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The NMR spin-lattice relaxation time (TJ and linewidth parameter (T2*) of 203T1 and 205T1 in 
solid T1SCN were measured from 290 K up to the melting point (Tm = 507 K). The nonexponential 
magnetization recovery of could be characterized by a short (T*) and a long (T/) component. Tl 
showed a T~2 dependence below ca. 350 K in the orthorhombic phase (T<TC = 371 K) and a 
minimum in the tetragonal phase (TC<T< Tm), which were interpreted in terms of lattice vibrations 
and head-to-tail flips of the linear SCN ~ ions, respectively. A broad minimum of 77 around 360 K 
was explained in terms of indirect nucleus-electron scalar coupling between 203T1 and 205T1, mod-
ulated via the anionic flips occurring in the symmetric and asymmetric potential fields for the highl-
and low-temperature phase, respectively. The phase transition is closely related to dynamical disor-
der of the anionic orientations. At higher temperatures, translational self-diffusion of Tl+ was 
evidenced by the T2* and T* results. 

Introduction 

It is known that many thiocyanate c o m p o u n d s with 
monova len t cations undergo interesting phase transi-
t ions [1-12] . Among them, the phase transi t ion f rom 
o r t h o r h o m b i c to tetragonal KSCN is related to head-
to-tail ordering of the rod-like S C N - ions [1-8] . In 
the high- temperature phase, the anions j u m p between 
two equivalent orientat ions while in the low-tempera-
ture phase they form an ordered antiparallel arrange-
ment [3, 7]. 

Thal l ium thiocyanate T1SCN undergoes a phase 
t ransi t ion at ca. 370 K [9,10], where a mechanism 
similar to that of K S C N is assumed on the basis of the 
low- and high-temperature structures [10] and the en-
t ropy change of transit ion [9]. For solid T 1 N 0 2 , the 
nuclear magnetic relaxation of Tl gives informat ion 
on the mot ion of not only T l + but also the anions 
th rough the strong scalar coupling between 2 0 3T1 and 
2 0 5T1, modula ted by the anionic mot ions [13], In or-
der to get similar information on T1SCN, we measured 
its t empera ture dependences of the spin-lattice relax-
a t ion t ime ( T J and linewidth parameter (T2*) of bo th 
2 0 3 T1 and 205T1. 

Reprint requests to Dr. Yoshihiro Furukawa, Department of 
Chemistry, Faculty of Science, Nagoya University, Nagoya 
464-01, Japan. 

Experimental 

We used a pulse N M R spectrometer already re-
por ted [14]. Tx was measured by the usual 1 8 0 ° - f - 9 0 ° 
pulse sequence and T2* f rom the free induction decay 
signal. In order to identify the sample, DTA was car-
ried out with a h o m e m a d e appa ra tus [15] and X-ray 
powder analysis with a Shimadzu V D - 1 A diffrac-
tometer . Tempera tures were determined within + 1 K. 

T1SCN was prepared by mixing aqueous solutions 
of N H 4 S C N and TIOH, subsequent heat ing to re-
move N H 3 gas [16] and recrystallization. Fo r the 
N M R experiments, two types of the samples were 
used: O n e was finely powdered and the other partially 
melted to improve the filling factor. Because bo th 
samples yielded experimentally the same relaxation 
times, the N M R experiments were mainly carried out 
on the latter sample. 

Experimental Results 

F r o m our DTA experiments we found the phase 
transi t ion tempera ture TC = 3 7 1 K and the melting 
point Tm = 507 K. These values are in better agreement 
with Tc = 372 K and Tm = 507 K in [9] than those in 
[10]. The heat anomaly showed a long tail on the 
low-tempera ture side characterist ic of a second-order 
phase t ransi t ion, but a small latent heat was clearly 
observed indicating that the transit ion is of first order. 
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Fig. 1. Typical magnetization recovery curves f ( t ) = 
\M0 — M,(t)}/c M0 in the Tx measurements (16 MHz and 
333 K). Here, M0 represents the equilibrium value of the 
nuclear magnetization, c equals 1 or 2 for the saturation 
pulse method or the 180°-r-90c pulse method, respectively. 
• and o: 203T1 and 205T1 for the 180°-t-90° pulse method, 
respectively. • : 205T1 for the saturation pulse method. Since 
the saturation pulses for 203T1 or 205T1 decouple magneti-
cally the two spin systems because of their very close reso-
nance frequencies [19], the magnetization recovery after the 
pulses becomes exponential. 

