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Rhenium. Iodine, Solid State NM R. Quadrupole Effects. Phase Transitions

Tetram ethylarsonium -m etaperiodate shows 127I solid state NMR signals without any visible 
quadrupole splitting. Due to the very large nuclear quadrupole moments of the rhenium isotopes 
IHxl87Re, the analogous Re compound exhibits the expected second order quadrupole NMR 
effects. The measured l8xl,s7Re NMR powder spectra contain superimposed signals arising from 
two different types of R e 0 4 tetrahedra, indicating that part of the R e 0 4~ anions deviate only 
slightly from tetrahedral symmetry, while the other part are nearly undistorted R e 0 4 anions.

The tem perature dependence of the solid state NMR spectra reveals phase transitions for both 
compounds, which are confirmed also by DSC analyses. Furthermore, the DSC analysis of the Re 
compound again proves the existence of the two different types of R e 0 4 tetrahedra in the lattice 
of the high tem perature modification.

1. Introduction

Several different kinds of 127I solid state NM R 
spectra of m etaperiodates with alkyl-substituted 
cations of main group V have been found so far. The 
spectra m anifest second o rder quadrupole in terac­
tions with quadrupole coupling constants in the 
range of 2 —15 M Hz at room  tem peratu re  [1—3].

In the l27I solid state N M R  spectra of tetraethyl- 
am m onium - and tetram ethylphosphonium -m eta- 
periodate, resolved first or second o rder quadrupole 
effects cannot be detected  [4], C om pared to the 12 I- 
nucleus, with a nuclear quadrupole m om ent Q =  
—0.7 barn , the 18?Re and 18 Re isotopes possess ex­
trem ely large nuclear quadrupole m om ents 
Q (18:,Re) =  2.8 barn and Q (187R e) =  2.6 barn. T here­
fore we calculated the m axim um  values of the quad­
rupole coupling constants for the isom orphous 
m etaperrhenates [4]. O n m easuring the IS;,Re and 
187Re solid state N M R spectra of the corresponding 
com pounds, we observed a d ifferent behaviour. No 
quadrupole interactions are visible in the l8'R e  and 
l87R e pow der N M R  spectra of (C 2H 5)4N R e 0 4. By 
contrast, the 18;,Re and 18/R e N M R  spectra of 
(C H 3)4P R e 0 4 show the expected quadrupole in te r­
action with quadrupole coupling constants in the cal­
culated range of 20 M Hz at room  tem perature .

The present paper describes for the first tim e 12 I, 
18;,Re and 187Re solid state N M R  spectra of tetra-
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m ethylarsonium -m etaperiodate ( 1 ) and the analo­
gous m etaperrhenate (2). The quadrupole disturbed 
line shapes of the lv°R e and |N Re spectra are of high 
com plexity and will be discussed in term s of second 
o rder quadrupole splitting. From  the tem perature 
dependence of the quadrupole interaction the very 
small deviations A ß  from te trahedra l sym m etry of 
the R e 0 4_ anions are calculated. M oreover, we ob­
served phase transitions for both com pounds. The 
phase transitions are discussed on the basis of NM R 
and DSC investigations.

2. Experimental
2.1. Instrumentation

The 127I, lv Re and ls Re pow der spectra were ob ­
tained with a B ruker FT-N M R CXP 200 spectrom e­
ter equipped with a superconducting m agnet (B n = 
4.698 T). T em perature dependent experim ents were 
carried out using a B ruker B-VT 1000 therm ostat 
with a tem perature tolerance A T  — ±1 K. E xperi­
m ental errors of the reported  quadrupole coupling 
constants are in the o rder of Zle2qQ /h =  ± 0 .2  M Hz.

The DSC m easurem ents were done with a Perkin 
E lm er differential scanning calorim eter M odel DSC-2
[5]-

2.2. Preparation o f  the com pounds (1) and (2)

The starting com pound trim ethylarsine was syn­
thesized following the procedure of Z ingaro and 
M erijanian [6]. A ddition of m ethyliodide gave the 
quaternary  arsonium  salt [7], The hydroxide 
(C H 3)4A sO H  was synthesized by application of a
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strongly basic anion exchanger (M erck, Exchanger 
III). N eutralization of the basic solution with the 
equivalent am ount of pure periodic acid gave the 
desired m etaperiodate (1). The m etaperrhenate (2) 
was prepared  analogously by using an aqueous solu­
tion of perrhenic acid. This acid was obtained from 
K R e 0 4 using a strong acid cation exchanger (M erck, 
E xchanger I).

