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The fluorine spin-lattice relaxation time as well as NMR second moment for perdeuterated
guanidinium tetrafluoroborate were studied over a wide range of temperature.

An analytical solution of a set of coupled differential equations describing the time variation of
nuclear magnetisations for four unlike spin systems was applied to analyse all cross-relaxation effects
in the compound. Activation parameters EF=19.3 kJ/mole and t§=9-10"'*s for the isotropic

anion reorientation were derived.

A coupling of rotational modes of cation and anion was found. Significant lowering of the melting
point explained by a weakening of the hydrogen bonds involves diminishing of the ion activation

energies due to the large positive isotope effect.

Introduction

A single-crystal X-ray analysis has shown [1] that
the guanidinium tetrafluoroborate crystallizes in the
trigonal space group R3m, with a=5265(1) A, o« =
90.09 (2)° and Z =1. The guanidinium cation and te-
trafluoroborate anion, connected by the N—H --- F
hydrogen bonds, form layers perpendicular to [111].

To describe ion motions in C(NH,);BF, the proton
and fluorine NMR second moment as well as spin-lat-
tice relaxation time T; were studied over a wide range
of temperature [1]. To interpret the non-exponential
'H and '°F magnetisation behaviour, cross-relax-
ation effects were considered and an analytical solu-
tion of a set of coupled differential equations describ-
ing the time variation of nuclear magnetisations for
three unlike spins was derived. It enabled to extract
precise values of activation parameters for ion reori-
entations, that is an isotropic anion reorientation and
C; reorientation of the guanidinium cation. It was
found that the two plots corresponding to the temper-
ature dependences of the correlation times of the two
ions converge (in the accuracy limit) at the melting
point (450 K). This effect, revealed also in the other
compounds [2, 3], seems to indicate the existence of a
new kind of coupling of rotational modes of cations
and anions at first-order phase transitions.
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In [4] we succeeded in deriving the solution of a set
of coupled differential equations describing the time
variation of nuclear magnetisations for four unlike
spins. Since perdeuterated guanidinium tetrafluoro-
borate seemed to be a good example of such a system
an NMR study of this compound was undertaken.
It enabled us to calculate more precisely than in
C(NH,),BF, all intra- as well as inter-ionic dipolar
interactions and to find activation parameters for the
anion reorientation. It seemed interesting to find also
how the deuteration of the compound influences the
ion motions, coupling of rotational modes and tem-
perature of the phase transition.

Experimental

C(ND,);BF, was prepared from purified
C(NH,);BF, obtained as described in [1] by multiple
exchange with D,O. The product was then ground to
a fine powder, dried, degassed and sealed off.

Fluorine second moment investigations were made
with a cw NMR spectrometer operating at the Lar-
mor frequency of 26.3 MHz. Measurements of the
spin-lattice relaxation time T, were performed using a
laboratory-made pulse spectrometer operating at
60 MHz by a n/2—1—m/2 pulse sequence or by a
saturation method.

The temperature of the sample was controlled by
means of a gas-flow cryostat and monitored with a Pt
resistor to an accuracy of about 1 K.

The melting point was measured for the sample
sealed into a glass ampoule in an argon atmosphere.

0932-0784 / 92 / 0700-0803 $ 01.30/0. — Please order a reprint rather than making your own copy.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fir Naturforschung
@ ® @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung®) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



804

Results

Experimental results of fluorine NMR second mo-
ments obtained for the deuterated guanidinium te-
trafluoroborate are presented in Figure 1. The value
of 15.4 G? registered at 130 K decreases to 0.6 G2
reached above 250 K. It was not possible to register
unsaturated NMR absorption lines below 130 K be-
cause of long spin-lattice relaxation times.

Results of the fluorine spin-lattice relaxation times
are shown in Fig. 2 as a log T, plot against inverse
temperature. The solid lines in the figure are model-
based fits to the experimental data. At temperatures
higher than 200 K a non-exponential magnetisation
decay is observed. The decay curves are decomposed
into two exponentials with different T, yielding the
results shown in Figure 2. For both plots one can see
T, minima of 15 ms at 220 K and of 33 ms at 208 K for
short and long components, respectively.

The melting point was found to be at 435 K.

Calculations and Discussion

Assuming the same crystal structure for
C(ND,);BF, as for C(NH,);BF, one can expect the
theoretical fluorine second moment for a rigid lattice
to be 19.4 G2. This value is not achieved at the lowest
temperatures studied. The decrease to a value of
0.6 G? is caused by the onset of isotropic reorientation
of BF, anions. The second moment at high tempera-
tures is by 0.7 G* lower than found for the undeuter-
ated salt, since there is no more fluorine-proton inter-
action in the compound.

To interpret the relaxation data obtained in the
deuterated guanidinium tetrafluoroborate we have
considered cross-relaxation effects in the '°F, !!B, 1°B,
D, and '*N spin system. Since the fluorine-nitrogen
interaction is negligibly small we could reduce the
system to four unlike spins and then solve the set of
coupled differential equations describing the time
variation of nuclear magnetisations [4]:

_RFF _RF“B _RFD

—R“BF _RllBllB _RUBIOB _R“BD

_RFlOB

[R] =

_RIOBF -RIOBIIB _BIOBlOB —Rlonn
_RD“)B _RDD

—RDF _RD“B

where [R] is a total relaxation matrix.
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Fig. 1. Temperature dependence of the fluorine second mo-

ment (the dashed line presents the plot obtained in [1] for
C(NH,),BF,).
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Fig. 2. Temperature dependence of the fluorine spin-lattice
relaxation time T;.

