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Owing to the interference between the dipole-dipole interaction and the anizotropy
of electronic screening, a non-exponential time dependence of the magnetization for fluorine
nuclei in liquid °BF; appears. In the paper we present a theory of the interference effect
in spin-lattice and spin-spin relaxation for. liquid 10BF, as well as experimental evidence
of this effect. It was shown that time dependence of the longltudlnal component of
magnetlzatlon in tempetatures 163 K and 182 K may be expressed asa linear combination
of four exponential functions with different amplitudes and time constants. From the fit of
“the theoretical results to the experimental data the value of the amsotropy of the electronlc
screening |4oF| = 30070 ppm follows..

1. Introduction

In the papers I-VI the interference effect in nuclear magnetic relaxation for different
types of spin systems in liquid was considered. In particular it was shown that nonexponen-
tial relaxation may appear owing to interference between the dipolar interaction and
anisotropy of the electronic screening. Here we condsier the interference effect in spin-
-lattice and spin-spin relaxation in liquid '°BF; for fluorine nuclei. The intramolecular
dipole-dipole interaction between nuclei of the fluorine G* Y1), anlsotropy of the electronic
screening G°(t), and spin-rotation interaction G'(¢) were taken into account. The time-
-dependent spin Hamiltonian may be presented as the sum

G(t) = G'()+G"()+G'(1). - 6))

In further considerations of the system we neglect the influence of *°B nuclei on the fluorine
relaxation process because the gyromagnetic ration for *°B is much smaller than that for
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fluorine nuclei and because the scalar coupling constant Jiogg is negligible small (Bacon,
Gillespie, Quail 1963). The presented theory of relaxation is based on the semiclassical
theo1y of density matrix (Redfield 1957), assuming isotropic rotational diffusion of mole-
cules in liquid '°BF;. The numerical calculations were made as described elsewhere (Bli-
charski, Nosel 1970) using the digital computer “Odra” 1204. The expelimental tlme
dependence of the longitudinal component of nuclear magnetization for nuclei *°F in
Jl°BF3 was measured in temperatures 163 K, 182K, 197.5K, and 217 K.

2. Spin-lattice relaxation

We consider the system of three fluorine nuclei of spin I; = % in '°BF, molecule
which belongs to D, point group symmetry The calculatlons were performed in the
representation

Uy I3Im)y = Z |m1m2m3> (I1Izm1mzll12m1z) (11213'”12’"3][7”) )]
ml';:’;Z:
where
I, =1i+1, I = 1,415, my, = my+m,, m = Myy+my ©))

as in paper IV. The correlation-functions of the spherical harmonics (which we need to
know to calculate the correlation matrix P, wp(T) = (Ga,,(t)G*,,,,(t 7))) may be expressed
in terms of Legendre’s polynomial of the second order Py(cos f). It is assumed that for
fluorine nuclel the tensor of the electronic screenlng has axial symmetry and principal.
axis Z; is'parallel to the C, symmetry axis of the molecule.

The angles f between the internuclear directions r;; are equal to 0, +3n, +2n, the
angles B between the symmetry axes Z; of the screening tensor for dlfferent nuclei are
O, +2n, +%7, and the angles between different directions ry;and Z; are +57, +3 7.

After approprlate calculations we obtained the system of the differential equations
describing the -relaxation processes in liquid !°BF,. In the extreme narrowing case
wot, <1 one gets:

cdx(t) 9 ..
' dit " 0T, a&x (8, (j=1,..,6), % @)
J
T - d—Z —1
o ©)
& = (DoAO'Fd

where d is the dipolar constant, 7, correlation time for molecular reorientations, W, is
the angular frequency of Larmor precession, and matrix elements a;; () are expressed
in terms of the secular elements of the relaxation matrix'Rm,,,,,,. The values x;(¢) are the
linear combinations of diagonal elements of the density matrix 6,,(f) = Co(t) =0y,



where ol are the matrix elements at thermal equilibrium in temperature T

x1(t) = 0115
X(t) = 022,

| ~
x3() = :/—2(0'33'5‘0'44),

1 . ~
x4() = —z (066+077),
J2

xs5(t) = Gss»
x,;(t) = Ogs-
The coefficients a;;(e) are
a;j(e) = ay(e),
aij(s) = a7—j,7—-i(_6)’