Recrystallization from w ater/ethanol gave analyti­
cally pure com pounds. The data of the elem ental 
analyses are as follows:

C 4H ]2A s I0 4 (1)
Calcd C 14.74 H 3.71 A s22.99 0 1 9 .6 3  138.93, 
Found C 14.73 H 3.76 A s22.94 0 1 9 .4 9  138.72.

C4H 12A s R e 0 4 (2)
Calcd C 12.47 H 3.14 As 19.45 0  16.61 Re48.33, 
Found C 12.37 H 3.01 As 19.21 0 1 6 .6 1  Re48.74.

3. Results

3.1. 1271 Solid state NM R spectra o f  (CH^^AslO^ (1)

For the first tim e polycrystalline (C H 3)4A s I0 4 (1) 
was studied by 127I solid state N M R  spectroscopy. 
The tem peratu re  dependen t spectra are shown in 
Fig. 1.

On lowering the tem peratu re  com pound 1 shows 
chem ical shift effects. The tem peratu re  dependent 
results are sum m arized in Table I and Fig. 2.

Fig. 1. I27I solid state NM R spectra of polycrystalline 
(CH 3)4A sI0 4 (1). Larmor frequency: vL — 40.19 MHz; 
sweep range: SW = 100 kHz; pulse program: one cycle 
pulses; pulse width: DL1 = 5 /us; recycle time: DLO = 
40 ms; number of scans: NS =  50,000.

Fig. 2. Tem perature dependent frequencies, va, of the 127I NMR powder spectra of (CH3)4A sI0 4; the spectra are depicted 
in Fig. 1; the values of va from Table I.
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T
[K]

V
[MHz]

335 40.300
325 40.307
315 40.314
305 40.322
300 40.325
295 40.328
290 40.330
285 40.334
280 40.337
275 40.341
270 40.345
265 40.348
260 40.352

Table I. Tem perature depend­
ent frequencies, va, of the I27I 
NMR powder spectra of 
(C H 3)4A sI0 4; the spectra are 
depicted in Fig. 1.

The line width of the d ipo lar b roadened  127I NM R 
resonance am ounts to  2.5 kHz. This value is inde­
penden t on tem peratu re . A t tem peratu res below 
260 K, 127I solid state N M R  m easurem ents of 1 give 
no signals. The DSC analysis shows a single peak for 
both tem peratu re  rise and tem peratu re  down m eas­
urem ents. This indicates a first order phase transition 
of 1 at T  =  254(3) K (s. Fig. 3) [8, 9],

3.2. 185Re and 187Re Solid state NMR spectra o f  
(C H 3) 4 A s R e 0 4

In agreem ent with ou r calculations [4], 18?Re and 
l87Re solid state N M R spectra of com pound 2 could 
be detected . Fig. 4 shows the pow der pattern  ob­
tained at T  =  380 K with N a R e 0 4 in aqueous solu­
tion as a reference.

The natural abundance of the rhenium  nuclei 
( 185Re: 37.1% , 187Re: 62.9% ) and the difference in 
the L arm or frequencies, vL (vL( 185Re) =  
45.028 M Hz, vL( 187R e) =  45.489 M H z), are very ad ­
vantageous as the two isotopes can be observed 
sim ultaneously in the N M R  spectra. The left part of 
the spectrum  (at high frequency) shows 18 Re quad- 
rupole splitting A vT=mK =  22.5 kHz ±  1 kHz m an­
ifested by the outw ard frequency edges.

The quadrupole splitting of the 18:,Re nucleus is 
larger (^v’t=38ok =  25.4 kH z ±  1 kH z) as a conse­
quence of the larger quadrupole m om ent of this Re 
isotope (Q (18''Re) =  2.8 barn , Q ( l87Re) =  2.6 barn). 
M oreover, the distance betw een these two resonance 
signals is exactly equal to  the difference in the L ar­
m or frequencies of 18;,Re and I87Re.
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Fig. 3. DSC analysis of (C H 3)4A s I0 4 and 
(CH3)4A sR e0 4. The curves show a re­
versible first order phase transition for 
both compounds.
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(CH3 )4AsReO^

Fig. 4. l85Re — l87Re solid state NMR 
spectrum of (CH3)4A sR e 0 4 at T = 380 K 
with aqueous N aR e0 4 solution as Stand­
ard. Larmor frequency: vL =  45.25 MHz; 
sweep range: SW = 1 MHz; pulse pro­
gram: one cycle pulses; pulse width: DL 1 = 
5 )us; recycle time: DLO = 40 ms; number 
of scans: NS = 30.000.

