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On measuring second order quadrupole effects in 127I solid state NMR, new anomalous tem-
perature coefficients of the quadrupole interaction were observed in tetraphenylphosphonium-, 
tetraphenylarsonium- and tetraphenylstibonium metaperiodate. The relevance of possible mecha-
nisms like breakdown of d^ — b a c k b o n d i n g , negative pressure coefficients, charge transfer, 
orientational change of the electric field gradient tensors, and influence of reorientational 
motions is discussed for these compounds. 
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1. Introduction 

A small number of substances shows N Q R frequen-
cies v or quadrupole coupling constants e2qQ/h with 
positive t empera tu re coeff icients a = (1/v) ( d v / d T ) p 

in certain t empera tu re ranges. This behaviour , 
which is in contradict ion to the original Bayer 
theory [1], is called anomalous t empera tu re depen-
dence. The initial theory [1] neglects all t empera tu re 
dependent vo lume effects. Al though the most im-
portant parameters of this theory, part icularly the 
moments of inert ia and the lattice f requencies 
depend on volume, the isochoric term ( 9 v / 9 T ) v is 
there described only. 

Kushida, Benedek and Bloembergen (KBB) [2] 
finally found the correlat ion between the tempera-
ture dependence of the N Q R frequencies v at con-
stant volume, the so called Bayer term ( 9 v / 9 T ) y , 
and the term at constant pressure ( 9 v / 9 F ) p , which is 
experimental ly much more easily accessible than 
the Bayer term: 

( a r l / r l a J / l s r l (i) 

with 
9 V 

k U F 

XT=~ — 
9 V 

V \9 p 

thermal expansion 
coefficient , 

isothermal compressibi l i ty 
coefficient . 

Diff icult ies using this theory are arising, however, 
because for many N Q R investigations most of the 
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necessary parameters are not available or only ac-
cessible by considerable experimental effort . 

Presently a comprehensive discussion of the 
anomalous temperature coefficients of q u a d r u p o l e 
coupling constants is not possible because special 
intra- and intermolecular interactions appea r to be 
the origin of these effects. The most impor tant 
possibilities considered until now are: 

(a) the breakdown of dn-pn backbonding [3, 4] 
(b) the occurrence [5] of sufficiently large negative 

pressure coefficients (9v/9p) T 

(c) charge transfer f rom n- to a-orbi tals of adjacent 
a toms [6, 7] 

(d) cont inuous orientational change of the principal 
axes system of the electric field gradient ( E F G ) 
tensors qik [ 8 - 1 2 ] 

(e) influence of reorientational motions [13 —18]. 

On measur ing second order quadrupo le effects in 
l27I solid state N M R we observed new anomalous 
t empera ture coefficients of te t raphenylphospho-
nium- (1), te t raphenylarsonium- (2), and tetra-
phenyls t ibonium metaper ioda te (3). The compounds 
(1) and (2) show this anomalous behav iour af te r a 
phase transition detected by the typical change of 
the quadrupo le coupling constants in the l27I N M R 
powder spectra. (3) has no phase transit ion in the 
whole tempera ture range measured. 

With the main mechanisms listed above the 
anomalous tempera ture effects will be discussed. 

2. Experimental 

2.1. Instrumental ion 
The quadrupo le coupling constants e2q Q/h of the 

compounds P h 4 E + I O j (E = P. As. Sb; Ph = C 6 H 5 ) 
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( l ) - ( 3 ) were de te rmined from second order 
q u a d r u p o l e splittings of the I27I solid state N M R 
spectra. For these measurements the F T - N M R spec-
t rometer Bruker C X P 2 0 0 equipped with a super-
conduct ing magnet ( 5 0 = 4.698 T) was used. The 
resulting .27! 

Larmor f requency vL was 40.19 MHz. 
T e m p e r a t u r e dependen t experiments were carried 
out using the thermosta t Bruker B-VT 1000 with a 
t empera tu re tolerance AT=± I K . Experimental 
errors of the reported quadrupo le coupling con-
stants are in the range of A (e2q Q/h) = ± 0.05 MHz 
mainly caused by d ipo la r broadening of the qua-
d rupo le split 127I N M R powder patterns. 
2.2. Preparation of the compounds (1) — (3) 

