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ABSTRACT 

The 35C1 NQR frequency v and the spin-lattice relaxation time Z’, have been investigated in 
solid tetrachlorophosphoranes CsHr,PC1,,, 4-ClC,H,PCl, and 2,6-Br,-4-ClCsH,OPCl, at temper- 
atures from 77 K to the melting points. The fading of the NQR signals and the exponential short- 
ening of the T1 time for the chlorine nuclei in the P-Cl bonds show the existence of the exchange 
motion (pseudorotation) in these solids which involves three or four chlorine atoms correspond- 
ing to their interactions with the environment. The activation energies of the motion are found 
to lie in the range 40-70 kJ mol-‘. 

INTRODUCTION 

Pseudo-rotation [l] is an intramolecular motion consisting of the spatial 
rearrangement (exchange of positions) of ligands bonded to a multicoordi- 
nated central atom, the rate of such a motion increasing exponentially with 
temperature. Pseudorotational motion was first observed by means of the NMR 
method in the liquid and gas phases of pentafluorophosphorane [2], later in 
the liquid phase and in solutions of a number of compounds of pentacoordi- 
nated phosphorus. The results of these investigations show the activation en- 
ergy of the motion in question to vary somewhat for different substances but 
not to exceed 80-85 kJ mol-’ which makes it probable that pseudorotational 
motions in the solid phase are also possible. In fact, such motions were ob- 
served in the crystalline dimer compounds (Cl,PNR), using the 35C1 NQR 
method [ 3,4] ; the corresponding values of the activation energy were found to 
be not greater than 60-100 kJ mol-‘, which shows that the pseudorotation 
rates amount to values registered by the NQR method near room temperatures. 

This paper presents the results of an NQR study of pseudorotations in solid 
tetrachlorophosphoranes RPCl, (R=Ar, OAr); these substances are the 
chlorinated analogues of the classic subjects for the investigation of this kind 
of motion in liquids. 
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EXPERIMENTAL 

Temperature dependence of the NQR frequencies v and the spin-lattice re- 
laxation time T, for the 35C1 nuclei is studied in three phosphoranes: C6H5PC14 
(I), 4-Cl&H,PCl, (II), and 2,6-Br2-4-C1*CsH20PC14 (III) using the pulse 
NQR spectrometer and the nitrogen gas cryostat in the temperature range 
from 77 K to the sample melting points (344,350 and 390 K respectively). The 
experimental techniques and the data processing were described earlier [ 41. 
The 35C1 NQR frequencies measured in I and II at 77 K coincide within the 
bounds of experimental error with those obtained in refs. 5 and 6. The spec- 
trum of III is observed for the first time by us (see ref. 7). 

RESULTS AND DISCUSSION 

The 35C1 NQR spectra of the P-Cl bonds in the crystals of I and II are similar 
to one another (see Table 1) . In each case two low-frequency (24-25 MHz) 
lines belong to the chlorine nuclei in two different axial bonds P-Cl,,, two lines 
in the range of 33 MHz are due to the chlorine nuclei in the crystallographically 
nonequivalent equatorial bonds P-Cl,, (the upper line, - 36 MHz, in II be- 

TABLE 1 

35C1 N&R spectra and the parameters of eqns. (1) - (3) for the crystalline compounds C,H,PCl, 
(I), 4ClC,H,PCl, (II) and 2,6-Br,-4-ClC,H,OPCl, (III) 

Corn- Nucleus 77 K T? ax104 n b 
pound (K) (s-l K-“) (s-i) $I mol-‘) 

II Cl,, 25.068 0.74 275 

CL 25.546 0.71 275 

CL, 33.491b 0.31 275 

CL, 33.845 0.37 275 
4x1 35.238 0.40 - 

III Cl,, 

CL 

Cl,, 
4-Cl 

24.611 0.53 270 
25.515 0.54 270 
33.584 0.20 270 
33.743 0.29 270 

27.495 0.41 380 

29.382 0.24 270 

33.302 0.23 270 

36.302 0.45 - 

0.483 2.45 1 
0.398 
4.59 

;‘;; 4.12x lo’=’ 53.5 

2.19 . i 2.23 

3.42 2.03 

6.48 1.89 9.61x1O’2 68.2 
9.48 1.89 

10.1 1.88 1.39 10’2 x 41.4 

3.44 2.01 

“The fade-out temperature. 
bThe authors of [ 5 ] give the value of 33.420 MHz. 
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longs to the 35C1 nuclei in the C-Cl bonds). These spectra show that the mol- 
ecules of I and II have no symmetry elements and the aromatic radicals are in 
the equatorial position. However, in compound III two equatorial chlorine nu- 
clei give a single line (33.302 MHz at 77 K, double intensity compared with 
other lines); this fact is evidence for the existence of the molecular plane of 
symmetry passing through the oxygen and chlorine atoms of the trihalogen- 
phenoxy radical (the O-P bond being in the equatorial plane) and through two 
axial chlorine atoms. A considerable nonequivalence of the axial chlorine at- 
oms, which is expressed by a large difference in frequency of the two lower- 
frequency lines (27 and 29 MHz), is due to the fact that the angle POAr < 180”. 
The resonance line about 36 MHz (like the crystal II) belongs to the chlorine 
nucleus in the aryl radical. 

