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When a hindered rotation does not change the spatial ch:rge distribution but
merely permutes the locations of nuclear magnetic moments, the resulting spin-
lattice relaxation of a nearby fixed nucleus is likely to be dipolir even if this nucleus
has a quadrupole moment. The dipolar relaxation rate is proportional to the average
of y*I(I + 1) for the rotating nuclei and accordingly varies lin:arly with percentage
of deuteration. For "Li in LiN,H;SO, at 14 MHz the peak 1/T; is 1.8 sec™! at 185°K,
while in 81 % deuterated LiN,D;SO, it is 4.2 times smaller, a: predicted. The ND,
group deuterons also have a 1/T, peak at this temperature, an«l all three 1/T; vs. 1/T
curves show activation energy of about 0.19 eV, as found previously for protons and
deuterons within rotating NH, and ND; groups.

1. INTRODUCTION

Lithium hydrazinium sulfate, LiN,HsSO,, has attracted interest because of its
unusual dielectric properties. Pepinsky, Vedam, Okaya, and Hoshino (/) observed
hysteresis loops for alternating electric fields applied along ¢. Vanderkooy, Cuthbert,
and Petch (2) found very anisotropic electrical conductivity, with unusually large
protonic conductivity along the ¢ axis, which is parallel to the channels containing the
hydrazinium ions, The dielectric susceptibility has very large real and lossy components
over a wide frequency and temperature range. Recent experimental results rule out
ferroelectricity, and the dielectric properties are explained in terms of nearly one-
dimensional conduction along the channels and the effect on this conduction of defects
which partially block these channels (3).

NMR experiments undertaken to explain the behavior of t1is material have displayed
a rich variety of phenomena. Petch and collaborators have studied the Li spectra and
proton line width (4), as well as proton T, (5) and T, (6), in LiN,H;SO,. We have
studied the NMR spectra (7) and relaxation (8) for the deuteron sites in LiN,D;SO,
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previously, and have recently obtained further deuteron results in addition to ’Li
spectra and T, data in both normal and deuterated crystals.

Quite similar processes occur in both crystals. The 7Li spectra indicate a high-
temperature structural change of undetermined nature. Proton line width and 7,
measurements indicate N,H% motion (with activation energy of 0.69 eV), and such
motion may explain the observed mixing of ND, and ND73 populations (0.75 eV).
Proton line width, 7', and T, , measurements as well as deuteron spectral line merging
and 7, results indicate hindered rotations of NH, (0.46 eV), ND, (0.50 eV), NHY
(0.19 ¢V), and ND¥ (0.20 eV) groups. The NMR measurements show that these
hindered rotations involve permutations of the two (three) hydrogens among their two
(three) possible sites (6, 7).

Important for this study are the NH% and ND7 hindered rotations, because they give
T, minima near 185°K for ordinary NMR frequencies. This is far below the decompo-
sition temperature and in a region in which other relaxation mechanisms are weak, so
that effects of this motion can be easily studied over a wide temperature range. The 7
minima are 20 msec for protons at 27 MHz (5) and 0.8 msec for deuterons at 14 MHz
(8). The deuteron T, is shorter because the quadrupolar interaction energy fluctuations
resulting from different electric field gradients (efg’s) at the different deuteron sites are
large compared to the proton dipolar energy fluctuations.

For a nearby nucleus not partaking in the hindered rotation, the situation is different.
The hindered rotation causes no charge redistribution and hence no efg change at the
fixed nucleus except for the extremely short interval during which the rotation occurs.
The rotation does permute the positions of the three nuclear magnetic moments,
causing magnetic field fluctuations resulting in dipolar relaxation for the nearby fixed
nucleus.

The theory for this dipolar relaxation is developed in Section II. Experimental
results for ND, deuteron and "Li 7, appear in Section III and are compared with theory
in Section 1V,

II. THEORY
The starting point is the equation

VT, = y3(HE + H2 — Hy — Hy) 7o/(1 + w*7}) [

which is derived by Slichter (9) for nuclear spins which couple to magnetic field
fluctuations but not to each other. However, in order to obtain a single relaxation time
T, as is experimentally observed, we assume interactions between nuclei to be strong
enough to maintain a common spin temperature throughout the spin-lattice relaxation
process. This equation is valid for nuclei having arbitrary spin 7, if the applied field H,
is large enough so that the Zeeman energy difference yy/iH, = hiw between adjacent
levels is large compared to the quadrupolar interaction energy.

