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Abstract. '°F and ''B spin-lattice relaxation times were measured in [Zn(ptz)e¢)(BF4)2 (ptz =
1—n—propyl—1H—tetrazole) and in the spin-crossover compound [Fe(ptz)s](BF4)2. For both compounds
BF; anion reorientation is active above 50 K. For [Zn(ptz)s](BF4)2, the anion-reorientation dynamics is
different in the temperature regions of 50-90 K, 90-120 K, and above 150 K; between 120 and 150 K it
changes rapidly reflecting a structural change. In [Fe(ptz)s](BF4)2 the mechanism for the paramagnetic
relaxation involving the '°F nuclei is found to be of the diffusion-limited type according to the theory of
Lowe and Tse. The present results prove that the spin-crossover takes place in a dynamic surrounding and

not in a static crystal lattice.

PACS. 33.15.Vb Correlation times in molecular dynamics — 33.15.Hp Barrier heights (internal rotation,
inversion, rotational isomerism, conformational dynamics) — 33.25.4+k Nuclear resonance and relaxation

1 Introduction

In studies of the molecular motions and structural changes
of a compound showing thermally induced spin transi-
tion [1], the question always arises whether the spin tran-
sition induces a change of molecular structure and mo-
tions or inversely. Our presently studied example is the
hexakis(1—n—propyl—1H—tetrazole)iron(II) bistetrafluo-
roborate ([Fe(ptz)g](BF4)2). This compound undergoes a
thermal spin transition with hysteresis of ca. 7 K width
near ~ 130 K [2-4] accompanied by a crystallographic
phase transition [5].

The exchange of the central iron(1I) ions to zinc(II) has
almost no effect on the structure and so a perfect model is
gained for our purpose, which lacks the very strong effects
of unpaired electrons. 'H line-shape temperature depen-
dence [6, 7] revealed that in both compounds the activation
of different intramolecular motions of the cation complex
appears at the same temperatures. 'H spin-lattice relax-
ation time curves for the zinc cation complex [6] indicated
three different types of reorientation of the propyl group
and a transient region where a small structural rearrange-
ment perturbs the molecular dynamics. Positron annihi-
lation (2D ACAR) studies [8] suggested a major role of
the anions there. 'F and !''B spin-lattice relaxation time
(T1) measurements were carried out to get a more detailed
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picture on the changes of the reorientations of the propyl
group and the anion. The clearing up of the problem that
the changes of the lattice dynamics is responsible for or
induced by the spin transition will provide a new perspec-
tive and deeper insight in the field of the solid state spin
transition phenomenon.

2 Experimental

2.1 Sample preparation

The 1—n—propyl—1H—tetrazole (ptz) ligand was pre-
pared as described by Franke et al. [2]. [Fe(ptz)g](BF4)2
and [Zn(ptz)e](BF4)2 were prepared by the method of
Poganiuch et al. [9]. The crude (polycrystalline) prod-
ucts were recrystallized from nitromethane to obtain sin-
gle crystals. For the NMR measurements polycrystalline
samples were used.

2.2 NMR Spectroscopy

Ty for F was measured at 83.5 and 29.0 MHz, and for
HB at 29.0 MHz on a SMIS spectrometer by using the
saturation recovery and the inversion recovery methods.
The stability of frequency and magnetic field was better
than +1 x 107%. The temperature was controlled by an
open-circle Oxford cryostat and an Oxford ITC4 tem-
perature controller using He gas flow. The uncertainty
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Fig. 1. Spin interactions reflected by T for [Zn(1-propyl-1H-
tetrazole)g](BF4)2 and [Fe(1-propyl-1H-tetrazole)s](BF4)2;
1: direct spin-lattice interaction, 2: interaction between het-
eronuclear spins, 3: nuclear spin diffusion (only present in the
iron compound).

of the temperature control was less than 1 K. The cooling
rate was about 1 Kmin ",