The character of temperature variation of the NQR frequency and the re- 
laxation time T1 for the chlorine nuclei in the analogous chemical bonds is the 
same in all three crystals. As an example we shall consider the results obtained 
for the crystal III. As a result of the heating of this crystal, the resonance lines 
belonging to the chlorine nuclei in the axial and equatorial P-Cl bonds fade 
out, the 35C1 signal from one axial P-Cl bond fading out appreciably later than 
the 35C1 signals from the other P-Cl bonds (Fig. 1). In all the cases, the fading 
of the signals follows the exponential shortening of the relaxation time Tl which 
begins somewhat previously (Fig. 2). This fact indicates that the axial and 
equatorial chlorine atoms participate in a thermoactivated jump motion of the 
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Fig. 1. Temperature dependence of the 35C1 NQR frequencies: (I) 2,6-Br,-4-ClC,H,OPCl,; (2) 4- 
CICsH4PC14; (3 ) CsH,PCl,. The letters a and e mark the axial and equatorial positions of chlorine 
atoms in the molecules, p marks the paru position of chlorine atom in aryl radicals. 
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Fig. 2. Temperature dependence of the ?l TI time in crystal 2,6-Br,-4-C1C,H20PC1,: (1) Cl,, 
(27MHz); (2) Cl,, (29 MHz); (3) Cl,,; (4) 4-Cl. 

Arrhenius type. The jump motion is not the reorientations of the molecule as 
a whole. Indeed, the NQR signal from chlorine nuclei in aryl radicals is ob- 
served up to the sample melting and its T1 (5”) dependence reveals only the 
usual power law (Fig. 2, Table 1) for molecular crystals which is caused by the 
molecular librations. Thus the observed thermoactivated process involves only 
the P-Cl bonds and is a position exchange of the pseudorotation type. The 
experimental results show that in the crystal III there are two exchange mo- 
tions: less hindered, in which two equatorial and one axial chlorine atoms par- 
ticipate, and more hindered, in which the second axial chlorine atom takes 
part. Obviously, the former motion is similar to the exchange process in the 
(Cl,PNR), crystals [4] which takes place by “the trigonal twist” mechanism 
[ 11. The latter motion is most probably a simultaneous exchange of all four 
chlorine atoms. 

The character of the T1 (7’) dependence for the chlorine nuclei in the axial 
and equatorial P-Cl bonds is due to the effects of two independent additive 
mechanisms: the librations of the molecule as a whole and the above-men- 
tioned exchange motion (Fig. 2 ) 

tTll)exp= (Tll)libr+ tTll)exch (1) 

where 

(Tcl)lisr=UT” (2) 

(Tll)exch= bXexp( -E,/RT) (3) 

The Arrhenius contribution (3), which is most interesting, can be found by 
subtracting the a x T” contribution from the experimental T Al (T) depen- 
dence (the ax T” law is easily determined from the low-temperature part of 
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experimental curves where it dominates). The result of the subtraction is shown 
for the crystal III in Fig. 3 by two groups of points: A and D. 

The least-squares fitting of the data obtained according to the rule men- 
tioned above with relation (3 ) (see straight lines on Fig. 3) gives the values of 
the activation energy E, for the chlorine position exchange (Table 1) . The high 
value of E, for the rearrangement involving the low-frequency axial chlorine 
atom in the crystal III (see Table 1) is accounted for by the interaction of this 
atom with trihalogenphenoxy radical which creates additional hindrances to 
the exchange motion. 

The exchange motion is also observed in solid tetrachlorophosphoranes I 
and II where it leads to the simultaneous fading of the 35C1 NQR signals from 
all the P-Cl bonds (as in the crystal III, the observation of the NQR signal 
from the C-Cl chlorine nuclei up to the sample melting and the power law of 
the temperature dependence of spin-lattice relaxation rate for these chlorine 
nuclei in the crystal II give evidence for the absence of the reorientations of 
the molecule as a whole). The temperature dependence of the exchange con- 
tributions in T 1’ ( T) in the crystals of I and II is shown in Fig. 3 (the straight 
lines B and C ) . As is seen from Fig. 3, in this case the exchange contributions 
are equal for all the axial and equatorial P-Cl chlorine nuclei, i.e. these atoms 
participate simultaneously in the same motion which makes them indistin- 
guishable. The last circumstance makes it impossible to accept the existence 
of the reorientations of the PC& fragment by a 180” turn around the P-Ar 
bond. 

The activation energies E, which are obtained for the exchange motion in 
the crystals I and II using the experimental data processing with eqs. (l)- (3) 
are shown in Table 1. 

10’ I 
I I/ I1I )I, I , , , , 

2.8 3.2 " 4.2 
103/T,K-' 

1.6 5.0 

Fig. 3. Temperature dependence of the exchange contribution to the 35C1 spin-lattice relaxation 
rate in crystals: (A,D) 2,6-Br,-4-ClC$H,OPCl,; (B) 4-ClCsH,PCl,; (C) C,H,PCl,. (1) Cl,, (low- 
frequency line); (2) Cl., (high-frequency line); (3) Cl,, (low-frequency line); (4) C4, (high- 

frequency line ) . 
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All the data reported above lead to the conclusion that the 35C1 NQR method 
makes it possible to reveal the intramolecular rearrangements (the exchange 
motion of the pseudorotation type) of the chlorine atoms in crystalline te- 
trachlorophosphoranes. It is found that the exchange motion in the solid phase 
of these compounds can involve three or four ligands corresponding to their 
intra- and intermolecular interactions with the environment. 
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