The room-tempera ture N M R frequency of 2 0 5 T1 in 
solid T1SCN was found to be low-field shifted by ca. 
420 ppm as compared to that of an aqueous solut ion 
of T 1 N 0 3 . The tempera ture dependence of Ti of 2 0 3 T1 
and 2<)5T1 was measured at the resonance frequencies 
32 and 16 MHz. Except for above ca. 450 K and at 
32 MHz , the magnetizat ion recovery after the 180° 
pulse was very nonexponential . This may be due to 
the strong coupling of the spin systems of 2 0 3 T1 and 
205T1, because of their resonance frequencies being very 
close [13, 17-20] . Typical magnet izat ion recovery 
curves are shown in Figure 1. The nonexponent ia l Tx 

decay was decomposed into a long (T/) and a short 
(Tt

s) exponential relaxation time. The results are 
shown in Figure 2. 

With increasing the tempera ture f rom room tem-
perature, T,1 gradually decreased up to ca. 400 K, a 
change of the temperature coefficient being recognized 
near 350 K. In this temperature range, no frequency 
dependence was observed. On fur ther heating, T/ for 
2 0 5T1 at 16 M H z yielded a shallow min imum a r o u n d 
430 K, at 32 M H z a minimum of ca. 0.4 s near 460 K. 
It is noted that the T/ minimum at the higher fre-
quency is deeper than that at the lower frequency, in 
contrast to the expectation from the usual B P P theory 
of the magnetic dipolar relaxation [20]. When T/ was 
measured at 32 M H z and above ca. 450 K, the magne-
tization recovery became almost exponent ia l and gave 
a single T/ value. In the whole tempera ture range 
studied, T/ is likely to have no isotope dependence. 
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Fig. 2. Temperature dependence of the 203T1 and 205T1 spin-
lattice relaxation times in solid T1SCN. Solid lines: Calcu-
lated with the theoretical expressions given in the text. 
Symbols: 2 0 3 y ] 2 0 5 j j 

16 MHz • O 

32 MHz • O 

400 

100 

r 2 V f i S 

Fig. 3. Temperature variation of the linewidth parameter T2*. 
Symbols: 2 0 3 - p j 2 0 5 j j 
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O n the other hand. Tx
s at 32 M H z sharply decreased 

with increasing tempera ture to ca. 350 K and became 
almost temperature independent f rom 350 K to Tc. A 
clear frequency dependence of T? was observed in the 
room- tempera ture phase (phase II). For the high-tem-
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perature phase (phase I), T? at both 32 and 16 M H z 
increased with increasing temperature up to ca. 435 K. 
O n fur ther heating, 7\s at 16 M H z sharply decreased 
while at 32 M H z it could not be determined, as men-
tioned above. In a nar row temperature range just 
above Tc, a small frequency dependence was recog-
nized. Ti showed no isotope dependence in the whole 
tempera ture range studied as well. 

Figure 3 shows the temperature variat ion of T*. 
2 0 5 T1 T2* at 16 M H z was almost constant at ca. 85 |is 
below 350 K and at ca. 110 us between Tc and 450 K, 
and increased rather steeply above 450 K. T* of 2 0 5 T1 
at 32 M H z was slightly smaller than that at 16 MHz . 
F o r 203T1, T* was found to be shorter by a factor of 
2 - 3 than that of 2 0 5T1 at a given frequency and tem-
perature. 

Analysis of the Results and Discussion 

We will consider electron-nuclear magnet ic cou-
pling which is known to play an impor tan t role in 
Tl ( 7 = 1 / 2 ) N M R [13, 17-20] . Normal nuclear mag-
netic dipolar interaction can be neglected according to 
the usual B P P theory of Tx for a model of complete 
mot ional averaging of the dipolar interact ions 
[13, 20], 

The nucleus-electron coupling of interest in solid 
T1SCN is devided into two parts : The chemical shift 
interaction and the nucleus-electron indirect interac-
tion. Fo r the former interaction we are concerned only 
with its anisotropic part , and the relaxation rate 
ßCSA. | ^ j c s A ^ - i j t 0 interaction is given by 
[20, 21] 

K c s a = (2/15) co2(<5|| —ö ± ) 2 j ( (o ) , 

j(co) = z/(l+co2z2). 