ﬂ;;%TO’

o

agy(e) = MRy = —(% — Fe+ $6°+5B0),
33(8) = NRyz2y = —(% + Se+ 3%+ % o),
a33(8) = N(Rs333 '|:R33>44) . *(%5 — Je+ 3768+ 3 B0,
a15(8) = MR35 = 1— 3+ §&°+5B,,
a13(6) = N2 Ry133 = V2@ — Fe+ 569,
ajs(e) =1 \/2 Rii66 = %ﬁ,
a15(,8) =nRys55 = 1,
a16(8) = MRy188 = 0,
a33(8) = /2 Ry233 = \/2 G+ %e+ &Y,
ay,(e) = ’7\/z Ryze6 =2 + e+ 5 &%),
azs(f) = NRyzs5s = 378 + % Bo,

a34(8) = N(R3366+ Rasee) = 2L732+ 3 Bo,

ro= (&)

225

(©)

Q)
®
©)

(10)

(1n



226

where (1/T)sg is‘ the 'spin-rotational dontribution 'to ‘the fluorine relaxation rate: The
initial conditions for the values x,(¢) are determined after 7/2 pulse which gives the initial
nuclear longitudinal magnetization M,(O)‘-—'

A ‘h‘ .
x(O) == l?c;:% 9, W)
G-z ‘ﬁ 1 -3, 13)

The expectation Value of the longitudinal . nuclear magnetization can be expressed as
M,(t)—Mo_ = %Nyhé - x(1), (14)

where N is the number of molecules per unit volume. The solution of the equations (4)
(Bllcharskl, Nosel 1970) may be presented in thé form

xi(t) _ 2 dije—— ET_oMt’ ; ., Cibegyr i (15)

o e

whence ,

M, ()—My = (M,(0)—Mg) ¥ ce” 1, (16)

, 6 6
g = Yook =1, an

i=1 i=1
1 _(1 2+ 4 2+/3 i | (18)

AT N\ 455 T
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Fig. 1. Calculated values of A and ci as a functlon € for By-=0, 0.2,1 for longitutinal magnetization in
hquld JOBFg
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The numerical solution of this problem was performed by the method described in paper IV:
The calculated values of the amplitudes ¢;(¢), B, and eigenvalues Ay(s, fy) as a function
of & for several values of 8, are shown in Fig. 1. According to the numerical results presented
in Fig. 2, the longitudinal magnetization is equal to the linear combination of four-exponen-
tial functions. It is a characteristic feature of the interference effect that for a given value
of ¢ there occurs the maximum deviation from single exponential decay. In Fig. 2 the time

Mt T T T T T T T ] T T T T ]
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A E 3 B
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Fig. 2. Time dependence of longitudinal nuclear magnetization in liquid *°BF, for différent ¢ and f, values

dependence of (M, — M,(t))/ M, for different values of ¢ and f, are shown e.g. for ¢ = 3.5,
4, 5 and B, = 0, 0.2, 1 respectively. For the mentioned values ¢ the deviations of the
nuclear magnetization from single exponential decays are maximal ones. The relative
deviation of the magnetization for & = 3.5, B, = 0 from its value for ¢ = 0, f, = 0 in
the time ¢ = 47T, is equal to 60 per cent.

3. Spin-spin relaxation

In the ‘“coupled” representation |I;,I3Im) we have the following non-vanishing
elements of the oprators I, = I, +il,

(T2 =U)ss =+/3,°

()36 = T4)a7 = —1,

(T+)2s = 2,

s = (L )pas (19)

and the expectation value of the correspond.ing component of magnetization M_(t) =
= M, (t)—iM,(t) in the interaction representation is

M"(1) = Nyh[/3 (81,00 + &55(1)) + 26 5(0) — (836(0) + 47 ()] (20)
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In the considered spin-system one finds fifteen transitions with Am = +1 between the
eigenstates of the Zeeman Hamiltonian G, and in consequence one gets the system
of fifteen differential equations. However, the transversal magnetization may be expressed
as the sum of five exponential functions. Introducing the following values

Yi() = 612, Vs() = Gre

* ~ * ]' ~% ~¥
ya(®) = 613, yo() = ﬁ(a37+046)9

* *

y';(t) = G145 y;0(t) = Gys,

Va®) = &5, Y1) = Gir, @1)
J’*s(t) = 636, .V*12(t) . &;89
Ye(t) = 627, ¥13(D) = s,

%

yit) = 635, Via(t) = 38,

we gbtain
dyin) 1 T 5 al
= dt =F0 aij(s)yj(t)s (l’.’ = 19 ceey 14)9 (22)
J
where the initial condition after /2 pulse is given by
* th
0) = — 0,
YO = - = @3)
d=(/3,0,0,2,0,0,0, —1,0,0, —1, V3,0, 0). 24

