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A new highly sensitive "H-'*N nuclear quadrupole double resonance technique is presented
which is based on magnetic field cycling and on the application of multiple frequency sweeps of an
r.f. magnetic field. The sensitivity and the resolution of the new technique are estimated. Some
experimental results obtained by the new technique are presented.
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Introduction Ey1=hK(1+7)
ia g ; Vo =2Kn

N NQR has proven to be a sensitive technique for
the study of the structure and dynamics of molecular E;=hK(1-7)
solids.

A *N nucleus has a spin I =1 and thus in zero
magnetic field three generally nondegenerate nuclear v-=K(3-7)
quadrupole energy levels (Figure 1). None of the tran-
sitions between the '*N nuclear quadrupole energy
levels is forbidden. The '*N NQR frequencies are E4=-2hK
rather low — typically between 0 and 4 MHz — and in
addition the magnetic dipole moment of a *N nu-
cleus is small. It is therefore often convenient to mea-
sure the *N NQR frequencies with the 'H-'*N nu-
clear quadrupole double resonance (NQDR) tech-
niques [1-4] which are more sensitive than the direct
pulse or cw techniques.

The 'H-'*N NQDR techniques are based on mag-
netic field cycling. A magnetic field cycle is shown in
Figure 2. First the sample is left in a high magnetic
field B, until the temperature Ty of the 'H (proton) Bg
spin system reaches the lattice temperature T;. The
proton magnetization is in equilibrium (T = T; ) equal
to My (B,) =CB,/T,. Here C is the Curie constant.
Then the static magnetic field is adiabatically reduced
to alow value B, B < B,,. The proton spin temperature
is immediately after the adiabatic demagnetization

Ve=K(3+7)

Fig. 1. Energy levels and resonance frequencies of '*N. The
constant K, K = %(eQVZZ/ h), is equal to one quarter of the
quadrupole coupling constant.
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equal to Ty = T; B/B,,. It is thus by a factor B/ B, lower
than the lattice temperature. The proton magnetiza-
tion is at the same moment by a factor B,/B larger
than the equilibrium proton magnetization M (B),
M (B) =CB/T,, in the low magnetic field B. The pro-
ton magnetization relaxes towards the new equilib-
rium value M, (B) with the spin-lattice relaxation time
T, (B). After a time 4, 4 ~ T, (B), the static magnetic
field is adiabatically increased to the initial value B,
and the proton NMR signal S is measured. It is pro-
portional to the remaining proton magnetization, and
it decreases with increasing 4 as

S(4)c exp (- 4/T, (B).

If during the time spent in the low magnetic field B
the '*N nuclear spin system is resonantly coupled to
the proton spin system then the relaxation time of the
proton spin system may decrease. This happens either
if the nitrogens are strongly coupled to the lattice and
have thus high spin-lattice relaxation rates or if the
nitrogens are affected by a resonant r.f. magnetic field.
As a result of the faster relaxation of the proton spin
system a lower proton signal is observed at the end of
the magnetic field cycle.

In the present paper we briefly describe a new 'H-
14N NQDR technique based on magnetic field cycling
and on the irradiation of nitrogens with a train of
frequency sweeps of an r.f. magnetic field. A more
detailed description of the new technique will be pub-
lished in [5].

Excitation of a Spin System by a Frequency Sweep
of an r.f. Magnetic Field

Let us assume that the frequency of an r.f. magnetic
field starts to increase at a value which is far below a
14N NQR frequency and then slowly passes the NQR
frequency. The question is how do the populations of
the nitrogen energy levels change after the sweep is
completed, i.e. when the frequency of the r.f. magnetic
field is far above the NQR frequency.

The situation is similar to the well known adiabatic
fast passage [6] where the frequency w of the r.f. mag-
netic field 2 B, cos(wt) is constant whereas the Lar-
mor frequency w (t) is varied in time by varying the
external magnetic field. In this experiment the nuclear
magnetization follows the direction of the effective
magnetic field B,g.

B =(B,,0,(w.(t) —w)/7y), (1)
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if the adiabatic condition dw,/dt < (y B,)? is fulfilled.
Thus if the Larmor frequency starts far from the fre-
quency o of the r.f. magnetic field, | (0) —w| > y B,
it passes the frequency w and ends on the other side of
o at a frequency w,; (), |w,(0) —w|> y B,, then af-
ter the passage the direction of the magnetization as
well as the populations of the Zeeman energy levels
are inverted.

