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Nuclear quadrupole spin-lattice relaxation mechanism due to 
reorientation of the molecular fragments between unequal 
potential wells in a crystal 
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A comparative analysis is made of the effectiveness of the magnetic and quadrupole modulation 
mechanisms of spin-lattice relaxation for quadrupole nuclei following reorientation of a neighboring 
molecular fragment that moves between equilibrium positions separated by unequal potential barriers. 
The results of the analysis are used to interpret the experimental data obtained for T,(T) in a 
CL3P = NCCI(CF3), crystal by the method of nuclear quadrupole resonance on the chlorine nuclei of a 
CCI(CF3), fragment moving in a $tentid with unequal wells and of the PCl, group that is nonvalently 
bound to this fragment. 

PACS numbers: 76.60.h 76.60.G~ 

The reorientation motion of atom groups in a crystal add=7,gAa 
2 (IS~)r?-3(1rJ (9,s) - f(r,, 0,, vf) .  

can act on the relaxation of neighboring nuclei by r ll (1) 
f 

modulating either the magnetic or the electric interac- 
tions. For reorientations in an "equal-well" potential, 
it was shown in a number of cases1" that modulation of 
the electric quadrupole interaction with the moving 
neighbors leads to a more effective relaxation mechan- 
ism for nuclei with large quadrupole interactions (halo- 
gens in covalent bonds, in contrast, e.g., to nitrogen 
nuclei5). The purpose of the present paper is to eluci- 
date the distinguishing features of various modulation 
mechanisms and their effectiveness in reorientation 
motion of atomic groups between unequal potential wells. 
The modulation due to "unequal-well" motion was ob- 
served by us experimentally in the crystal C1,P 
=NCCl(CF,),. In this compound one observes the in- 
fluence of reorientational motion of the asymmetrical 
fragment CCl(CF,), between three equilibrium positions 
separated by unequal potential barriers,  on the spin- 
lattice relaxation of the chlorine nuclei in the PC1, 
group.' Therefore in the exposition that follows all 
the concrete numerical estimates that follow from the 
theoretical analysis a re  made by us for chlorine nuclei 
(spin 3/2) and a r e  valid for a large class of chlorine- 
containing compounds. 

1. MODULATION OF MAGNETIC DIPOLE-DIPOLE 
INTERACTONS 

Let a nucleus with spin I and nonzero electric quad- 
rupole moment be coupled to n neighboring magnetic 
nuclei having a spin S and a magnetic dipole-dipole in- 
teraction described by the Hamiltonian 

Here Y ' ,  B ' ,  cp, a r e  the polar coordinates of the radius 
vector r, joining the quadrupole nucleus with the ith 
magnetic nucleus in the system of the principal axes of 
the tensor of the electric field gradient (EFG) a t  the 
quadrupole nucleus. If the cause of the nuclear spin- 
lattice relaxation a re  random modulations of this inter- 
action, which result from the reorientational molecular 
motions, then the probability of the relaxation transi- 
tion between states m an! m' for a quadrupole nucleus 
with 1 = 3/2 is given by7 - 

W,,.=K g,,.(r)exp(-io,~)dr, 
-- 

(2 

where gm,.=Sp&"mm,(0)~mmm(~) is the correlation func- 
tion (the summation under the spur sign is carried out 
over all the states of the magnetic nuclei), w, =277vQ, 
vo is the frequency of the nuclear quadrupole resonance 
(NQR) of the considered nucleus. 

In analogy with Ref. 5 we can obtain for the probabil- 
ities W and W of one-quantum and two-quantum transi- 
tions, respectively, in the general case of arbitrary 
EFG symmetry, the expressions 

9 i y sin' 0, cos' 0, w - ( I - - -  - 1 + q 2 / 3 ) 7 $ 1  r.' F, 

where 11 is the asymmetry parameter of the EEY; tensor, 
F is a function of the dimensionless parameter wort, 
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T, is  the correlation time of the motion in which the 
magnetic nuclei take part. The spin-lattice relaxation 
time for nuclei with spin 3/2 is given by 

Depending on the form of the molecular motion, we 
can consider several concrete situations. 

a)  In the simplest case of reorientational motion of 
magnetic nuclei between several  equilibrium positions 
separated by equal potential wells ,5 

b) When the magnetic nuclei jump over between two 
equilibrium positions A and B characterized by potential 
wells of unequal depth (E, - E, = A ,  where E ,  and E, 
a re  the corresponding potential  barrier^),^ 

