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The temperature dependence of 2HNMR spectra and 81Br and 127I NQR frequencies was investigated for the deu-
terated compounds of [C(NH2)3]HgBr3 and [C(NH2)3]HgI3 between 77 and ca. 400K. Due to deuteration, the phase-
transition temperatures of the iodine compound were increased by 2 and 6K for the second-order (251K) and the
first-order (210K) phase transitions, respectively. Distinctive 127I NQR frequency-shifts of more than 200 kHz were ob-
served in the intermediate phase of the iodine compound on deuteration. The temperature dependences of the 2HNMR
spectra for [C(ND2)3]HgBr3 and [C(ND2)3]HgI3 could be explained by invoking C3 reorientation of the guanidinium
cation. The activation energies for the reorientation evaluated from 2HNMR were consistent with the former 1HNMR
T1 results with the exception of the low-temperature phase of the iodine compound. The quite low activation energy from
2HNMR spectrum for this phase may indicate that the quenching of the orientation disordering of the cations is respon-
sible for the fade-out phenomenon in the 127I NQR resonance lines below ca. 100K.

It is well known that many halogenometallates with alkyl-
ammonium cations undergo phase transitions associated with
the molecular motions of the cations.1 In a previous paper,2 we
have for the first time reported the occurrence of phase transi-
tions in the [C(NH2)3]HgI3 crystals, whereas there are no signs
of phase transitions in [C(NH2)3]HgBr3. The crystal structure
at room temperature of [C(NH2)3]HgBr3

2 has a monoclinic
C2=c space group and is isomorphous with [C(NH2)3]HgI3

2

and [C(NH2)3]CdBr3.
3 The structure can be described as con-

sisting of a discrete [C(NH2)3]
þ ion and a pseudo one-dimen-

sional polymeric anion chain (HgBr3
�)1. Each anion chain is

formed by two-edges sharing among the adjacent trigonal bi-
pyramids of HgBr5, in which a central Hg atom is coordinated
by three Br atoms of an HgBr3

� ion in equatorial positions and
two Br atoms intermolecular-connected in apical positions.
The crystal structure is stabilized by networks of N–H���Br
hydrogen bonds between the cations and the polyanions as
well as the electrostatic forces.

Of the above isomorphic series of compounds, it has been
found that only [C(NH2)3]HgI3 undergoes solid-state phase
transitions in the temperature range from 77 to ca. 400K show-
ing a second-order-type phase transition at Tc1 ¼ 251K and a
first-order-type transition at Tc2 ¼ 210K. The solid state of
[C(NH2)3]HgI3 is therefore characterized as having at least

three phases as denoted: room-temperature phase (RTP, T >
Tc1), intermediate temperature phase (ITP, Tc1 > T > Tc2),
and low-temperature phase (LTP, T < Tc2). In previous work,2

we have also reported that the temperature dependence curves
of 1HNMR T1 of both [C(NH2)3]HgBr3 and [C(NH2)3]HgI3
are explainable by invoking C3 reorientation about the pseudo
three-fold axes of the [C(NH2)3]

þ ions. The activation ener-
gies of this motion have been estimated to be 35.0 kJmol�1

for the bromine compound, whereas they are 24.1, 30.1, and
23.0 kJmol�1 for RTP, ITP, and LTP, respectively, for the
iodine compound. The smaller activation energies in the iodine
compound indicate the ease of motion over that in the bromine
compound. It is also remarkable that the activation energy
in the ITP phase is rather large compared to those in the
other phases.