3 Results and discussion

Figure 1 shows the dominant relaxation channels among
H, 19F, ''B, and '°B nuclei and the lattice, contribut-
ing to T3. Direct (dipolar) interactions with the lattice
are represented by paths 1. 'F nuclei relax also by en-
ergy transfer to the 'H nuclei (path 2) which manifests in
nonexponential relaxation of magnetization. In the relax-
ation of the 'H nuclei, the heteronuclear interaction has
no detectable effect on T; (exponential relaxation of mag-
netization [6,10]). Boron nuclei relax almost exclusively
by energy transfer to the fluorine nuclei (path 2). Their
direct interaction with the lattice is not effective. When
high-spin state Fe'' ions are present in [Fe(ptz)s](BFy4)2,
all four kinds of nuclei undergo spin diffusion caused by
the unpaired electron spins (paths 3) and paramagnetic
electron spin relaxation is active.

3.1 [Zn(ptz)6](BF4)2

Figure 2 shows '“F T} and ''B T} observed in the tem-

perature ranges 40-300 K and 50-337 K, respectively. The

data for °F, measured at two different frequencies, show
the following trends.

(a) The gradient of the T; curve is smaller below 50 K

than between 50 and 70 K (Fig. 3).

Between 55 and 85 K, a 77 minimum is detected

(Fig. 2).

(¢) In the temperature range of 90 to 120 K T is the

same for both resonance frequencies.

Between 120 and 150 K T shows local minimum.

(e) Above 150 K, relaxation times are changing smoothly.
For the data recorded at lower resonance frequency, a
shallow minimum is detected around 225 K.

The boron relaxation times follow the same trend ex-
cept for region (d) where T} changes smoothly with the
temperature. In region (e) the minimum is more expressed
for boron than for 29.0 MHz fluorine T3.
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Fig. 2. '°F and ''B spin-lattice relaxation times for [Zn(1-
propyl-1H-tetrazole)s](BF4)2. (V): °F Ty at 29.0 MHz; (o):
9F Ty at 83.5 MHz; (0): B T3 at 29.0 MHz; symbols with dot
center: single exponential relaxation; lines: fitted theoretical
curves, equations (4-6).
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Fig. 3. '"F and ''B spin-lattice relaxation times for

[Zn(1-propyl-1H-tetrazole)s]|(BF4)2 and [Fe(l-propyl-1H—
tetrazole)g|(BF4)2. T1 for the iron compound is dominated by
the magnetic field of the high-spin state electron structure of
Fe'' ions above 110 K. Insert: magnified plot of fluorine and
boron Ti; note the sharp changes in trends. Boxes: regions
of 'H T motional minima; the lowest temperature one is at-
tributed to reorientation of CH3 groups and the others to other
reorientations of the propyl sidechaines [10].
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Analyzing fluorine and boron relaxation times in re-
gion (b), the minimum can be explained as caused by the
reorientation of the BF, anions. Below 150 K, the recov-
ery of the longitudinal fluorine magnetization is nonex-
ponential what is considered as resulting from cross re-
laxation between protons and fluorine nuclei (path 2 in
Fig. 1). Ty values of both spins can be expressed via the
following pair of coupled differential equations [11]

d<‘3/-£5> — _Rp (<M§> —Mg) — Rru (<MZH> _Mé{)’
d<JC\14t§> — —Ryp ((MF) = ME) — Ry (M) — M)

(1)

where (M) and (M]) are the 2z components of the mag-
netization for I = "F or 'H at time ¢ and at thermal
equilibrium, respectively. The solution of equation (1) for
a 90°-t-90° pulse sequence applied to F yields [11]
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The observed relaxation rates R’ and R” are eigenvalues
of the relaxation matrix

| Rr Rru
R= {RHF RH]. 3)
Ty = Rp ! calculated by using equation (2), is shown

in Figure 2. The recovery of the longitudinal *H [6,9]
and ''B magnetization were exponential above 40 K:
d(M,)/dt = —R ((M,) — My). The cross relaxation term
in equation (1) for protons is so small that it could not be
detected.