Start ing with the commercial ly available com-
pounds Ph 4E+X~ (E = P, As, Sb; X = CI, Br; Ph = 
C 6 H 5 ) prepared by l i terature methods [19,20], the 
hydroxides P h 4 E + O H - (E = P, As, Sb; Ph = C 6 H 5 ) 
were synthesized by appl icat ion of a strong basic 
an ion exchanger (Merck, Ionenaustauscher III) in 
aqueous solutions. Neutra l isa t ion of these basic 
solutions with the equivalent amount of pure, solid 
per iodic acid gives the desired periodates (1) —(3). 
Af te r evapora t ion of the solvent and drying of the 
whi te polycrystalline compounds in high vacuum at 
room tempera tu re they are accessible in a yield of 
70% —80%. For fu r the r purif icat ion they are re-
crystallized f rom ethanol to give analytically pure 
samples. Heat ing of these compounds just to deter-
mine their melt ing points was avoided to prevent 
violent explosions. T h e analytical data are presented 
in the following. 
C24H20O4IP (530.30) 

given by 

calc. %: C 54.36 H 3.80 I 23.93 
found %: C 54.12 H 3.82 I 23.83 

,04IAS (574.25) 
calc. %: C 50.20 H 3.51 I 22.10 As 13.05 
found %: C 49.75 H 3.45 I 22.00 AS 12.90 

,0 4ISb (621.07) 
calc. %: C 46.41 H 3.25 O 10.30 I 20.43 
found %: C 46.15 H 3.28 O 10.42 I 20.29 

3. Results 

The typical second order 127I quadrupole splittings 
Av of the central 127I N M R transition (+ 1/2 <-> - 1/2) 
dependen t on t empera tu re are depicted in Figure 1. 
For polycrystalline substances the dependence of 
the quad rupo l e split t ing Av upon the spin quan tum 
n u m b e r / and the asymmet ry paramete r rj [21, 22] is 

Av = 

with 

144 vL 

e1qQ 3 

(2) 

and 

* h 2 / ( 2 7 - 1 ) 

/(,7) = 16 (1 - rj) + (3 - rj)2 for rj si 0.33. 

A compar ison of these I27I N M R powder spectra 
with earlier measurements of scheeli te-structured 

Fig. 1. Temperature dependence of the ,27I NMR spectra 
of polycrystalline (C 6H 5 ) 4AsI0 4 with second order quadru-
pole splitting Av. Larmor frequency: vL = 40.1885 MHz; 
sweep range: SW = 83.3 kHz; pulse program: one cycle 
pulses; pulse width: 4|is; recycle time: 60 ms. 
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Table 1. Temperature dependence of second order 127I 
N M R quadrupole splitting Av of (C 6 H 5 ) 4 E + }0 4 (E = P, As, 
Sb). The quadrupole coupling constants e2qQ/h are cal-
culated from (3). 

(C 6 H 5 ) 4 PI0 4 (C 6 H 5 ) 4 ASI0 4 (C 6 H 5 ) 4 SbI0 4 

T Av e2qQ/h T Av e2qQ/h T Av e2qQ/h 
[K] [kHz] [MHz] [K] [kHz] [MHz] [K] [kHz][MHz] 

293 15.53 4.47 297 15.95 4.53 302 5.91 2.76 
288 15.14 4.41 277 15.14 4.41 293 5.37 2.63 
283 14.84 4.37 257 14.08 4.26 288 5.08 2.56 
278 14.55 4.33 238 13.02 4.09 283 4.79 2.48 
273 14,36 4.30 218 11.56 3.86 278 4.49 2.40 
268 14.06 4.25 213 10.90 3.75 273 4.20 2.32 
263 13.77 4.21 208 10.25 3.63 268 3.96 2.26 
259 13.38 4.15 204 9.52 3.50 263 3.66 2.17 
256 13.18 4.12 203 16.28 4.58 258 3.37 2.08 
253 17.48 4.74 201 29.46 6.16 253 3.08 1.99 
248 20.46 5.13 200 31.25 6.34 248 2.78 1.89 
243 22.66 5.40 197 33.37 6.55 243 2.44 1.77 
238 24.07 5.56 194 34.99 6.71 238 2.05 1.62 
233 24.90 5.66 191 37.11 6.91 233 1.71 1.48 
228 25.39 5.71 188 38.17 7.01 228 1.47 1.37 

185 41.26 7.28 
182 41.83 7.33 
179 42.81 7.42 

175 200 225 250 275 300 
T/[K] 

Fig. 2. Temperature dependence of l27I quadrupole cou-
pling constants e2q Q/h measured by second order quadru-
pole 'effects in ,27I N M R powder spectra of ( C 6 H 5 ) 4 E + I O j 
(E = P, As, Sb); values of e2qQ/h from Table 1. 

metaper iodates [16, 18] gives evidence of the case 
;; —• 0. From (2) the quad rupo l e coupl ing constant 
results to be 

e2qQ/h = 4]/2]/(Av) • vL . (3) 

The values of e2qQ/h listed in Table 1 were cal-
culated f rom (3). The i r t empera tu re dependence is 
shown in Figure 2. 