In our case the electric field gradient (EFG) tensor is
constant. Thus the NQR frequencies are constant as
well and the passage of an NQR transition with fre-
quency v, is done by the time variation of the frequency
v(e), v(t)=ve + <%> t, of the r.f. magnetic field. The
time dependence of the r.f. magnetic field B, (t) is of the

form B,(t)= B, cos <2n (vo t+ %(%) t2>>. Let us

denote the two eigenstates of the quadrupole Hamil-
tonian separated by hv, as |a) and |b). If a nucleus is
prior to the sweep in the state |a) or |b), then the
probability P that the nucleus will end after the sweep
in the state |b) or |a) can be obtained by numerical
solution (5) of the Schrodinger equation

ihd|y)/dt =(Hq—hyIB,(1)|¥). 2

The probability P depends on a parameter E,
E=4n|<a|V|b)*/(h*(dv/dt)), A3)

as shown in Figure 3. Here V =y B, I is the perturba-
tion caused by the r.f. magnetic field and dv/dt is the
sweep rate. At low values of E, P increases linearly as
P oc 0.7 E, whereas at large values of E it approaches
the value P =1 (adiabatic inversion). P is practically
equal to 1 for E > 3.

In the case of a system of '*N nuclei irradiated with
an r.f. magnetic field of amplitude 2 mT, the frequency
of which varies in time with the rate dv/dt =1 MHz/
10 ms, the values of E are for the upper two NQR
transitions (v=v, and v_) equal to 7.2 cos®a, _.
Here o, (v=v,) is the angle between the X-principal
axis of the EFG tensor and the direction of the r.f.
magnetic field, whereas o _ is the angle between the
Y-principal direction of the EFG tensor and the direc-
tion of the r.f. magnetic field. These values of E are not
small at all, which demonstrates that an r.f. magnetic
field of moderate intensity which sweeps at a decent
rate through the !*N NQR spectra significantly
changes the populations of the *N quadrupole en-
ergy levels.
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Fig. 3. The probability P to find a nucleus after the frequency
sweep in another state than that at the beginning of the
frequency sweep as a function of the parameter of the adia-
baticity E.
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Fig. 4. Nitrogen NQR frequencies, proton Larmor frequency
and the time dependent frequency of the r.f. magnetic field
field which sweeps between v, and v,.

T

3ts

Double Resonance

The low magnetic field in a magnetic field cycle
(Fig. 2) is set to such a value that the Larmor fre-
quency v, is equal to the lowest **N NQR frequency
vo (Figure 4). The two spin systems are thus reso-
nantly coupled and the proton magnetization relaxes
towards the equilibrium value with a common spin-
lattice relaxation rate W which depends both on the
proton spin-lattice relaxation rate T,”!(B) and on the
nitrogen spin-lattice relaxation rates. If during the
time spent in the low static magnetic field B multiple
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frequency sweeps of an r.f. magnetic field which cover
the '*N NQR frequencies v, and v_ are applied, then
the repetitive excitations of the **N NQR transitions
are similar to a fast spin-lattice relaxation of the nitro-
gens. If for both upper nitrogen NQR transitions the
adiabatic conditions are fulfilled (P =1), then the ap-
parent nitrogen spin-lattice relaxation rate is approx-
imately ¢!, where ¢, is the sweep time. This appears
in the resonantly coupled proton spin system as a
relaxation of the proton magnetization towards the
value zero with the relaxation rate which is approxi-
mately et '. Here ¢ = N (N)/N (H) is the ratio of the
number of chemically equivalent nitrogens to the
mumber of protons within the unit cell. This addi-
tional relaxation of the protons can easily be seen
when et; ' > T,”!(B), i.e. when ¢ > t,/T, (B). If for ex-
ample t,=10 ms and T, (B) =1s then nitrogen signals
can easily be seen when N (N) = N (H)/100. In practice
the sensitivity is even higher and depends on the
signal-to-noise ratio which the proton NMR signal is
measured. The sensitivity is mainly limited by the pro-
ton spin-lattice relaxation time in the low magnetic
field B.

