10)(h)’H)’c/r3)TR with Yu and Yc
being the gyromagnetic ratios of 'H and *C

nuclei, 7 being the internuclear distance, and
7r standing for the rotational correlation time

External Random Field Model for Intermolecular Spin Interactions:. . . . 633

of a chloroform molecule. Thus, Ishiwata was
able to extract five parameters from the
experimental data: R, Wua=(1/2)(Wepp
+ W ere), We=(1/2)Wc,err, Wiz and W,
The following procedure was used: experimen-
tal recovery curves were approximated by the
function exp (—¢/T¥"), calculated curves
were also approximated by the single
exponential and the parameters sought were
determined by an iterative least square analy-
sis. In four types of experiments, Ishiwata has
determined ten 7' i values.

For comparison we use almost the same
procedure. The distinctions are as follows.
Firstly, we add W to the set of fitting
parameters and take the relaxation time
Tis=1s reported in ref. 7 as the eleventh ex-
perimental time T'i** to be approximated by a
least square procedure. Secondly, we do not in-
troduce the exponential approximation for cal-
culated curves but instead find the minimum
of

11 18
R2=Z; Z} [fi(t)—exp (—t:/ TT")I?,  (10)

j=1i=
where f;(#;) denote the points of calculated
curves obtained as the solutions for eq. (2)
with appropriate initial conditions (see Table I
and notes below), ¢; are the points in time used
in relaxation measurements, and 7'{"" are effec-
tive relaxation times reported by Ishiwata and

Ishii.>”

We examined also the effect of small devia-
tions in the initial conditions. Firstly, we consi-
dered more realistic conditions for the effect
of the pulses on the solvent spins, assuming
that hard 'H pulse inverts the major part of
the solvent spectrum while the selective 'H
pulse inverts the minor part. Secondly, we

Table I. Initial conditions for ¥ as produced by 180°
pulses in Ishiwata’s experiments.”
| AV] 0 V0 V.0

'H nonselective —2<IY, 0 0 —2LIDe
C nonselective 0 -2{8), O 0

'H selective L)y O ALYy O
transition 42

'H selective Iy O {Idgq O

transition 3—1

ISee ref 6
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took into account the deviation from perfect
inversion of the 'H line by the selective pulse
as is described in the original work.? It was
shown that the effect of these deviations on the
resulting parameters was insignificant.

Since our goal is to investigate the effect of
coupling between solute and solvent spin sys-
tems we introduce the coupling coefficient, c,
defined by eq. (11):

W14=CWH. (11)

The upper limiting value ¢=1 is reached if
Wepp » Wy grr and relative translational mo-
tion of solvent and solute molecules is fast
enough for the extreme narrowing condition
to be valid."*® The value ¢=0 means the ab-
sence of coupling. We performed the calcula-
tions for three values of c: 0, 0.5, 1.

Obtained parameters are shown in Table II
along with the Ishiwata’s results. Our ap-
proach is referred to as the coupled solvent-
solute relaxation (CSSR) model while the ap-
proach of Ishiwata is referred to as the ERF
model. As could be expected, the results of
these two approaches coincide very closely at
c=0.

In our calculations the value 1.1 A has been
taken for r following Ishiwata,® and k,=0.75,
k1=0.87 and k,=1.23 have been obtained for
the order parameter S=—0.1.

It is important to note that the square root
error R (see eq. (10)) decreases with the in-
crease of the coupling coefficient ¢, and a varia-
tion of W and tr with c is observable. In ref.
7 the model of Freed'” was invoked in order to

Table II. Parameters extracted by use of CSSR model
for different values of solute-solvent coupling
coefficient, ¢, as compared with the results of
Ishiwata® for chloroform dissolved in nematic phase
5 at 25°C and wy/271=400.1 MHz.

ERF model CSSR model

c — 0 0.5 1

g (DS) 27.5 27.5 25.0 23.0
Wy (s™) 0.189 0.188 0.176 0.163
We(s™h 0.052 0.055 0.078 0.098
Ws(s™)  —0.033 —0.032 -—0.031 —0.030
Wy (s7Y) 0.004 0.004 0.005 0.005
Wi (s™h — 1.000 0.991 0.987
R — 0.263 0.217 0.186

¥See ref. 6
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incorporate the effect of slow motion in liquid
crystals. As it was shown, at 400.1 MHz (pro-
tons) these forms of motion contribute sig-
nificantly to W¢ only. Therefore, new value of
W obtained in the CSSR approach would br-
ing about the change in the parameters ex-
tracted within the framework of the theory.'?
If solvent spins would not experience the effect
of rf pulse then the predictions of ERF and
CSSR models would be in a close agreement
according to the analyses of refs. 4 and 5. This
conclusion was confirmed by a series of calcu-
lations where the initial conditions were
modified by setting V4(0)=0 throughout the
Table 1.

In light of the above discussion the relaxa-
tion matrix elements W;; and Wy, which are
responsible for the differential relaxation of
doublet lines, should be attributed to the inter-
ference between IDD and CSA interactions.
Under the same assumptions that led to egs.

9):
_ 2 Ayayc

=
! 5 rd

(,OjA O'jk1 TR (_]=1, 2),

(12)
where w;=wy and Adoy=Aou=0l—0of are
the Larmour frequency and the CSA
parameter for the chloroform proton, respec-
tively, and w,=wc and 4o,=A40c are those of
carbon-13. It follows from eq. (12) and data
listed in the last column of Table II that

(13)

The data of Ishiwata (first column of Table II)
lead to very similar results. The Aoy value is
in close agreement with those previously
obtained, 465=9.8+2.5ppm'® and Adoy=
12+2 ppm.'”? However, Aoc deviates sig-
nificantly from previously reported values,
Aoc=—39+1ppm'® and Adoc=-—32%£8
ppm.'? Discussion of possible reasons for this
discrepancy is beyond the scope of this paper.

The summary is as follows. If solvent spins
are perturbed in the course of the experiment
and their relaxation time is not very short,
then the CSSR-type model should be recom-
mended to refine the quantitative information
about the parameters of motion of solute
molecules. Some additional experiments can

Aog=10ppm, Aoc=—6ppm.



1995)

be carried out to focus on intermolecular inter-
actions, e.g. for the system considered it
would be useful to measure also the spin-lat-
tice relaxation for chloroform with natural
abundance of C.
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