The form of Eq. [1] results from assuming a single correlation time =, for the field
seen at the fixed nucleus. This assumption is shown to be correct for our case in the
following calculation. We consider the autocorrelation function H(0)H(r) for a
component of this field, which can assume three values H, corresponding to the three
positions (0°,+120°) of the ND,H_ hindered rotator. Let i, ;(r) be the probability that



a rotator initially in the i-th position will be in the j-th position after a time interval .
This probability is derived from tte differential equation

dnifdi = —nif7, + 3(1 — n))/~, [2]

for the probability », that a rotator is in the i-th position. Here 7, is the mean time
between random +:120° rotations and } is the probability tha: a rotator in a position
J # i will return to the i-th position with the next rotation. This equation gives

mif(r) =+ 8y — e 7o 7o =37, 3]

The autocorrelation function ther becomes
HO)H(7) =% % H H;n; (1)
-H>+1 3 (H,— H)*e™ "™, [4]
i,J

where the prime indicates i < j. The term H does not contribute to the Fourier transform
and accordingly such terms must be subtracted from the autocorrelation function for
7 =0, asisdonein Eq. [1]. Slichter’s expression omits these ﬁi and Ei terms, which are
zero for his example. We must retain them, because H, and H, zverage to zero only after
a time long compared to 7, for the nuclei in the rotating grcups, and this T, is long
compared to 7.

Slichter assumes that H,(O)H,,(ﬁ) = (0 in his derivation. If this term is nonzero, it can
be made to equal zero by a suitable rotation of the x and y axes. Since the term
I'J_i - }Tf, - ?f_i - I-_[i in Eq. [1] is invariant with respect to this axis rotation, it follows
that the term H,(0) H,(0) does not affect T;.

To calculate the fields at a fixed nucleus, we note that a rotating group has three
nuclei which permute positions among three sites when hincered rotation occurs. A
dipole p; aligned with H, and located at the i-th site will crezte at the fixed nucleus a
field having a component in the x—y plane of magnitude 3u;sin26,/2r} = w;h;, where
8, and r; are the polar angle and length of a vector from site i to the fixed nucleus. Then
if ¢, is the corresponding azimuthal angle and k is an index for the three positions of the
rotating group, the average field at the fixed nucleus has an x component

F"=i;§,; p,—+,‘hjcos¢;=ﬁ§hfcos¢“ [5]
using i =+ > p;. Herei + kisacyclicindex having values 1, 2, or 3; so, for the example,
i=k=2i J: k =4 — 3 = |. The autocorrelation function for H, at zero time is

HI=} 3:',‘ Hisk ik hihC0s by COS B,
=1 ?} (3a* + % A 4 hihjcos $;cos g

—H:+ S Wcos’d,— B7 3" hyh,cos $,cos
LJ

- H;(1 — 27272 + 38 5 hicos? ¢y, [6]



using the definitions 4, = u, — i and 42 =1 Y 42, noting that > 4, -0, and using
N 4; > 4; = 0totransform the second expression. For £/, Egs. [2] and [3] have sind in
i J

place of cos¢, so that

H:+ HY— Hy— Hy =387 3 % — (H, + H,) 212
=44° S Wb} + b = 2hih;cos (B — 4] (71

This is the magnetic field factor in Eq. [1], which is independent of choice of x and y
axes as expected. The summand in the final expression is the square of the difference of
vectors of lengths /; and A, separated by an angle ¢, — ¢;. The corresponding sum can
be called the geometrical factor in 1/77, as it contains only spatial quantities, and is the
only factor which contains them.