The experimental procedure goes as follows. First
the sweep limits v, and v, (Fig. 4) are set in such a way
that they cover the frequency range in which the N
NQR frequencies v, and v_ are expected to be found.
The time 4 spent in the low magnetic field is set to a
value which is approximately equal to the proton
spin-lattice relaxation time in the low magnetic field.
Then the magnetic field cycles are repeated at different
values of the low magnetic field B. In resonance, i.e.
when vy =y, B/271 =v, the proton NMR signal at the
end of the magnetic field cycle drops to a lower value.
Now the lowest '*N NQR frequency v, is approxi-
mately known. The width of the dip in the v-depen-
dence of the proton NMR signal observed around
vy =V, Is approximately equal to the width of the
proton NMR line.

After v, is determined, B is fixed in the center of the
dip around vy =v, and the limits of the frequency
sweeps are varied. The additional relaxation of the
proton system in resonance at vy =v,, is observed only
when the frequency sweeps cover both frequencies v,
and v_. If this is not the case, then after a few fre-
quency sweeps a quasiequilibrium population of the
nitrogen energy levels is established which is no more
affected by the following frequency sweeps. Thus when
the lower sweep limit v, passes v_ or when the upper
sweep limit v, passes v, then an increase of the proton
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Fig. 5. The determination of the !*N NQR frequencies from
the —N(CH,), sites in 4-(N,N-dimethylamino)-3-acetami-
donitrobenzene (DAN) with the new technique.

NMR signal at the end of the magnetic field cycle is
observed. In such a way the three **N NQR frequen-
cies are determined, and in addition in the case of
complex '*N NQR spectra the NQR lines belonging
to the same nitrogen sites can easily be determined.
The resolution of this technique is typically a few
kHz. The r.f. magnetic field with the amplitude of
approximately 1 mT influences namely the nitrogen
NQR transitions already when its frequency is a few
kHz shifted from the NQR frequencies. The experi-
ment is also not done in zero magnetic field. The
nonzero magnetic field causes broadenings of the ni-
trogen quadrupole energy levels in polycrystalline
samples. The line broadenings are of the order of
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vin/Vo- Here v,y is the nitrogen Larmor frequency
and v, is a nitrogen NQR frequency. These broaden-
ings are in case of nitrogens resonantly coupled to
protons at v, =v, approximately equal to v,/200.

As an example of the application of the new tech-
nique we present the procedure with which the '*N
NQR frequencies from the C— N(CH,), nitrogen sites
in 4-(N,N-dimethylamino)-3-acetamidonitrobenzene
(DAN) have been measured. The results are shown in
Figure 5. The temperature of the sample is 240 K. The
parameters of the magnetic field cycles are: B, =0.8 T,
the proton polarization time in the high magnetic field
is 30s, the time spent in the low magnetic field is
4=03s, and the 90° pulse is applied to the sample
0.5 s after the remagnetization is completed. The ini-
tial limits of the frequency sweeps are on the basis of
the known experimental data for the —N(CH,),
group choosen as v, =3.5 MHz and v,=4 MHz. The
amplitude B, of the r.f. magnetic field was approxi-
mately 1 mT. In Fig. 5a two dips are clearly seen in the
vy-dependence of the proton NMR signal at the end
of the magnetic field cycle under the influence of mul-
tiple frequency sweeps. No dips are observed without
the r.f. irradiation. The dip at v, =140 kHz indeed
corresponds to vy =v, whereas the other dip at
70 kHz, which is narrower, corresponds to vy =v,/2.
At low Larmor frequencies protons absorb energy not
only at the Larmor frequency but also at sub-multi-
ples of the Larmor frequency. This is the reason why
the dip at v;; =v,/2 is seen. In Fig. 5b the determina-
tion of the upper two nitrogen NQR frequencies by
varying the limits of the frequency sweeps is shown.
Sharp transitions in the proton NMR signal are ob-
served when the lower sweep limit v, passes the fre-
quency 3605 kHz and when the upper sweep limit v,
passes the frequency 3745 kHz. The '*N NQR fre-
quencies are thus (3745 + 5) kHz, (3605 + 5) kHz, and
(140+10) kHz. It should be mentioned that in DAN
the nitrogen NQR frequencies have been easily ob-
served at a relatively low value of ¢, ¢ = N (N)/N (H)
=1/13 which demonstrates that the sensitivity of the
new technique is high indeed.
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