(1) 

(2) 

Here, the chemical shift tensor is assumed to be axially 
symmetric and ö y and ö ± refer to the shielding along 
and perpendicular to the symmetry axis, respectively. 
co s tands for the Larmor frequency of 2 0 3 T1 or 2 0 5 T1 
nuclei and z is the correlation time of the t ime-depen-
dent fluctuation of interest. 

The nucleus-electron indirect interaction can be 
subdivided into scalar (or exchange) and pseudodipo-
lar terms. The scalar coupling between unlike spins 
contr ibutes to the second moments as well as to the 
relaxation but the one between like spins does not 
[17-20, 22]. The relaxation rate of spin i ( R f c ) due to 

the scalar interact ion is [20] 

R f = (2/ 3) £ A f j SJ (Sj + 1 )j K -COj), (3) 

where Atj is the scalar coupling constant , in units of 
rad/s, between i and unlike j spins, of which the Larmor 
frequencies are expressed by w,- and coj, respectively, 
and Sj is the spin q u a n t u m number of spin j. The sum 
of A f j can be expressed by the second moment of i 
spins due to the same interaction by [17-19] 

(Ö co2>fc = (1/3) X A f j SJ (SJ+1). (4) 

F r o m the na tura l abundances of the Tl isotopes, 
<<5co2>!o3 is expected to be 2.4 times larger than 
<<5co2>!o5- The observed ratio of T2* shows that the 
dominan t interact ion in solid T1SCN is the scalar one. 

The pseudodipolar term can be approximated by 
the same expression as that for the normal dipolar 
interact ion except for its coupling constant , and these 
two interactions are combined into a single term 
[18.19], F o r several Tl-containing compounds , the 
scalar interact ion is estimated to be larger than the 
pseudodipolar interact ion as well as than the normal 
dipolar interact ion between Tl nuclei [17-19]. In the 
following discussion we neglect the pseudodipolar in-
teract ion as well. 

Because the two spin systems of 2 0 3 T1 and 2 0 5T1 
couple to each other , the observed relaxation rates are 
the eigen values of the following relaxation matrix 
[17.20]: 

ßCSA 
i? SC 

2 0 5 

n SC 
2 0 3 

D SC 
2 0 3 

nCSA n SC - K — K 2 0 5 
(5) 

Here, 7?CSA is assumed to be the same for 2 0 3 T1 and 
205T1, and a small difference (less than 1%) in their 
gyromagnet ic rat ios is neglected for simplicity. As a 
result, one can obta in two characteristic 7\ values: 

(77)" RC S A + RS 

( T / ) - 1 = R C S A , 

(6) 

(7) 

where 

Rsc = Rf03 + R f o s = 2 (C s c) 2 j (<o203 - o ) 2 0 5 ) , (8) 

C s c = «<5 £02>!C03 + <(5 co2>s
2^5)1/2. (9) 

Therefore, the observed relaxation times, T? and T/ , 
become isotope independent . This is the case, as de-
scribed in the previous section. 
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As discussed later, T/ below 350 K is likely to 
change as 

(Tl)~l=KT2. (10) 

This type of Tx behavior may be assigned to the relax-
ation by lattice vibrations via a Raman-l ike process 
[13,17,20], Therefore, the contr ibut ion of (10) is 
added to (7). 

Now, we will consider the correlation t ime t of the 
head-to-tail flip of the linear SCN~ ions in the T1SCN 
crystal, which is the most interesting mot ion in the 
phase transition. Phase I of T1SCN is te t ragonal with 
the space g roup I 4 / m c m [10]. The site symmetries 
require that the SCN~ ion in phase I is disordered 
between two equivalent orientations, implying that 
the anionic head-to-tail flip is occurring between sym-
metric potential wells. Even in phase II, the flip is 
assumed to go on, but it occurs between unequal po-
tential wells. 

Simplified potential curves are shown in Figure 4. 
Between the asymmetric potential wells for phase II, 
the S C N ~ ion jumps with a rate W f rom a favored to 
unfavored orientat ion and with a rate a W in the op-
posite direction. 

W = kexp{-(Ea + AE)/RT}, (11) 

a = exp(2AE/RT). (12) 

The usual Arrhenius relation is used for the j u m p 
rates. The parameter a represents the ra t io of the 
statistical probabilit ies that the SCN~ ion occupies 
the favored and the unfavored orientat ion and is re-
lated to the order parameter r] by 

yj = (a-\)/(a + \). (13) 

The correlat ion time of the mot ion is defined as 

t ~l = W + aW, (14) 

t = t 0 exp {(Ea + AE)/RT}/(I + a). (15) 

Finally, the observed T{~ 1 given by (6) and (7) should 
be corrected by a factor of 4 a / ( l + a)2 because of the 
smaller occupancy of the unfavored or ientat ion [23], 
F o r the symmetric potential, of course, AE = 0, a = \, 
and r j = 0. 