Figure 2 evidences the phase transit ions of the 
compounds (1) and (2) at (255 ± 1) K and 

(203 ± 1) K, respectively, and the three anomalous 
positive tempera ture coefficients y. of the quadru -
pole coupling constants. C o m p o u n d (3) does not 
show a phase transit ion in the measured tempera-
ture range. Measurements of the second order qua-
drupole splitting Av at t empera tures below 228 K 
for compound (3) are not possible because the qua-
drupole splitting Av of (3) becomes of the order of 
the dipolar broadening and therefore cannot be 
resolved f rom the 127I N M R signals. The same 
reason prevents the measurement of possibly 
present quadrupole effects in the I27I N M R signal 
component A of the compounds (1) and (2) in their 
respective low tempera ture modi f ica t ions (see 
Figure 1). 

4 . D i scuss ion 

4.1. Phase transitions 

Figures 1 and 2 show the phase transit ions of the 
compounds (1) and (2) at F = 255 ± 1 K and T = 
203 ± 1 K. respectively. Below these transit ions 
of the two compounds the ,27I N M R spectra consist 
of a signal component B with a large quad rupo le 
splitting Av and a signal component A with no 
visible quadrupo le splitting (see F igure 1). At the 
transit ion point the component B runs through a 
m i n i m u m of the quadrupo le interactions and then 
shows the anomalous tempera ture coefficient 5 > 0 
in the high tempera ture modif icat ion. The com-
ponent A of the respective compounds (1) and (2) 
d isappears at this point. This means that in the low 
tempera ture modif ica t ion a part of the I0 4 - t e t r a -
hedra suffers a very small distort ion by insertion in 
the lattice. The other IO^-tet rahedra have a com-
paratively large E F G . Moreover, the flat descent of 
the frequency edges suggests the occurrence of an 
asymmetry parameter rj 4= 0 for the component B. 
This refers to a lowering of the symmetry at these 
104-tetrahedra. N o phase transition is found for 
compound (3). Its room tempera ture modi f ica t ion 
stays also in the range 228 K s j F ^ 200 K, however, 
at F = 225 K the quadrupo le split t ing of the 127I 
signals is reduced to the order of the d ipolar 
broadening and therefore cannot be resolved. 

4.2. Anomalous temperature coefficients 

The anomalous tempera ture coefficients of the 
quad rupo le coupling constants are summar ized in 
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Table 2. Compounds with anomalous temperature coeffi-
cients 5 as representatives of the different mechanisms in 
comparison with the coefficients of (C 6 H 5 ) 4 E + I0 4 (E = P, 
As, Sb). The average temperature coefficient of the high 
temperature modification is given by 

2 e2qQ/h(T2)-e2qQ/h(Tx) a = 
e2qQ/h(Tx) + e2qQ/h{T2) Ti-T, 

Compound Nu-
cleus 

a [ K " ' ] Literature 
Comments 
Mechanism 

K,ReCl6 
K;WCI6 
K2ReBr6 

35C1 
35C1 
81 Br 

+ 0.0936 • lO-4 [3], [4] 
+ 0.4305 • 10"4 Breakdown of the 
+ 0.2484- lO"4 d „ - p „ back-

bonding 

TiBr4 
79Br + 0.067- lO"4 [5] 

Negative pressure 
coefficient 
(Sv/6/») r< 0 

a-ICl 35C1 + 2.1 • 10"4 [6], [7] 
Only one of the two 
inequivalent Cl-
atoms anomalous 
Charge transfer 

Re2CO1 0 

( C H 3 ) 3 G e 0 R e 0 3 

187Re 
, 8 7Re 
185Re 

+ 1.37- 10"4 

+ 0.6-10"4 

[8],[9],[10],[11],[12] 
Only v2 (± 3/2 ~ 
± 5/2) anomalous 
Change of the 
EFG-tensor axes 

N H 4 R e 0 4 
N D 4 R e 0 4 
NH4IO4 

187Re 
,187RE 
127R 

+ 0.15-10"2 

+ 0.15 • lO"2 

+1.6 • 10~2 

[13], [14], [15], [16] 
Reorientational 
motions of the 
cation 

(C6H5)4PIO4 
(C6H5)4ASI04 
(C 6 H 5 ) 4 SbI0 4 

127J 
127J 
127I 

+0.2- 10"2 

+0.2 • 10"2 

+0.8 • lO"2 

see discussion 

Table 2 for the c o m p o u n d s (1) — (3) and compared 
with other impor tan t examples presently known. 

