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Influence of spin-echo signals (2n+1) 90y - T - 90’y — Acg(t) has been studied in nu-
clear spin systems with dipolar interactions. In the case of rigid lattice M2T3>1) and that
of motionally narrowed NMR line (M2T?<<1), the maximum echo signals are shown to be
observed at t, =2T +t, —t;/2 where ¢; and t, are RF pulse durations. It has been shown

also that in the slow motion region (MZT? = 1) the dipolar echo signal amplitude decreases

and the echo signal maximum shifts towards the end of second pulse. The theory developed
agrees well with experimental data obtained for NH,CI polycrystal.

Uccienyercss  BAUAHWE  MOJEKYJIAPHBIX  ABUMKEHMH  HAa  COMH-9XO  CHUTHAJIBI
(2n+1) 904" - T — 90°y — Acq(t) B sAlepHBIX CIMHOBBIX CHCTEMAX C AHUIIOJIBHBIMI B3aHMMOAEIl-

crBusaMu. IlokasaHo, UTO B CJydyae KECTKOI peIleTKU (M2T3>1) U B cliydae CY:KeHHOI, B
pesyabTare ABUKeHUM, quHuu IMP (M2T?<<1) MaKCHUMyM 3XO0 CHUTI'HAJIOB HabJilofaeTcsa Ipu
t, =21 +t, —t1/2, rae t; u t, — paurensHocTu PY ummnysbcos. IlokasaHo TaksKe, 4TO B
00J1aCTH MeIJIeHHBIX IBUKEHUI (Msz = 1) aMOauTyAa JUIOJBLHOTO 9X0 CHUTHAJA YMEHbIIIaeT-
cd, a MaKCUMYM 9X0 CHUTHAaJia CABUTraeTca K KOHIY K KOHI[Y BTOPOTO MMITyJbca. PasBurasa
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Teopusd XOpPOoIIOo coIviaCyeTCsda C 9KCIIEepMMEHATJIbHbBIMU OaHHBIMU, IIOJYUYEHHBIMU HAa IIOJIH-

kpucraaiae NH,CI.

In 1950, E. Hahn has demonstrated that
a two-pulse sequence 90° — 1 - 180" — Acq(?)
applied to an inhomogeneously broadened
spin system (for example, nuclear spins in a
liquid) gives rise to an echo signal at ¢ = 2t
[1]. The amplitude of the Hahn echo does
not depend on the time interval 1 between
RF pulses. For a homogeneously broadened
spin system (for example, nuclear spins
with dipole-dipole interaction between
them), Powles, Mansfield and Strange pro-
posed the "solid-echo” technique
90y’ — T - 90y — Acq(t) [2, 3]. Today, this tech-
nique is a powerful NMR method for study-
ing molecular structure of functional mate-
rials and dynamics in solid state. A general
review on application of deuterium solid-
echo technique has been published recently
[4]. There are also numerous works on 1H
"solid-echo™ technique and its application in

1

studies of molecular dynamics in solids [5].
Assuming that the applied RF pulses are
delta 90y pulses (for the delta 90° pulse,

it is assumed that wyt; , =90" the pulse
widths t1 9~ 0 and the RF field amplitude
Wy -»®), it was shown that the solid-echo
signal is also observed at ¢ = 21 [2, 3]. How-
ever, the solid-echo signal amplitude de-
pends on T and decays as 14, so the echo
signal can be observed only for small T val-
ues. Formation of this "solid-echo”, in con-
trast to the Hahn one is not connected with
sign invertion of dipole interaction Hamil-
tonian by RF pulses [6].

In this work, a general "solid-echo” tech-
nique (2n+1) 090y" — T — 90°x — Acq(?) is pro-
posed. The two-pulse sequence is considered
for the cases of rigid and mobile crystalline
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lattice. It has been shown that the pulse
sequence (2n+1) 090y  — T — 90’y — Acq(?) fol-
lows to obtain at T — 0 the real dipolar echo
signals. The amplitude of these echo signals
does not depend on the the RF pulse widths
t; and t5. The experimental results and dis-
cussions are presented.