T/ in Phases I and II 

The temperature dependence of can be separated 
into two regions: The low-temperature region where 
T/ shows no frequency dependence and the high-tem-

( a ) ( b ) 
Fig. 4. Scheme of the potential curves for the head-to-tail flip 
of an S C N - ion (a) in the disordered high-temperature 
phase I and (b) in the ordered low-temperature phase II. 

pera ture region where Tl has a frequency dependent 
min imum. At temperatures below 350 K, T/ changed 
according to (10), where K = 3.4 • 1 0 ~ 6 s _ 1 K - 2 , and 
is a t t r ibuted to the lattice vibrations. The relaxational 
behavior given by (10) is frequently observed in T t for 
nuclei with 7 ^ 1 having a nuclear electric quadrupole 
m o m e n t [24], Because both Tl nuclei have no quadru-
pole moment , the interactions modula ted by the lat-
tice vibrat ions are of magnetic origin, maybe due to 
indirect nucleus-electron interactions between the Tl 
nuclei, which depend on T l - T l distances more 
strongly than the normal dipolar ones [18]. 

The T,1 minima in phase I are characteristic for re-
laxat ion due to the chemical shift anisotropy given by 
(1). The tempera ture and frequency dependence of T,1 

were analyzed in this line, and the motional parame-
ters responsible for the T/ minima were determined by 
a least-squares fitting of (1) and (10). The numerical 
results are listed in Table 1, and the calculated T/ 
dependence is given in Figure 2. It is reasonable to 
assign the observed Ea and i 0 to the head-to-tail flips 
of the SCN ~ ions because translat ional self-diffusion 
of the T l + ions was detected through Tx

s as discussed 
later. 

It is still not clear whether the cation in phase I 
exists in ordered posit ions or not [3, 7, 10]. Two mod-
els are p roposed : O n e implies that T l + is fixed at 
0 ,0 , 1/4 sites on the crystal C 4 axis, and the other 
assumes that the cat ion occupies four sites statistically 
and dynamically with equal occupancy 1/4. The four 
sites are slightly displaced from the 0, 0 , 1 / 4 site and 
related to each other by the C 4 symmetry. Here, we 
observed a ra ther large effect f rom the chemical shift 
an iso t ropy on Tl Tl. This fact excludes the former 
model for the T l + positions, because the chemical shift 
tensor for the T l + ion fixed on the C 4 axis is invariant 
under the simple 180° flip of the anions. Therefore, the 
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Phase T l<5||-<5il C S C Ea 2 AE K 
Phase T ppm krad/s kJ mol"1 kJ mol"1 10" 14 s 10"6 s~1 K " 2 

I Tl 341 50.5 0 1.70 4.0 
77 - 9.0 54.4 0 1.98 -

II V — _ — — — 3.4 
77 - 9.0a 54.4a 5.5 b 1.98a 

— 

Table 1. Motional parameters in 
solid T1SCN. 

a These are taken to be equal to 
the corresponding ones deter-
mined from T,s in phase I. 
b This is fixed below 325 K. 

T l + ion in phase I should be disordered dynamically 
over the four positions. This conclusion suppor ts the 
model of positional disorder of T l + or the "dynamical 
twinning model" [10], Then the direct origin of the 
modula t ion of the chemical shift anisotropy at the Tl 
sites may be at t r ibuted to a local hopping of the T l + 

ions, which is closely correlated to the head-to-tail 
flips of the SCN~ ions. 

ionic diffusion was roughly estimated f rom 77 to be 
90 kJ m o l - 1 . This Ea value in T1SCN is comparable 
with 7 7 k J m o l ~ 1 for the high- temperature phase of 
T 1 N 0 3 [17] but much smaller than 48 kJ m o l - 1 in the 
h igh- temperature phase of T 1 N 0 2 [13], The small 
value for the latter c o m p o u n d is a t t r ibutable to the 
fact that its conduct ing phase is an ionic plastic phase 
[25], 