On the low temperature side (Fig. 2), F T} shows a
single minimum with a shoulder which also refers to a not
negligible contribution of the Rpy term in equation (1).
The general expression for the matrix element Ry of equa-
tion (3) may be written as [11]

2 1
Ry = g%%AMFFg(vaTF) + §7§ > AMesgr(wsr, Tr)

+ ayE AMyugr(wir, 77) + BYE AMfygr (WaF, TH)-
(4)

The spectral density functions g(w,7) are defined as fol-
lows:

T; 4Ti
iy Ti) = ’ 5
g(wi, 1) 5 wir? + 1+ 4u27? (5)
N _ Tj 37-]
ar(WseT5) = TG — oy T 1T o
6Tj

+ ) 6

1+ (ws +wp)?77 (6)
where i and j denote 'H or '"F; S is 'H, 9B, or 'B.
The correlation times 7; and 7; change with temperature
according to 7 = Toela/RT (10: correlation time at infi-
nite temperature, E,: activation energy). In equation (4),
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Table 1. Calculated activation energies and correlation
times for anion and methyl reorientation in [Zn(1-propyl-1H-
tetrazole)s|(BF4)2 and [Fe(1-propyl-1H-tetrazole)s](BF4)s.

Reorientation  E/kJmol' 1/102s Gi/10° s

BF, in 535 1.05 1.1 (F]Fl), 1.1 (FB)

Zn(piz)(BF 3.0 (F''B),  0.31 (FH)

[Zn(ptz)s])(BF4), 2.4 (IIBF)

BF, in 5.20 1.19 0.78 (FF), 0.60 (F'°B)
1.7 (F"'B) 0.19 (FH)

Fe(ptz)s](BF. >

[Fe(ptz)s](BF4) 1.4 ("BF)

CH; [6] in 3.90 3.18

[Zn(ptz)s](BF4),

ADM;; is the contribution to the second moment of the
ith nucleus, caused by its interactions with the jth nuclei,
what is averaged out by the reorientations with the g(7y)
that multiplies AM;;. The second term in equation (4) is
the summation for the two kinds of isotopes '°B and ''B.
The coefficients of o and 3 are determined by depend-
ing on how the correlation functions are averaged by the
motions.

Equations (4-6) were employed to fit (Fig. 2) the flu-
orine T7 data at 55 K < T < 85 K. For boron T3 data a
formula similar to equation (4) but consisting only of cross
terms (path 2 in Fig. 1) was employed in the same temper-
ature range. Multipliers of the spectral density functions
were merged into parameters C;;. Ty was determined from
the minimum in proton 77 formerly identified as resulting
from CHj reorientation [6]. Activation energies, correla-
tion times and Cj;-s determined from fitting the above
equations to fluorine and boron relaxation times simulta-
neously are listed in Table 1. The uncertainty of the given
parameters is characterized by the number of the digits.
As expected, AM{;r proved to be negligible.

For the frequency independent part of the °F T (re-
gion (c): 90-120 K), the measured 7; values are con-
sequently higher than the result of the calculations for
55 K < T < 85 K. The average '°F-'H distances are sug-
gested therefore to be different in this region. The activa-
tion energy E, value evaluated from the gradient of the
experimental T curves is 5.84 kJ mol ™', somewhat larger
than the E, calculated for the lower-temperature region.
In region (d), around 130-140 K 1°F (at both frequencies)
and 'B T curves show a broken trend (Figs. 2 and 3)
what was also present in the 'H 7} temperature depen-
dence [6]. The activation energy of the BF reorientation
becomes lower (5.16 kJ mol ™) above 150 K.

The above phenomena refer to changes of the dynamic
structure at 130-140 K, what results in a different anion
dynamics and activate new type of propyl-group reorien-
tations.