Here PA and P, a re  the stationary probabilities that the 
reorienting group of atoms will stay in the positions A 
and B (here P,/P, =eO/R '), 7;' =rZ +T;; ( 7 2  and T,-,' 

a re  the probabilities of jumps from positions A and B). 

c) In the case of reorientational motion between three 
positions, two of which correspond to potential wells of 
equal depth [position (B)] while the third (A) corresponds 
to a well deeper by an amount A, the separating bar- 
r i e r s  having only two values, E and E + A  (two-param- 
eter model of three-well potentials), 

@~TTI We7cr F-QPAPa --;7 + 3Pa 7, 
I+% tt i + e ~  TCZ 

(8) 

where 

To determine the contribution of the considered 
mechanism to the relaxation ra te  it is necessary to 
carry out a comparative estimate of the quantities in 
(3) and (4). It can be shown first  that in our case 
(chlorine nuclei) the probability of one-quantum relax- 
ation transitions is much higher than the probability of 
two-quantum transitions, (i.e., W, >> W,). At all values 
of the asymmetry parameter of the EFG tensor (0 cq 
s 1) the ratio 

ranges from infinity to 10. For the usual values (in the 
case of monovalent chlorine atoms) qzO.1 this ratio is 
-10'. in addition, it can be easily verified that the t r i -  
gonometric functions of the angles 8 ,  which a r e  not 
equal to zero in (3), a re  always larger than in (4). 
Thus, in this case the magnetic modulation mechanism 
can lead to a substantial contribution to T;' only on ac- 
count of one-quantum trans ition. 

A numerical estimate of the coefficient of F in expres- 
sion (3) for W, in the case of dipole-dipole interactions 
of magnetic (e.g., 'H, l g ~ )  and quadrupole (35C1) nuclei 
leads to relatively small values of this coefficient (cf. 
the estimates in Sec. 2). Thus, at 0 - 30"-90" and a t  r 

not less than 1-2 it is of the order of (10'-lo-') sec. 

To continue the estimate we must analyze the func- 
tions F in the three mentioned situations. In case (a), 
the maximum value Fmax= 1 is obtained a t  W ~ T ,  = 1. Both 
for w~T,<< 1 (high-temperature limit) and for W~T,>> 1 
(low temperature limit) we have F<< 1. In cases (b) and 
(c), when the equilibrium position is characterized by 
different potential barr iers  (A > O), the maximum of the 
function F decreases. At large A (A >>RT) we have F,, 
= 4e-uR in case (b) and F ,,,= 5.5e in case (c). 

Thus, for the considered mechanism of relaxation of 
quadrupole nuclei when the magnetic neighbors move in 
an equal-well potential (case a) the values of W,,, lie 
in the range 10,-lo-' sec-'. If the motion is between 
substantially unequal wells (cases b and c) the values of 
W,,,,would be only 10-l-lO's sec-' even at A/RT = 5. 
In thiscase Tl,a,would be of the order of 10'-lo3 sec, 
much higher than the customarily observed values. 
Consequently the contribution of the magnetic modula- 
tion mechanism to the relaxation of quadrupole nuclei is 
negligibly small  in this case compared with the libration 
mechanism due to fluctuations of the mean squared 
amplitudes of the rotational swings of the  molecule^.^^ 

2. MODULATION OF THE ELECTRIC FIELD 
GRADIENT AT A QUADRUPOLE NUCLEUS 

The relaxation mechanism connected with modulation 
of quadrupole interactions of a resonant nucleus, and 
f i rs t  considered for equal-well motion by Woessner and 
Gutowsky," presupposes fluctuations of that small  part 
of the EFG which is  produced by a mwing atomic group 
in the neighborhood of the quadrupole atom. If we re-  
gard a s  a perturbation that nonsecular part of the Ham- 
iltonian &qt) which is connected with the indicated frac- 
tion of the EFG (relative to the principal Hamiltonian 
&P,), then in the case of nuclei with spin 3/2 we can ob- 
tain the following expression for the transition prob- 
abilities": 

where q,, and q,, are the transition-inducing compo- 
nents of the EFG tensor, due to the perturbation, a t  
the nucleus with the quadrupole moment Q. The real  
par ts  of the correlation functions, say in the case of 
motion between potential wells A and B of unequal depfh 
(case b of the preceding section) can be represented 
in the form 

where a , ,  and b , ,  a r e  certain constants that depend on 
the polar coordinates of the mwing nuclei (in the refer- 
ence frame of the EFG tensor axes). Using expressions 
(5), (lo), and (1 1) we obtain 
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where a = A/RT, T ; ' = T ~  +T:;. 