Tis in Phase I 

The temperature dependence of 77 between Tc and 
435 K in phase I can be analyzed in terms of the same 
model as above, but the interaction considered is 
scalar. The theoretical T* is given by (6), indicating no 
isotope but frequency dependence. By fitting (6) to the 
da t a in this temperature region, three mot ional 
parameters C s c , t 0 , and Ea were determined. t 0 and Ea 

determined f rom 77 are in reasonable agreement with 
those f rom T{. Thus, we could determine the mot ional 
parameters of the anionic flips indirectly th rough the 
Tl N M R relaxations. An Ea value of the SCN~ ion flip 
has been determined for K S C N by means of the tem-
pera ture dependence of the Raman linewidth [5] and 
3 9 K 7\ [8] as ca. 4 0 k J m o l - 1 . The value of 5 1 -
54 kJ m o l " 1 for T1SCN is somewhat large in compar -
ison with that for K S C N . This may reflect the smaller 
c axis of phase I of T1SCN compared to K S C N [7,10], 
taking into account that out-of-plane flips of the 
S C N ~ ions are dominant rather than in-plane ones 
[1,7]. 

Above 435 K in phase I, 77 at 16 M H z decreased 
sharply with increasing temperature. This 77 decrease 
is assignable to the translat ional self-diffusion of Tl + 

ions, because a substantial mot ional nar rowing was 
observed in the temperature dependence of T2* in the 
same temperature range (Figure 3). To confirm this, 
we preliminarily measured the electrical conductivity 
by an ac impedance method and found it to be as high 
as 2 • 1 0 " 4 S m - 1 at ca. 460 K, support ing the occur-
rence of rapid ionic diffusion. The Ea value of the Tl + 

77 in Phase II and the Order Parameter 

Since 77 changes smoothly through Tc and shows a 
flat min imum below Tc, it is obvious that the S C N -

ion is still rapidly flipping even in the low-temperature 
ordered phase I. The interaction responsible to the 77 
relaxation is also the scalar one, but the potential 
curve for flips becomes asymmetr ic as shown in Fig-
ure 4 b. The analysis of the 77 da ta can be made by 
using (6) and (13-15) to determine the unknown 
parameters Ea, t 0 , C s c , and AE. 

First, we tried to fit the theoretical 77 to the ob-
served ones, adjus t ing the above four constants. The 
calculations gave a good fitness between the experi-
mental and observed curves but yielded a unreason-
ably large C s c value (ca. 480 k rad/s) , compared with 
9.0 k rad/s for phase I and also with the values re-
por ted for T 1 N 0 2 [13], T1C1 [19], or T 1 N 0 3 [17]. 
Therefore, this model calculation was disregarded. Se-
condly, we adopted a model for which AE is tempera-
ture dependent . This model is closely related to the 
order-disorder t ransi t ion mechanism. F o r the simplic-
ity of the analysis and also to retain the continuity of 
the 77 th rough Tc, we assumed that the values of C s c , 
Ea, and r 0 are the same as the corresponding ones 
determined f rom 77 in phase I. Then, we calculated 
the theoretical 77 to fit the low-temperature port ion of 
the observed 77 by varying AE. This procedure im-
plies that AE is t empera ture independent at tempera-
tures much below Tc. The 77 curves thus obtained are 
d rawn in Figure 2. The temperature dependent AE or 
r] can be est imated f rom the difference between the 
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0 . 5 

3 0 0 7 7 K 4 0 0 

Fig. 5. Temperature dependence of the order parameter IJ 
determined from Tf for phase II of T1SCN. The curve below 
325 K is calculated from (12) and (13) with a temperature 
independent 2 AE of 5.5 kJ mol -

observed and calculated 77, and the result is shown in 
Figure 5. The rj vs. T curve indicates a first-order 
phase transition. 

In conclusion, the temperature dependence of the 
Tl spin-lattice relaxation times in solid T1SCN can be 
analyzed in terms of the chemical shift anisotropy at 
the Tl nuclei and the scalar interaction between the 
2 0 3T1 and 2 0 5T1 nuclei modulated by the head-to-tail 
flips of the linear S C N - ions. The motional parame-
ters of the anionic flip were determined indirectly f rom 
the Tl Tf and T/ for the high-temperature phase I. For 
the low-temperature phase II, the order parameter of 
the S C N - ion orientat ion could be determined, con-
firming the order-disorder nature of the phase transi-
tion. It should be emphasized, however, that the order 
parameters are derived under several assumptions 
and have large scatter because of the difficulty in de-
termining Tf precisely from the nonexponential T, 
recovery. 
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