The 'B T} minimum in region (e), at 225 K (Figs. 2
and 3) can formally be described with large activation
energy, rapid reorientation and small second moment re-
duction and it is thought to be of quadrupolar origin.
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Fig. 4. '°F and ''B spin-lattice relaxation times for [Fe(1-
propyl-1H-tetrazole)s](BF4)2. Triangles: ¥F 7 at 29.0 MHz
((V) correspond to the cooling, (A) to the heating direction);
(0): °F T at 83.5 MHz; (0): !B Ty at 29.0 MHz.

3.2 [Fe(ptz)g) (BFa)2

The recovery of the longitudinal '%F and !B magnetiza-
tion was exponential in the whole temperature range. The
relaxation time curves (Figs. 3-5) tend to decrease with
decreasing temperature above 130 K because of the local
magnetic fields of the high-spin state electron structure
of the Fe'l ions. According to the high spin fraction vs.
temperature curve y(T') [1-4], the predominant majority
of the Fe! ions changes its spin state within a few tenths
of kelvins. This process has a wide hysteresis as it can be
seen in Figures 4 and 5 and as others reported it [1-4].
The remaining high-spin (or low-spin) state part under-
goes the spin transition in a wider temperature range. Our
F and 'H [6,10] relaxation time data reflect the same
~(T) till 100 K where they reach the T} values measured
for [Zn(ptz)s](BF4)2 (Fig. 3).

Above 100 K, [Fe(ptz)s](BF4)2 can be treated as a
diamagnetic system containing paramagnetic (high-spin
state FeH) ions. For such systems, Bloembergen intro-
duced the theory of spin-lattice relaxation via paramag-
netic ions [12]. According to this model, the relaxation
is due to two mechanisms: electron relaxation and spin
diffusion (paths 3 in Fig. 1). There are different limiting
cases characterized by the ratio of relaxation rates for the
two mechanisms. For the description of 'H spin-lattice re-
laxation via paramagnetic ions, we applied [10] the rapid
diffusion limiting case derived by Lowe and Tse [13]. For
the '”F nuclei, the diffusion-limited case is the appropri-
ate one since they are not in chemical connection with the
paramagnetic Fe'l ions and so the spin diffusion cannot
be powerful.
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Fig. 5. Spin-lattice relaxation time calculated as T ' =
Tf,é,eas‘ - Tlflip', where the dipolar spin-lattice relaxation rate
(estimated by the theoretical curves describing the BF; re-
orientation) is subtracted from the measured values. This is a
good approximation of the paramagnetic relaxation contribu-
tion caused by unpaired electrons. (v): *F T1 at 29.0 MHz,
cooling direction; (A): '°F Ty at 29.0 MHz, heating direction;
(0): F Ty at 83.5 MHz, cooling direction; (0): ''B T1 at
29.0 MHz, cooling direction.

In the limiting case of rapid diffusion, T} is given by
the equation
B 363
47N, C’

where b is the “barrier radius”, inside of which spin diffu-
sion is not possible because the local field of the param-
agnetic ion has shifted the resonance of nuclei sufficiently
far from the other nuclei so that the spin-flip mechanism
(which requires both nuclei to have the same resonance
frequency) is quenched. Ny, = N(T)yus(T) is the concen-
tration of high-spin state Fe'' ions, N(T') is the number

(7)

1

of Fe!! ions per unit volume. C is given by

— 2 /.,Loh 2 2 9 Te
= — —_— 1 —_—
c ; <4W> S(S 4+ 1)v5v; T+ oi2 (8)

~s and v are the magnetogyric ratios of the paramagnetic

ion and nucleus I, respectively. S is the spin of the param-

agnetic ion. 7, = o/ BT ig the correlation time of the z

component of the paramagnetic-ion spin, and wy = 71 By.
In the diffusion-limited case, T} is given by