We now evaluate the factor 42, Up to this point the average has been only over the
three nuclei of one particular hindered rotator. With the assumption that mutual spin
flips maintain a common spin temperature for the relaxing nuclei at all times, the
calculation of the common 1/7, for these nuclei requires that the average must be taken
also over all rotators. First, the average for one rotator can be expressed as

Do) =4 3 g = B =3 3 oy = 7,m; ) (8]
Then the average is taken for all rotators of a given isotopic composition ND,H;_,,
where x is an integer. At all temperatures of interest it is an extremely good approxi-

mation to assume equal probability for each set of three m values, so that the cross
terms in Eq. [8) vanish in this average, which then becomes

— 2h? yimi +y3ms +yim}

2 =i 1y Y2y - Y3 iy

4 == ZZZ(z:I+1)(212+ D@L+ 1)
my mz my

2h*
=% 2 7+ ) = Fild + G = )l (9]

If deuterons randomly occupy a fraction f of the hydrogen sites in the rotating
groups, the probability that a given rotator contains x deuterons is f*(1 —f)>~*3!/
x!(3 — x)!. The sum from x =0 to x =3 of the products of x with these weighting
factors is simply 3f, so the mean square magnetic moment deviation averaged over all
rotators is

B =3 fud + (1 = k) = Spinie [10]

Accordingly, 1/T) is proportional to the mean square magnetic moment of the hydrogen
nuclei averaged over all of the rotating groups, and thus varies linearly with percentage
of deuteration,

Putting all the factors together, we obtain

1T, = v i Grol(1 + w? 73), [11]



where p? =+2h*J(I + 1) is averag:d over all hydrogens, and in which the complete
geometrical factor G is given by

1 +[sin?26; sin?26; 2sin28,sin26,
6—422[ =T u—r—?rg—----ms(d».mcm)]. [12)

re r

with > representing a lattice sum over all rotating groups.

L
This theory is also applicable to dipolar relaxation caused by groups containing two
magnetic moments which exchange positions when hindered rotation occurs, such as
H.O or NH, groups in certain crystals. Only certain numer.cal factors change; the
most important of these changes zre now described. The 4 disappears from Eq. [2], so
that 7, = 1r,. The geometrical facior in the last line of Eq. [7] also loses a factor 4, and

the primed sum contains only one: term. In Eq. [10] the coefficient of p_,,,?d becomes &,
and the coefficient of G in Eq. [12] changes to 3. The expression for 1/7, in Eq. [11]
remains unchanged except for these redefinitions of G and 7.

II. EXPERIMENTAL

Crystals were grown by evaporation from a water solution of Li,CO,; and
N,;H,-H,S0,. Deuterated crystals were recrystallized twice from D,0, and the final
crystals were found by mass spectrometry to contain 81 atomic percent deuterons (10).

The T, measurements were made at 14 MHz. The temperature was regulated by a
feedback control system, with boil-off from liquid nitrogen used as a coolant. For T
longer than two minutes, a modifizd Robinson (/1) NMR specirometer was used, while
for shorter T, a pulse NMR circuit of Clark’s (/2) design was employed. With either
apparatus the experimental sequence was saturation followed after an interval 7 by a
pulse or rapid sweep to observe tie recovery.

All measurements were made with applied field H|, parallel to the crystalline b axis.
(Here the notation of Brown’s (/3) X-ray investigation is used; Padmanabhan and
Balasubramanian (/4) in their neutron diffraction study interchanged the g and b axes.)
For this orientation all molecules become physically as well as chemically equivalent,
so the 7Li spectrum contains only three lines. Below room temperature, the ND,
deuteron spectrum contains four lines, two from D(1) which is i1 a weak N~D- -+ O bond
and two from D(2) which is in the N~D---N bond which joins adjacent hydrazinium
ions. Above room temperature the rapid ND; hindered rotatic n merges these lines to a
single pair in this orientation (7).

IV. DISCUSSION
The "Li measurements were made by saturation of the entire spectrum, followed by
later observation of one of the satellite lines. The recovery of its signal height was
characterized by a single time constant T,. Because different "Li sites have ND H;_,

neighbors with different values of 3 4%, one would expect a distribution of T)’s.
i

Accordingly, we assume that mutual spin flips maintain a common spin temperature
for the "Li nuclei.

The deuteron T, measurements were made by first saturating one of the two lines
from the D(1) sites, then waiting a time ¢ before obtaining the rzsponse for this line. The
increase of signal height with ¢ for this unsymmetric saturation usually has two time



constants. The first (P, + 2P,)"! is designated 7, and is the only time constant for
symmetric saturation which gives relaxation for which the populations of the m == 0 and
m = 1| states have a Boltzmann distribution at all times. The other (3P,) ! governs the
approach to a Boltzmann distribution. Here P, and P, are the A4m =1 and dm = 2
transition probabilities, respectively, and P, = 0 for the dipolar relaxation caused by
hindered rotation of the ND,H,_, groups. These time constants are for relaxation of
the D(1) deuterons at temperatures for which the ND, hindered rotation time 7, is large
compared to T, while for the opposite case the average over sites (1) and (2) is obtained.
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F1G. 1. Temperature dependence of the "Li spin-lattice relaxation rate at 14 MHz in LiN;HsS8O, and
mostly deuterated LiN,;D,SO,.