Assuming the same interatomic distances in
C(ND,);BF, as in the undeuterated salt we could
apply the values of reduced second moments:
AM,(F—-F)=785G?  AM,(F—1''B)=9.79G?,
AM,(F—'°B)=0.82G? (found in [1], Table 6) and
additionally AM,(F—2D)=0.2G? to calculate the
relaxation matrix elements according to the formula

Rll=§V12AM2(1—I)‘g1(w1’T)
+3 X 1AM, (I-8) - g, (e, ws, T),
Rls=%7§AM2(S_I)'g3(‘Ub ws, T),
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where

gi(w,1)=1/(1+wit®)+41/(1+ 40?13,
g, (wy, s, 7) = T/[1 4 (0;— ws)? 7]
+31/(1+ o ?) +61/[1+ (0, + wg)? 3],
g3 (o, wg, 1) = —1/[1 + (0;— wg)? 7]
+61/[1+ (0 + wg)? 72].

The Arrhenius correlation time 7 is ascribed here to
the BF, reorientation.

Then we calculated the eigenvalues 4, of the relax-
ation matrix [R] and their respective magnetisation
amplitudes A (r) as a function of temperature (see [4]
formula (3) and (4)).

At temperatures higher than 200 K a theoretical
analysis of the fluorine magnetisation behaviour satis-
factorily explains an evident non-exponential mag-
netisation recovery due to the cross-relaxation be-
tween fluorine and boron nuclei. At the highest
temperatures it was found that 84% of the magnetisa-
tion comes from the fluorine-fluorine interaction and
16% from the '°F—'!B interaction (*°F—'°B and
19F 2D interactions appeared negligibly small). Two
such contributions to the fluorine magnetisation have
also been observed in the experiment. A quadrupolar
11B interaction was neglected in our calculations as
was done in [1].

The deuteration of the compound, removing the
fluorine-proton interaction, reveals the fluorine-boron
interaction by a non-exponential fluorine magnetisa-
tion behaviour. In the protonated compound it was
obscured by the comparable competitive proton and
boron contributions to the fluorine magnetisation
producing apparently a one-exponential magnetisa-
tion decay above the T minimum.

An advantage of the deuteration is especially seen
on the low temperature side of the Ty minimum where
the fluorine magnetisation decay becomes one-expo-
nential revealing a pure fluorine-fluorine interaction.

The best fitting of theoretical eigenvalues A5 ! to the
experimental T values as a function of temperature
yielded the following Arrhenius activation parameters
for the BF, reorientation: EF =19.3kJ/mole and
15 =9-10"!*s. The activation energy is by about 7%
smaller (preexponential factor 3 times higher) than
found for the protonated salt. Quantitatively the same
changes in the activation parameters for the BF, an-
ion reorientation were found in pyridinium tetrafluo-
roborate after deuteration of the compound [3, 5].
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The knowledge of the activation parameters en-
abled us to compare the temperature dependences of
the rotational correlation time for the BF, anion and
for the guanidinium cation. Since the activation en-
ergy for BF, reorientation was found to be lower in
C(ND,),BF, than in C(NH,);BF,, obviously there
must be a decrease in the cation-anion interactions
and hence a lower energy barrier should be expected
also for the deuterated guanidinium cation. So, it
seemed reasonable to assume the same reduction of
the activation parameters for the deuterated cation as
for the anion reorientation. For the reduced values
(EP =35kJ/mole, 15 = 3.8 - 10~ !> s) the temperature
dependence of the cation correlation time was com-
pared with the plot obtained for the anion. Both plots
converge at temperature lower than for the undeuter-
ated salt (see Figure 3). The convergence reveals also
in this compound the existence of a coupling of rota-
tional modes of two ionic sublattices. In the other salts
[2] we have discovered that such a convergence took
place at the phase transitions. Thus one could expect
the same effect in C(ND,);BF,. Indeed, we found that
the deuteration of the compound caused a significant
lowering of the melting point, from 450 K to 435 K.
This is evidence of a large isotope effect, which de-
pends among others on the nature of the hydrogen
bond in the system, on its symmetry and length [6—
10]. Singh and Wood [7] have calculated the effect of
isotopic substitution of hydrogen by deuterium on the
R(A--- B) distance of an A—H -+ B hydrogen bond.
They found that the R(A---B) distance increases
(positive isotope effect) on deuteration if the potential
energy function contains a symmetric or asymmetric
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Fig. 3. Temperature dependences of correlation times for

cations and anions in C(ND,),BF, and C(NH,),;BF, (<"
estimated from t*).
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double minimum. Similar conclusions have been
reached by Savelev and Sokolov [8]. On the other
hand the R(A--- B) distance decreases (negative iso-
tope effect) on deuteration if the potential curve has a
single symmetric minimum.

In the compound studied the lowering of the melt-
ing point can be explained by a diminishing strength
of the hydrogen bonds N—H --- F, the potential en-
ergy having two minima. It is known that the weaker
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