In the particular case of wells of equal depth (A = 0) 
expression (12) goes over into the Woessner-Gutowsky 
equation1': - 

i e'Q' 70 
Ti-' =--(4b,+bx)- - 12 A' ~ + O ~ ' T ~ '  ' 

where b,=(lfi',(~)l?. 

If we introduce the notation 46, + b2 = (q')2, where fi" 
stands for the fraction of the EFG produced a t  the quad- 
rupole nucleus by the moving group, then, since tiwo 
= e ~ q / 2  (q is the z-component of the total axisymmetric 
EFG tensor at the quadrupole nucleus), expression (12) 
reduces to 

It is impirtant that the function F is the same a s  in the 
preceding section [relations (6)-(8)], so  that all the con- 
clusions concerning its dependence on the degree of in- 
equality of the potential-well depths remain in force 
here too. Consequently, the analysis of the possible 
contribution of the considered mechanism to the relax- 
ation of the quadrupole nuclei reduces to an estimate of 
the quantity a ~ ~ ( q ' / ~ ) ~ .  If we assume that a reasonable 
ratio of the modulated and principal z-components of the 
EFG tensor (q'/q) is 0.01-0.10 (Ref. l l ) ,  then a t  v, 
r~ 30 MHz (resonance of ,Y!l nuclei in organic-compound 
crystals) this coefficient ranges from 6 x  lo3 to 6 x  lo6 
sec-', higher by several orders of magnitude than the 
analogous coefficient of F in the preceding section. 
Thus, in the case of relatively large values of A (com- 
pared with RT) the contribution of this mechanism to 
the relaxation is much larger than the contribution of 
the magnetic modulation mechanism. This circum- 
stance leads to the conclusion that the foremost factor 
that must be taken into account in the interpretation of 
the relaxation data for quadrupole nuclei in crystals, 
in which there is unequal-well reorientational motion 
of atomic groups adjacent to these nuclei, a r e  the fluc- 
tuations of the quadrupole interactions, i.e., the modu- 
lation of the EFG at  the considered quadrupole nucleus. 

3. EXPERIMENTAL RESULTS 

The effect of unequal-well reorientation motion of a 
molecular fragment on the spin-lattice relaxation of a 
neighboring quadrupole nucleus was observed by us ex- 
perimentally in the crystal C1,P =NCC1(CF3),. We in- 
vestigated in this compound the spectra of the quadru- 
pole resonance of the S5C1 nuclei that enter in the 
chemical bonds C-C1 and P-C1 (see Refs. 12 and 13 for 
the resonant frequencies of these nuclei at 77 K). The 
measured temperature dependences of the NQR frequen- 
cies and of the spin-lattice relaxation times obtained by 
using the procedure described in Ref. 14 a r e  shown in 
Figs. 1 and 2. 

For the chlorine nuclei in the C-C1 bonds we have ob- 
served above 77 K an exponential dependence of the time 
T, on the temperature (curve 1 of Fig. 2) and a fading 
of their resonance signal at T =  125 K (Fig. I ) ,  attesting 

v ,  MHz 
37.6k 

FIG. 1. Temperature dependence of NQR frequencies of " ~ 1  
in Clap= NCC1(CF3)2 crystal: 1-C -C1 bond, 2-4-P-C1 
bond. 

to the presence in this crystal of a reorientational pro- 
cess, which may be only the reorientation of the asym- 
metrical fragment CCI(CF,), around the C-N bond. This 
is proved both by the behavior of the resonating chlorine 
nucleus in this fragment and by the behavior of the 
chlorine nuclei in the PCl, group, namely, the fact that 
the resonance signal fade for them only at a tempera- 
ture near 190 K is evidence of the absence of reorien- 
tational motion of the entire molecule in the tempera- 
ture interval 77-125 K of interest to us. An analysis 
of the results of NMR of 19F (Ref. 6) has shown that a t  
these temperatures there is likewise no noticeable CF3- 
group motion capable of acting on the relaxation of the 
chlorine nuclei of the fragment CCl(CF,),. 

The specifics of the chemical structure of the 
CC1(CF3), fragment suggest that its reorientations have 
three equilibrium positions (rotational conformers), 
separated by potential barr iers  of different height. 
This agrees with the NMR data for lgF (Ref. 6), which 
exhibit singularities typical of motion in an unequal- 
well potential8vg: unusually large values of Tl (including 
T,,,,), and substantial delay of the observed tempera- 
ture change of the second moment of the absorption 
line. 