For the intermediate case ¢, ~ T there are four time constants, given by expressions
detived for the mathematically equivalent situation of interbond jumping in KD,PO,
(15).

The experimental results are plotted in Fig. 1 for the "Li relaxation in LiN,H;SO, and
mostly deuterated LiN,DsSOy, and in Fig. 2 for the longer time constant for the D(1)
relaxation in the latter crystal. The activation energies obtained from the slopes of these
curves agree within experimental error with the previously determined activation
energies for hindered rotation of the NH? groups (6) and ND? groups (8).

At 170°K where the D(1) 1/T peak occurs, the ND, rotation time calculated from
t, = 2.2 x 10714 sec exp(0.50 eV/kT) is 10 sec. This value is sensitive to errors in the
activation energy and preexponential time determined from previous ND, deuteron T}
measurements (8), so that one can only say that 7, ~ T; at the 1/T, peak. In light of the
previous discussion, it is accordingly not known whether the time constants at the peak
are for D(1) sites, averages over D(1) and D(2) sites, or composites of ¢,, P,, and P,.



A comparison is made in Table 1 of experimental peak 1/7’s with calculated peak
values for the dipolar relaxation inechanism. At the peak, the factor 7o/(1 + w?73) =
1/2w in Eq. [11], so that no uncert 1in factors appear in the calculated peak values. For
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FiG. 2. Temperature dependence of the deuteron spin-lattice relaxation rate at 14 MHz in mostly
deuterated LiN,D;SO,4. Open and filled circles are previous results fcr ND% and ND, deuterons
respectively [Ref. (8)]. Triangles represent present results for the D(1) site (to right of peak) and an
average over the D(1) and D(2) sites (to left of peak), for the slower component of the relaxation.

the 7Li relaxation in both crystals the agreement is nearly w thin experimental error.
For D(1) the calculated relaxation rate is too slow by a factor of two. This factor seems
too large to be caused by the uncertainty in the nature of the quantity labeled 7. It is



TABLE 1

COoMPARISON OF MEASURED PEAK 1/T}"s WiTH VALUES
CALCULATED FOR DIPOLAR RELAXATION

Percent Nucleus Peak 1/7T (sec™)
deuteration  and site  Calculated Measured

0 "Li 1.350 .84

100 "Li 0.085 —
81 "Li 0.325 0.434
81 D(1) 0.114 0.250°
81 D(2) 0.019 —

@ See discussion in text.

possible that quadrupolar relaxation occurs in this mixed crystal because of slightly
different dimensions for bonds containing deuterons. Such differences cause a different
efg tensor for 7Li in the deuterated crystal (/6) compared to the normal crystal (4). If
the efg fluctuations at D(1) and D(2) caused by hindered rotation of ND,H* and NDH?%
groups are assumed to have magnitude equal to the change in efg at the "Li site upon
deuteration, an order-of-magnitude calculation gives quadrupolar relaxation of the
required magnitude for these deuterons. Another possible cause of this discrepancy is
the neglect of the x and y components of the magnetic moments causing the fluctuating
fields. These can be important for the ND, deuteron relaxation because the frequencies
of the ND; and ND, deuterons differ only because of relatively small quadrupolar
splittings. The smaller 7Li 1/T, discrepancy probably has this latter origin.

In conclusion, it appears that in crystals in which hindered rotation without charge
redistribution occurs for rotators such as H,O, NH,, NH%, and NH*, the relaxation of
nearby fixed nuclei is often dipolar even if these nuclei possess quadrupole moments.
Because the peak relaxation rate is exactly calculable and varies linearly with isotopic
composition of the rotating group, it is possible to make quantitative determinations of
isotopic composition from 7, measurements. Because the deuteron’s magnetic moment
is much smaller than the proton’s, this method is particularly sensitive for detecting
small percentages of protons in deuterated crystals.
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