At first, let a simple two- pulse model
sequence Oy — 90y — Acq(t) be considered.The
first RF pulse is a hard pulse ay’, for which

rotational angle is a = (2n + 1) ({1/2) and
n = 1,3,5. The RF field of this pulse lies
along the 0Y axis in the rotating frame.
After the first RF pulse, a density matrix
has the form:

p(tqy = exp(=iHty) Op(0) Dexp(iHty), (1)

where p(0) is the density matrix at ¢t = 0
and the interaction Hamiltonian H is [6, 7]:

1
H = - wyIy - 3Hy. (2)

In Eq. (2), w; is the RF pulse amplitude
and

Hy =% b 21414 - I Ih - 1, 1), 3)
i?j
where b;; is a dipolar coupling constant be-

tween i and j spins [8].
Assuming that p(0) = I, and the RF pulse

duration t; = (2n + 1) 41T/ 2w;) one obtains
from Eq. (1):
plty) = (4)
1 .1
O O O O

If at the time t#; the second delta 90y’
pulse is applied (it is assumed that
Wity =90° and when ¢y —» 0, the RF field
amplitude w; — ), the density operator
takes the form

1 .1 5
U U U U
Here
Hy =y by(2Iyly - Ixlk - Iy I, (©)

i,

After the second RF pulse, the Hamil-
tonian H, describes the free evolution of
the density operator and at the time ¢
(measured from the first pulse starting mo-
ment) the density operator has the form:
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The observed transient response of the
ensemble of spins is given by:

Vity £) = (- 1>n{T@xpErszE Sty x
(8)

xepoHzE tl%DIXD/ TrI%).
It follows from (8) that at

t=3t,/2, V(t;,t =38t;/2)=1, ,that is, an
echo signal should be observed. The amplitude
of this echo signal does not depend on ¢;.

The considered model of the pulse se-
quence is difficult to verify experimentally.
At first, the time between the end of the
first RF pulse and the start of the second
pulse, T, is always finite. Besides, the sec-
ond RF pulse having the finite width ¢,, is
not the delta pulse. All these factors cause
attenuation and deformation of the echo
signal.

Using the spin density matrix formalism
and assuming that Tt and ¢, are not equal to
zero, we obtain the following expression for the
dipolar echo signal observed after the two-pulse

sequence (2n+1) 090y" — T — 90"y — A cq(?):
0 i o4
V(t,ty T,ty) = (-1)"B DH -1 J’dt" J’h(t",t')dt’ -
E 0 0
1 T 21 T 24
-3 J' dt” J’h(t",t’)dt’ - J’ dt” J’h(t",t')dt’ +
tl 0 tl tl
) t 21 t T
ty J' dt"J’h(t",t’)dt’ + J’dt" J’h(t",t')dt’ -
™, O T+, t (9)

t t" 0
_Idtll J'h(tll’tr)dtr + ”.E
T+,  TH, E
where
h(t"t) =W 3 aglt")ay@), (10)
i,k

are the correlation functions of the dipolar
local fields [8]. The overscribed bar denotes
the average on the random motions of nu-
clei. In Eq. (10):
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_3 1, 11
W = 2V + 1) (11)

a;,(t') = RP()[1 - 3cos26,,(t)]  (12)

To calculate the correlation function h
(t", t'), we consider the simple model for
molecular motion of resonant nuclei be-
tween the equivalent potential wells deter-
mined in crystalline lattice by discrete lat-
tice sites Q; (I = 1,2...,n). For this simple
model, the correlation function
h(z) (z =BB - tB[> 0) is given by [5]:

h(z) = M, + AMZexpD- (13)
O le D
where
AMy = My - M, (14)
and 1, is the correlation time charac-

terising molecular motion. In Eq.(14), M, is
the second moment of the NMR line of rigid
crystalline lattice and M, is the second mo-

ment of motionally narrowed NMR line [8].
Using the correlation function (13) and cal-
culating the integrals in (9), we obtain:

Vit,ty T,ty) = (15)
1— ty 2
= (1B 0L - 5My[t = (2T + 1y~ 5)] -
- AMzTCZ, DR(t,tz’T,tl’TC) + ...%

where
R(t, t2 Tt 1) =
7 ty 1
=-L —-3—-——— - =) -
I e 2exp( )
ty 1 t 1
—exp(- =) ~gexp(- ) + 5
TC TC c (16)
t -t T+t
- gexB- — D) + gexa(- — ) +
c
- t—-1-t¢
+exp(- 1 T> +exp(———2) +
c TC
T+ityg—t
*gexp(—) + gexpl—

c

In the case of the polycrystalline sample,
we must average (16) over all possible ori-
entations of crystallites. If we denote the
averaged values of M, and AM, as <M,>

3

and <AM,>, then — for small T and ¢t — we
can write:

Vit,ta 1,t) = (17)
2
g
1 — O ty O
= (-1)"BUL - 5<M>0 — (2T + ty - 5)0 -
0 2 2 0 ( 2 Z)D
— <AMy>T2R(t,ty Tty T,) + ..g=
’ ’ D
2
iwy B 1 -—0 . 0
= (" gpexpy g <Mp>d - (2T 1y - —)D -

- <AM2>T§R(t,t2 T’tl TC,)D
’ ’ D

From Eq.(17), it follows that in the case
of rigid crystalline lattice (<M,>12>1) and

in the fast-motion region (<M,>12<1), the

maximum of the dipolar echoes is observed
at t, =21 +ty - '/,. In the slow-motion re-
gion (<M,>12=1), the amplitude of the solid
echo signal is reduced and the maximum of
the echo signal is shifted towards the sec-
ond pulse end.

The theoretical results obtained have
been applied to the analysis of temperature
dependences of the solid echo signals ob-
served in polycrystalline ammonium chlo-
ride (NH4CI). It is well established now that
in NH4CI there are reorientations of the am-
monium ions about threefold and twofold
symmetry axes [9]. The 1H NMR experi-
ments were carried out using a pulse spec-
trometer operating at 60 MHz. in the tem-
perature range of 133 to 273 K. The experi-
mental dipolar echoes observed in NH4Cl for
the pulse sequences

270y — 1 - 90y — Acqt),

450y — 1 - 90'x — Acqt),

630y -1 - 90°x — Acqt)
at the room temperature are shown in Fig. 1.
It is seen that the maximum of the dipolar
echoes is observed at t, = 21 + t5 — ¢,/ 2.

The experimental temperature depend-
ences of the maximum echo time position
(t,) for the pulse sequences

270y -1 - 90y — Acq(t),

450y - 1 - 90°y — Acq(?),

630y — 1T - 90y — Acq(?)
obtained for polycrystalline NH4Cl are
shown in Fig. 2. The time positions of dipo-
lar echo signals are seen to be independent
of the temperature in the region
T > 160 K. At T > 160 K, the time posi-
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Fig. 1. Dipolar echoes in NH,Cl at room tem-
perature for the pulse sequences

270y - T - 90’y — Acq(t),

450, - T - 90°y — Acq(?),

630y - T - 90’y — Acq(?).

ty = 38.6 Us; T — t; = 5.8 Us.

tions of the echo signal maximum are shifted
towards the end of the second pulse and echo
signals disappear. The solid and broken lines
in Fig. 2 are theoretical curves for the time
positions of the echo maximum, as calculated
from Eq. (17) using the results of the relaxa-
tion studies in this compound [9]. We have
used the following parameters:

T, =(2.16 010714 5)exp(19.85 kJ mol~1/RT);
M, = 4.74007°8 T2; AM, = 46.1510°8 T2, The

agreement between theory and experiment
is quite reasonable, especially bearing in
mind that parameters were not adjusted.
The experimental temperature dependences
of the maximum echo amplitudes for the
pulse sequences

270y —1-90°x —Acq(t),

450y’ - T - 90"y — Acq(t),

630y - T -90"y —Acq(?)
obtained for polycrystalline NH4Cl are
shown in Fig. 3. The solid and broken lines
in Fig. 3 are theoretical curves obtained
from Eq.(17) using the same parameters as
for the theoretical curves in Fig. 2. From
this Figure, it is seen that the developed
theory describes rather well the observed
temperature dependences of the dipolar echo
amplitude.