The plot of T,(T) for one of the chlorine nuclei in the 
PC1, group is shown by curve 2 of Fig. 2 [this curve 
corresponds to line 2 of Fig. 1; for the two other chlor- 
ine nuclei of the PC1, group the plots of T,(T) a r e  simi- 
lar  and very close to curve 21. The temperature depen- 
dence of T, in this case has a complicated character 
that can be attributed to a superposition of three relax- 
ation mechanisms that made different contributions a t  
different temperatures: 1) the libration relaxation 

FIG. 2. Temperature dependence of time TI of spin-lattice 
relaxation for 3 5 ~ 1  nuclei in Cl,P= NCC1(CF3), crystal (the 
numbers correspond to those of Fig. 1). The solid curve 2 
was calculated from expressions (16) and (17) using the pa- 
rameters cited in the text. The points show the contributions 
made to Ti by the liberation (a), modulation (b), and reorien- 
tation (c) relaxation mechanisms. 
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mechanism, which is the most effective a t  tempera- 
tures below -85 K; 2) the modulation mechanism, 
which manifests itself in the region 80< T <  130 K, and 
3) the reorientation mechanism (reorientation of the 
PC1, groups, which leads to vanishing of the NQR signal 
near 190 K), which prevails over the f i rs t  two a t  T 
> 130 K. In this case 

=aTn+ (+)md+b exp - - ., ( 

where Vo is the potential barr ier  for the reorientations 
of the symmetrical group PC1, between the three equil- 
ibr ium positions with identical potential energy. 

The modulation mechanism of relaxation is undoubt- 
edly due to the reorientational motion of the asymmetri- 
cal fragment CCl(CF,),. To analyze the contribution of 
this mechanism to the relaxation ra te  of the chlorine 
nuclei of the P-C bonds we must know the shape of the 
potential surface for the reorienting asymmetrical 
fragment. It must f irst  be assumed that the two meta- 
stable positions of the CC1(CF3), group a re  practically 
equivalent and their potential-well minima have identical 
energy; the potential well for the their position is deep- 
e r  by an amount A>>RT, a s  follows directly from the 
NMR data for lgF (Ref. 6). It can be furthermore as- 
sumed that the potential barr iers  between the equilib- 
rium positions a r e  produced to a considerable degree 
by intermolecular contacts between the given fragment 
and the chlorine atoms of the PC1, group of the neigh- 
boring molecule. This conclusion follows from the fact 
that the influence of the modulation on all  three chlorine 
atoms in the PC1, group is the same, something that 
can hardly be expected in the case of predominantly 
intramolecular nonvalent interactions. The important 
role of the intermolecular nonvalent contacts in the 
formation of the potential barr iers  allows us to choose 
a s  the first  approximation the very simple potential 
surface considered theoretically by Andersong: one of 
the potential wells is A deeper than the other two, and 
the barriers that separate them have values E and E 
+A. Then in accord with the exposition in Secs. 1 and 
2 [Eq. (15) with account taken of (8), (9), and A>>RT], 
the modulation contribution to the relaxation rate (16) 
can be expressed in the form 

a*(qr/a)'  { 3wqr. exp (E /RT)  (k)rn&= exp ( A / B T )  i + [ w q r .  e x p ( E / R ~ )  1% 
+ '/,o,zp exp (EIRT) 

l+[ ' / ,wqr ,  exp (E /RT)  l 2  

where oo =2nvQ and v, is the resonant frequency of the 
35C1 nucleus in the P-C1 bond. 

The parameters corresponding to Eqs. (16) and (17) 
can be obtained with a computer with sufficient accur- 
acy. The solid curve 2 (Fig. 2), which describes the 
experimental points, was obtained for the following 
values of the parameters (relative e r r o r  -5%): 
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FIG. 3. Effect exerted in T,(T) by deviations from the optimal 
parameters cited in the text (solid curves), which determine 
( T ; ~ ) , ,  for the 3 5 ~ 1  nuclei in the P-Cl bond. Curves 1 and 2 
were calculated respectively for A=2.14 and 1.74 kcal/mole (a), 
2.50 and 2.10 kcal/mole (b), and q l / q =  0.04 and 0.06 at optimal 
values of the remaining parameters. 