The transversal magnetization may be expressed by p*(¢) in the form
M) = Nyhé' - y'(o). (25)

Finally, after solution of the Eqs (22), the amplitude of the transversal magnetization
M) = |M*(t)| may be presented by the following expression

14 s T
M) = My©) Y cie T, (26)
i=1
14 - 14
Yo=Y cidi=1, @7
i=1 i=1
1 /1 14
===} 2+ =¢ . 28
T (TZM 135 P ) o

The diagrams in Fig. 3, show numerical results for the coefficients c;(e, B,), Ai(s, Bo) as
a function ¢ for a different value of the parameters f,. In Fig. 4 is presented the time
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Fig. 3. Calculated values of A% and cy as a function & for 8, = 0, 0.2,1 for transversal magnetization in liquid
mBFs
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Fig. 4. Time dependence of transversal nuclear magnetization in liquid '°BF; for different ¢ and f, values

dependence of the M (z) in the case of maximal deviation from the single exponential
decay for ¢ = 2.5, 3, 4.5 and f, = 0, 0.2, 1 respectively. One may note that the predicted
deviations are very small. For example, the relative deviation from single exponential
decay after the time ¢ = 47, for ¢ = 2.5 and f, = 0 is equal to 3.5 per cent.

4. Experimental

Boron trifluoride has the following characteristic constants (Kirk, Othmer): melting
point 145.9 K, boiling point 172.7 K, critical temperature 260.75 K, critical pressure
49.2 atm. The sample was prepared using °BF; where 1°B was enriched to 90 per cent.
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Fig. 5. Experimental time dependence of longitudinal magnetization for fluorine nuclei in liquid °BF,
-in_temperature 163 K, where 7Ty = 5.8 s
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Fig. 6. Experimental time dependence of longitudinal magnetization for fluorine nuclei in liquid °BF,
in temperature 182 K, where 7; = 6.5 s '

The oxygen was removed by freeze-pump-thaw technique (below 10-3mmHg). The
method given by Hennel and Hrynkiewicz (1958) was used for time. dependence
of the longitudinal magnetization, and T; measurements at 28 MHz. The temperature
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Fig. 7. Experlmenta.l time, dependenoe of longltudmal magnetization for ﬂuorlne nuclel in liquig:l"mFB3
in temperature 197.5 K, where T = 6.7 e
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Fig. 8. Experimental time-dependence of longitudinal magnetization for ﬂuorme nucle1 in 11qu1d 1"BF3
in temperature 217 K where T1 = 7 5 S Con s

stability was of the order 0.1 K. The accuracy of T measurements"'v{'/‘as' below 10 per cent.
The time dependence of longitudinal magnetization in temperatures 163 K, 182 K, 197.5K
and 217K was measured (Figs 5, 6, 7, 8). By fitting by the least squares method (using,
the computer) the theoretical results to the experimental ones one can find that ¢ =
= 0.94+0.2 whence |doy| = 300+70 ppm. In the temperature 163 K, T; = 5.8s and the
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experimental dependence M, (t) (Fig. 5) may be described for 8, =0 in the form

4 t
M,(H)— My = (M(0)—My) ¥ cie ™ T, (29)
i=1
where

¢, = 0.7510, Ay = 0.9365,

¢, = 02095, 1, = 1.3175,

c; = 0.0322, Ay = 0:4583,

cq = 0.0065, 114’ = 0.7052, (30)

whereas in the temperature 182 K (Fig. 6) the M,(¢) may be described for B, = 0.2 where
the coefficients ¢; and 4; are equal to

¢, = 0.8249, 1, = 0.9646,
¢, = 0.1076, 1, = 1.4332,
¢, = 00383, s = 0.8901,
co =0.0284, A, =0.5164. o €Y}

The relaxation times in temperatures 182 K, 197.5 K, and 217 K are equal to 6.5s, 6.7 s,
and 7.5 s respectively. One can see from Figs 7 and 8 that in temperatures 197.5 K and
217 K the relaxation has an exponential character in the time from O up to 37; where
the measurements were performed. The observed effect is conformable to the presented
theory and may be explained by the increase of the spin-rotation contribution in higher
temperatures. If the spin-rotation interaction (Figs 5, 6) plays a small role in the relaxation
process, a non-exponential decay of nuclear magnetization due to interference dipole-
-dipole ‘interaction and anisotropy of the electronic screening in liquid '°BF; can
be registered.

The authors wish to thank Docent dr J. W. Hennel for many helpful discussions.
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