The tem peratu re  dependen t ls7Re solid state NM R 
spectra of 2 are depicted in Fig. 5.

The 185 ls7Re pow der spectra of 2 have additional 
signals arising from  two d ifferent types of R e 0 4_ tetra- 
hedra in the la ttice . The frequency edges B arise from a 
second o rder quadrupole splitting A v  of the central 
18xl87Re N M R  transition  (m =  4-1/2 <-» m =  —1/2) 
associated with an axialsym m etric asym m etry pa­
ram eter rj ~  0. The quadrupole coupling constants 
can be determ ined by applying equation  ( 1 ).

e :qQ /h =  4 V 2  A v vL (1)

with vL: L arm or frequency 
Av: quadrupole splitting

The tem peratu re  dependence of the data is sum ­
m arized in Table II and Fig. 6 .

In the tem peratu re  range of T  <  310 K no 185Re or 
18 Re N M R  signal can be achieved. The DSC analysis 
proves a reversible first order phase transition at T  =

T
[K]

A v
[kHz]

e2qQ/h
[MHz]

380 22.32 5.70
370 23.37 5.83
360 25.81 6.13
350 31.04 6.72
340 39.06 7.54
330 53.01 8.79
320 68.71 10.00
310 92.77 11.62

Table II. Temperature de­
pendence of second order 
187Re NMR quadrupole 
interactions of 
(C H 3)4A sR e0 4. Fig. 5. Temperature dependence of the 18 Re solid state 

NMR spectra of polycrystalline (C H 3)4A sR e0 4. Larmor 
frequency: vL = 45.455 MHz; sweep width: SW = 
357.1 kHz; pulse program: one cycle pulses; pulse width: 
DL 1 = 5 ps; recycle time: DLO = 40 ms; number of scans: 
NS =  100,000. The average tem perature coefficient is given 
by ä =  {2/[e2qQ /h(T,) +  e2qQ/h(T,)]} • {[e2qQ /h(T.) -  
e:qO/h(T,)]/[T2-T ,]} .
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Fig. 6. Tem perature dependence of l87Re quadrupole coupling constants e2qQ/h measured by second order quadrupole 
effects in l87Re powder spectra of (C H 3)4A sR e0 4; values from Table II.

294 K for tem peratu re down m easurem ent and at T  =  
301 K for tem perature rise m easurem ent (s. Fig. 3).

4. Discussion

4.1. 1271 Solid state NM R spectra o f  (CH 3) 4A s I 0 4  (1)

The 127I pow der spectra of 1 (s. Fig. 1) show the 
typical line shape for cases w here dipolar coupling is 
the dom inant solid state interaction in the lattice
[10]. The presence of a very small quadrupole in­
teraction  hidden due to  dipolar line broadening can­
not be excluded.

From  the line width the maxim um  value of the 
quadrupole coupling constant can be approxim ated 
to e2qQ /h < 1 .8  M Hz. The iodine atom s m ust pos­
sess a nearly  spherical electric environm ent, as p ro ­
vided by nearly undistorted  I 0 4~ te trahedra . These 
results suggested tha t the analogous rhenium  com ­
pound 2 should be suitable for N M R  m easurem ents.

4.2. 185Re and 187Re Solid state NM R spectra o f  
(CH 3) 4A s R e 0 4

The lx5R e and 1K7Re solid state N M R spectra of 2 
(s. Fig. 4 and 5) show the characteristic features of a 
superposition of two different N M R  resonances. 
This unusual line shape is a consequence of two dif­

ferent R e 0 4~ te trahedra  in the lattice. W e could ob ­
serve com parable spectra in the 12'I solid state N M R 
spectra of te traphenylarsonium -m etaperiodate in a 
low tem perature m odification at T <  205 K [11, 12].