The dashed curves in Fig. 2 show the contributions of 
the three individual relaxation mechanisms (16), cor- 
responding to  the given parameters. The obtained 
values of the parameters a r e  reasonable, and the values 
of E, A ,  and r0 agree well with the values obtained 
from independent experiments. For example, the re-  
duction o f the  T,(T) function for the chlorine nuclei in 
the C-C1 bonds (Fig. 2, curve 1) yields directly the 
value of the smallest potential barrier E = 2.4 0.1 
kcal/mole; the values of E and A obtained from the re -  
duction of the experimental data for the 19F nucleis are  
respectively 2.2 and 2.0 kcal/mole. 

Figure 3 shows the influence of deviations from the 
optimal choice of the parameters E, A, and q'/q (which 
determine the modulation contribution to the ra te  of 
spin-lattice relaxation of the chlorine nuclei in the 
P-Cl bonds) on the accuracy of the approximation of the 
experimental data. As seen from the figure, the sen- 
sitivity to the choice. of these parameters is very high 
and can serve a s  an estimate of the accuracy with which 
they a r e  determined. 

Thus, a theoretical analysis of the quadrupole modu- 
lation mechanism of spin-lattice relaxation in reorien- 
tation of a molecular fragment adjacent to a quadruple  
nucleus and moving between unequal potential wells 
makes it possible to obtain the parameters that charac- 
terize the unequal-well reorientation process. The re-  
sults of this analysis have made it possible to investi- 
gate, for the f i rs t  time ever, the NQR method for an 
experimental study of reorientational motion of this 
type. 

The authors thank E. S. Kozlov for supplying the C1,P 
=NCC1(CF3), sample for the study. 
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Interaction potential between small neutral particles and 
spherical or cylindrical surfaces 
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Exact expressions for the interaction potential of a neutral particle with the surfaces of a spherical 
particle or pore, of a cylindrical filament or channel in matter, is obtained on the basis of the general 
theory of van der Waals forces for arbitrary distances from the particle to the surface. Simple analytic 
expressions are obtained for the potential near the center of a pore or near the axis of a cylindrical 
channel, near the surfaces or at large distances from them, in the case when retardation is neglected, or 
in the opposite limiting case. 

PACS numbers: 68.90. + g 

The van der Waals interaction of neutral atoms, 
molecules, and small particles with condensed-phase 
surfaces is important for the calculation of many sta- 
tistical and kinetic characteristics: the adsorption en- 
ergies of individual atoms, the chemical potential of an 
adsorbed layer, the thermodynamics and kinetics of a 
gas in pores and capillaries in solids. For plane sur- 
faces the potential was considered in Refs. 1 and 2. 
These calculations were used to obtain the adsorption 
energy of inert-gas atoms on plane metallic surfaces.= 
Since the curvature of the surface is essential in many 
cases (micropores, microcapillaries, small particles 
or  filaments of radius -loq-10" cm), the dependences 
of the interaction potentials on the surface geometry 
were obtained for the particular case when the retarda- 
tion is neglected.&% 

sphere of radius r .  The dielectric constant of this gas 
is cS = 1 +4ran. In a spherical layer of radii R and r 
we have vacuum (c, = 1). The sphere of radius R has 
dielectric constant c. Consider the work that the gas 
performs when its boundary i s  displaced by Ar .  On 
the one hand 

Here AU@,?',~) is  the force acting on a unit interface, 
and is equal to the discontinuity of the normal conten- 
tion of the s t ress  tensor of the fluctuating electromag- 
netic field.lS5 On the other hand, neglecting the inter- 
action between the gas particles 

Comparing (1) and (2) we get 

The purpose of the present paper i s  to construct the 
van der Waals interaction potential U (r)  of neutral mole- 
cules with spherical and cylindrical surfaces in the 
general case. We use here our earlier results on the 
thermodynamics of thin films on spherical and cylin- 
drical  surface^,^'^ and the reasoning proposed by Q*GE R E  

~ z ~ a l o s h i n s k i i ,  E. Lifshitz, and ~i taevskir l  for planar 
a b surfaces. 

FIG. 1. a) Small particle with polarizability o! a t  a distance r 
Consider, for example the interaction of molecules from the center of a sphere (from the axis of a cylinder) of 

with a spherical particles of radius R (see the figure). radius R with dielectric constant E. b) The same particle in- 
We imagine that the molecules form a rarefied gas of side a spherical (cylindrical) cavity of radius R in a medium 
density n, filling the volume of the space outside the with dielectric constant E. 
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