3

= ——m—
87N, C/ D3/

9)

where D o< Ty 1is the spin diffusion coefficient.
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The measured '"F spin-lattice relaxation times con-
sist of a dipolar and a paramagnetic part (77, s, =
Ty, dlip. + Ti;amm_). Equation (9) corresponds to Ti param.-
The dipolar relaxation mechanisms are exclusively de-
termined by the reorientations of the molecular groups.
The paramagnetic relaxation mechanism has an effect on
the measured 77 values as an additional perturbation.
Therefore the dipolar part can be estimated by theoretical
curves of the BF,; reorientation described in Section 3.1.
For the fitting of equation (9) to the temperature range be-
tween 130 and 300 K, 7. = 1.0x 1073 exp(3.0x 103/ RT) s
obtained previously [10] was used. N(T) was calculated
from crystallographic cell parameters in reference [14].
~vus(T) was taken from reference [4]. T» was estimated
with the reciprocal of the F line width at half maxi-
mum (the results of the spectrum measurements will be
published separately). The remaining constant parameters
were treated as a single variable fitting parameter. The re-
sulting curves are shown in Figure 5. The rapid diffusion
model gives curves with steeper slope and no frequency
dependence in this temperature region and so it is not the
appropriate limiting case for the F nuclei.

The relaxation time vs. temperature curves of the two
compounds are expected to be almost the same below
100 K since a 100% spin transition is suggested [1-4].
The magnetic moment of [Fe(ptz)g](BF4)2 is smaller than
0.01 emu/g = 15 A/m between 55 and 85 K, i.e. it is
negligible compared to the maximal magnetic moment of
2 emu/g = 2600 A/m at T = 135 K [15]. Essentially the
same 77 minima were found between 55 and 85 K as for
[Zn(ptz)s](BF4)2 (1°F at 83.5 MHz and 29.0 MHz data,
HB at 29.0 MHz data), thus each can be assigned to the
reorientation of the BF; anions. This anion motion can be
described by activation energy and correlation time values
very close to the ones calculated for the zinc complex (see
Tab. 1). On the basis of the direct correlation between
the dynamics of the two compounds shown by 'H [10],
UB and F T (T) curves in the quasi diamagnetic tem-
perature region of the iron complex and since the com-
plexes are isomorphic, we assume that the same types of
molecular reorientations are present in both compounds
in the high-temperature region, too. As a consequence,
we suggest that the changes of the dynamical structure
occurring at 130-140 K (see previous section) triggers the
spin transition determining its temperature (74 7). Nagai
et al. [8] got also to this conclusion by the analysis of
their 2D-ACAR measurements on [Zn(ptz)s|(BF4)2 and
[Fe(ptz)s)(BF4)2 single crystals.

9F and 'H relaxation times are much smaller for
[Fe(ptz)s](BF4)2 than for [Zn(ptz)e](BF4)2 and they have
a V-shaped minimum below 50 K (Fig. 3). The faster re-
laxation can originate from very low concentration resid-
ual high-spin state Fe'! ions and the later was attributed
to some magnetic interactions involving clusterization® be-
tween them [10].

! Magnetic moment measurements made by a SQUID equip-
ment suggest a cluster formation process among the residual
high-spin state Fe'' ions between 1.8 and 20 K [15].
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4 Conclusions

9F and ''B spin-lattice relaxation time measurements
for [Zn(ptz)e|(BF4)2 and for the spin-crossover com-
pound [Fe(ptz)s](BF4)2 showed that BF; anion reori-
entation is active in both compounds above 50 K. For
[Zn(ptz)s](BF4)2, the anion-reorientation dynamics was
found to be different at 50-90 K, 90-120 K, and 150—
300 K. It changes rapidly between 120 and 150 K: even
small changes in the lattice parameters activate different
reorientational motions. Since the Zn'! and the Fe'! com-
pounds are isomorphic and the same molecular motions
were found in both compounds at low temperatures, the
reorientation dynamics is expected to be almost identical
in the higher-temperature region, too. The later assump-
tion makes possible to draw the conclusion, that the pro-
cess of continuously changing anion and progyl chain re-
orientation dynamics is also present in the Fe' compound
between 120 and 150 K. Since the spin transition tempera-
ture of the Fe'' compound is 128 K (cooling direction), we
suggest that the changes of the lattice dynamics and the
parameters determining the spin transition temperature
are interdependent.
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