The DSC analysis gives another hint at the exist­
ence of two different types of R e 0 4_ te trahed ra  in 
the high tem perature m odification of 2. The tem per­
ature down m easured DSC spectra (s. Fig. 3) un­
equivocally show two distinguishable maxim a caused 
by the different loss of energy of the two R e 0 4~ 
te trahedra  by integration into the lattice of the low 
tem perature m odification.

i) Signal com ponent A  has no visible quadrupole 
coupling. The experim ental line width can be ap ­
proxim ated to 7 kHz. A  maximum quadrupole in­
teraction hidden under d ipolar broadening can be 
calculated as e2qQ /h ~  3 M Hz. 127I N M R  m easure­
m ents on te traphenylstibonium -m etaperiodate show 
that quadrupole coupling constants in the range of 
2 M Hz <  e2qQ /h <  30 M Hz can be determ ined with 
our B ruker CXP 200 N M R  spectrom eter [11]. It ap ­
pears therefore that this group of R e 0 4~ anions are 
not or very weakly distorted  in the present lattice 
such that the electric field gradient alm ost disap­
pears.

ii) Signal com ponent B shows the two characteris­
tic frequency edges of a second o rder quadrupole
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Splitting with a nearly axial-symm etric asymmetry 
param ete r rj ~  0 [13, 14]. The frequency edges are 
b roadened  by d ipo le—dipole interactions. From 
Fig. 6 we can calculate a tem peratu re coefficient 
a  ~  — 1.5-10~2 K _1 in the tem perature range of 
290 K <  T <  330 K. This extrem ely negative value is 
in contradiction with the Bayer theory [15]. O bvious­
ly the occurrence of volume effects as defined by the 
K ushida-B enedek-B loem bergen (KBB) theory [16] 
cannot be neglected. Therefore the pressure coeffi­
cient (<5v/c>p)x corresponding to the KBB theory 
m ust possess a large positive value in order to yield 
an extrem ely negative value ((3v/<3T)p.

From  the tem peratu re  dependent quadrupole in­
teractions we can gather a continuous change in the 
electric field gradient, which is caused by the distor­
tion of the R e 0 4~ anion. W ith the aid of a point 
charge m odel for the R e 0 4_ ions it is possible to 
determ ine the deviation A ß  of the O —Re —O angle 
from  the te trahed ron  angle ß  — 109.47° [17, 18]. The 
dependence of the quadrupole coupling constant 
upon A ß  is given by eq. (2):

e2qQ /h =  Z  e2Q /h r3(9cos2/ 3 - l )  (1—y») (2)

with Z  : electric charge of the oxygen atom , 
ß  : O —R e —O angle, 
yx : S ternheim er polarization coefficient, 
r : R e —O distance [19].

The results, depending on bond ionization, are 
listed in Table III.

D epending on the electric charge of the oxygen 
atom s, the A ß  values lie in the range of 0.14—0.56° at 
T  =  380 K. These results dem onstrate clearly the 
advantages of 18 Re and 187Re solid state N M R  spec­
troscopy. Q uadrupole interactions are extrem ely 
sensitive to structural effects so that very small 
changes in the sym m etry properties can easily be cal­
culated. Even with X-ray m easurem ents it is very

Table III. DeviationZl/3ofthe R e 0 4 ionsof (CH 3)4A sR e0 4 
from tetrahedral symmetry.

T
[K]

Aß O  
ionic
(Z =  - 2 )

50% ionic 
(Z = -1 .2 5 )

covalent 
(Z = -0 .5 )

380 0.14 0.22 0.56
370 0.14 0.23 0.57
360 0.15 0.24 0.60
350 0.16 0.26 0.66
340 0.18 0.29 0.74
330 0.21 0.34 0.86
320 0.24 0.39 0.98
310 0.28 0.45 1.15

difficult to determ ine deviations A ß  in the range of 
A ß  <  0.5°.

In the tem perature range 294 K <  T  <  301 K we 
observe a reversible first o rder phase transition. It 
can be assumed that the quadrupole coupling con­
stant of the low tem peratu re m odification is very 
large, which makes it accessible only by N O R  
m ethods, because it is impossible to achieve l85Re or 
187Re N M R  spectra in this tem peratu re  range. This 
kind of experim ents is in progress, especially in o rder 
to exam ine if the phase transition is accom panied by 
a change in the tem perature behaviour of the quad­
rupole coupling constant. Since this effect can be ob ­
served very often, we expect to  have found another 
com pound with an anom alous positive tem perature 
coefficient ä  [1, 9, 10], m easureable only by pure 
N Q R  m ethods.
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