In conclusion, it follows from our consid-
eration that the time position and ampli-
tude of the dipolar echo maximum depend
on the correlation time T, of molecular mo-
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Fig. 2. Temperature dependences of the dipo-

lar echoes maximum time positions in NH,CI
for the pulse sequences

270y -1 - 90’5 — Acq(?),
450" -1 - 90y — Acq(t),
630" - 1 - 90y — Acq(t).
ty = 3.6 Us; T — t; = 3.8 Us.
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Fig. 3. Temperature dependences of the dipo-
lar echo amplitude () in NH,CI for the pulse
sequences:
270y -1 - 90y — Acq(t),

450" -1 - 90y — Acq(t),
630" -1 - 90y — Acq(t).

ty = 3.6 Us; T — t; = 2.8 Us.

tion as well as and on the RF pulse widths.
Dramatic changes in the solid-echo behav-
iour are observed in the slow-motion region
(Mgy>12 = 1), where the amplitude of the

dipolar echo signal is reduced and the maxi-
mum of the signal is shifted towards the
end of the second pulse. It has been also
shown that the study of the temperature
dependence of the time position and ampli-
tude of the dipolar echo maximum can yield
valuable information about the dynamic
process in solids.



P.Bilski et al. / Study of functional materials ...

References

. E.L.Hahn, Phys. Rev., 80, 580 (1950).

2. J.G.Powles, P.Masfield, Phys. Rev. Lett., 2, 58

(1962).
. J.G.Powles, J.H.Strange, Proc. Phys. Soc., 82,
7 (1963).

. G.L.Hoatson, R.L.Vold, in: NMR Basic Princi-
ples and Progress, Vol.32, pp.1-67, Springer-
Verlag- Berlin- Heidelberg 1994.

5. P.Bilski, N.A.Sergeev, J.Wasicki, Appl. Magn.

Res., 18, 115 (2000), and references given
therein.

. N.A.Sergeev, Solid State NMR, 10, 45

(1997).

. D.Barnaal, I.J.Low, Phys. Rev. Lett., 11, 258

(1963); Phys. Rev., 148, 328 (1966).

. A.Abragam, The Principles of Nuclear Mag-

netism, Clarendon Press, Oxford, 1961.

. R.Goc, J.Wasicki, Z.Naturforsch., 52a, 609

(1997).

HocaimxeHHsa (PpyHKIIOHAJIbHMX MaTepiaxiB 3a
momomorow JAMP aumoabHHMX JIYH

Il .Binvcki, H.A.Cepzees, f.Bonciyki

Hocaimxeno BILIUB

MOJIEKYJIAPHUX

pyxiB Ha CIIiH-eXOCUTHAaJIN

(2n+1) 90y - T - 90y — Acq(t) B AnepHUX CHIHOBHX CHCTeMax 3 HUIOJIBHIMH B3a€MOLLAMI.

IToxasaHo, 110 Yy BHUIIQAKY JKOPCTKOI I'paTKU (M2T3<<1) Ta y BUIAAKY 3BYKEHOI BHACJIIIOK

pyxiB minii AMP (M2T3<<1) MaKCUMyM €XOCUI'HAJIB CIocTepiraeTsca mpu t, =2T +t, — §;/2,

ne t; i ty - TpuBamocti PU immynecie. Takos moxasamo, o B 06JacTi MOBIMBHUX DYXiB
(Msz = 1) ammiiTyma QUNONBLHOI JIYHU 3MEHIIYETHCSI, & MAKCUMYM €XOCUTHAaJIa 3CYBa€ThCA B

HampaMi Mo KiHoa apyroro immynabscy. PospobsieHa Teopisi mob6pe y3TOAKYEThCA 3 €KCIIePH-
MeHTQJIbHAMU NaHUMHU, ofep:kaHuMu Ha moixikpucrani NH,CI.
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