(a) In their M O calculat ion, Haas and Mar ram [4] 
explain the positive t empera tu re coefficients of the 
35C1 and 81 Br N Q R frequencies observed in 
K 2 ReCl 6 , K2WC16 and K 2ReBr 6 [3] by a tempera-
ture dependent b r eakdown of the intra-ionic d„— p^ 
backbond ing in these complex anions. The effective 
mechanism appear s to be the increase of the 
bending vibrat ions between the metal and the 
l igands whereby the popula t ion numbers of the 
halogen ligand orbi ta ls increase at higher tempera-
ture. 

In the case of (1) — (3), these ^-backbonding 
effects cannot be responsible for the anomalous 
t empera tu re coeff ic ients ä > 0, because otherwise 
all measured metaper ioda tes [18] should show this 
phenomenon . Tha t is not the case except for 
N H 4 I O 4 [ 1 8 ] . 

(b) For the compound TiBr4 the explanat ion of 
the positive t empera tu re coeff icient 5. of the 79Br 
N Q R frequencies [5] is related with the appearance 
of a sufficiently large negative pressure coefficient 
(9v/9p) T (compare (1)). This effect could contr ibute 
to the positive t empera tu re coeff icient ä > 0 of the 
compounds (1), (2) and (3), because their cations 
are very voluminous and therefore can have a 
pressure dependent inf luence on the EFG ' s . Addi-
tional investigations in this field call for high ex-
per imental efforts and are p lanned together with the 
group of Brown and Segel [23], 

(c) 185Re and 187Re N Q R measurements of 
Re 2CO,o proved a positive t empera tu re coefficient 
for the N Q R transit ions v2 ( ± 3 /2 <-> ± 5/2) in the 
t empera ture range 77 K ^ T ^ 200 K, whereas the 
other N Q R transit ions V! ( ± 1/2 <-> ± 3/2) showed a 
normal dependence [8 ,9 ,10] . According to Moo-
berry, Spiess and Sheline [8] the or ientat ional 
change of the principal axes of the EFG-tensors qik 

is the reason for this r emarkab le behaviour . 
Schmidbaur , Koth and Burkert [11,12] observed 
similar phenomena of the 1 8 5Re and , 8 7 Re N Q R 
transitions in the compound ( C H 3 ) 3 G e 0 R e 0 3 due 
to the same effect. 

In the obta ined 127I N M R spectra (see Fig. 1) of 
(1) - (3) the fo rm of the 127I N M R signals with 
second order q u a d r u p o l e interactions does not give 
any indication for a change of the asymmetry 
pa ramete r rj in the range of the anomalous tempera-
ture coefficient a and therefore there is no evidence 
for an orientat ional change of the EFG-tensors qik. 
Rather all second order quad rupo l e splittings Av of 
the 127I N M R signals are characterist ic of the case 
rj -» 0 (see (2)) in the range of the anomalous tem-
pera ture dependence. 

(d) Until now the largest anomalous t empera tu re 
coefficients a of quad rupo l e coupling constants 
were found in a m m o n i u m per rhena te ( N H 4 R e 0 4 ) 
and a m m o n i u m me tape r ioda te ( N H 4 I 0 4 ) [ 13 -16 ] . 
At present the reason of these anomalous effects is 
not clarified completely, but reorientat ional motions 
of the a m m o n i u m ions appea r to be of impor tance . 
A suitable model of Negi ta , N a k a m u r a and Ch iha ra 
[17] gives evidence of corresponding reorientat ional 
correlation times. Indeed static effects seem to 
contr ibute, too. Qui te recently we could demon-
strate for the tetragonal a m m o n i u m salts that there 
is a direct correlat ion between the observed 
anomal ies of the t empera tu re behav iour of the 
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la t t ice p a r a m e t e r a a n d t he a n o m a l o u s t e m p e r a t u r e 
d e p e n d e n c e of t h e 1 8 5Re, 1 8 7 Re a n d 127I q u a d r u p o l e 
c o u p l i n g cons t an t s [18]. 

F o r the c o m p o u n d s ( l ) - ( 3 ) d y n a m i c e f fec ts 
w i th in the la t t ice , l ike h i n d e r e d to r s ion v ib r a t i ons , 
c h a n g e of t h e c o r r e s p o n d i n g v i b r a t i o n axes in t he 
ca t ions and a n a l o g o u s s ta t ic e f f ec t s as in N H 4 R e 0 4 

a n d N H 4 I 0 4 , c a u s e the m a i n c o n t r i b u t i o n to t he 
a n o m a l o u s t e m p e r a t u r e coe f f i c i en t s . F o r so lv ing 

these p r o b l e m s f u r t h e r e x p e r i m e n t s s h o u l d b e d o n e 
in connec t ion wi th t he m e a s u r e m e n t s of t he p res -
s u r e coef f ic ien t s [23], 
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