In accordance with the crystal structures, two NQR reso-
nance lines due to 81Br and 127I (m ¼ 1=2 $ 3=2) are detected
in the bromine compound and in RTP of the iodine compound.
Though the temperature dependence of NQR frequencies is
normal except for that in ITP of the iodine compound, in
which a salient dependence is found. The terminal iodine line
shows no practical temperature dependence in this phase,
while the bridging iodine one a steep increase with decreasing
temperatures. Thus, the above distinctive observations in the
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activation energies from the 1HNMR T1 and in the tempera-
ture dependence of the NQR frequencies in ITP seem to indi-
cate an occurrence of some dynamical structural change in this
phase. To get further information about the cation dynamics,
we measured the 2HNMR spectra of the deuterated com-
pounds [C(ND2)3]HgBr3 and [C(ND2)3]HgI3 in this study.
81Br and 127I NQR and differential thermal analysis (DTA)
measurements were also carried out in order to investigate
possible deuteration effects.

Experimental

The partially deuterated compounds [C(ND2)3]HgX3 (X ¼
Br and I) were prepared by mixing equimolar amounts of
[C(ND2)3]X and HgBr2 in methanol-OD (CH3OD; Nacalai
Tesque, Inc. 99%D) followed by evaporation of the solvent for
crystallization. The degree of deuteration was determined to be
>90% from the IR spectra. The [C(ND2)3]X crystals were obtained
by repeated cycles (4 times) of dissolution of the crystals into D2O
(Nacalai Tesque, Inc. 99.8%D) and evaporation of the solvent. All
of the deuteration processes were done under N2 gas atmosphere
in a globe bag. The [C(NH2)3]X crystals were prepared by neutral-
izing an aqueous solution of [C(NH2)3]2CO3 with HBr.

NQR spectra were measured on a super-regenerative spec-
trometer. The signals were recorded on a recorder through a lock-
in amplifier with Zeeman modulation. The accuracy of frequency
measurement was estimated to be within �0:02MHz.

2HNMR powder spectra were recorded at 41.6MHz (6.37 T).
The measurements were carried out by means of a homemade
spectrometer using a solid-echo technique (�=2x–�=2y-echo),
followed by a Fourier transformation of the echo signal. The typi-
cal �=2 pulse length and the separation between two �=2 pulses
were 3 and 30–50ms, respectively. Spectral simulation for
2HNMR was done by using MXQET.4

The DTA measurement was carried out on a homemade
apparatus.

Results and Discussion

Deuteration Effects as Found in DTA and NQR Mea-
surements. Figure 1 shows the crystal structure of [C(NH2)3]-
HgBr3

2 at room temperature (298K). The crystal are mono-
clinic C2=c with Z ¼ 4, a ¼ 7:750ð2Þ Å, b ¼ 15:646ð2Þ Å,
c ¼ 7:727ð2Þ Å, and � ¼ 109:12ð2Þ�. The [C(NH2)3]

þ ions
are in the voids between anion chains (HgBr3

�)1. Two bridg-

ing Br atoms of an HgBr3
� ion, being crystallographically

equivalent, participate in the double chains of Br–Hg–Br by
intermolecular Hg���Br bonds. The almost flat planes of the
[C(NH2)3]

þ ion and the HgBr3
� ion are tilted by ca. 60� to

each other. Short N���Br distances of 3.548 for terminal Br
atoms and 3.580 Å for the bridging Br atoms suggest that these
atoms may participate in weak N–H���Br hydrogen bonds.5,6

The crystal structure of [C(NH2)3]HgI3
2 has been found iso-

morphous at room temperature with a larger unit cell: C2=c,
Z ¼ 4, a ¼ 8:424ð6Þ Å, b ¼ 16:096ð6Þ Å, c ¼ 8:335ð7Þ Å, and
� ¼ 109 (1)�. Though the crystal structures of [C(NH2)3]HgI3
at low temperatures have not been reported, the continuous
changes at Tc1 and the splitting pattern at Tc2 in the 127I NQR
frequencies, as shown later, shows that these structures are
closely related to and not so different from the room tempera-
ture structure.

A representative DTA curve of [C(ND2)3]HgI3 is compared
to that of [C(NH2)3]HgI3

2 in Fig. 2. Though both curves for
these compounds were recorded without precise temperature
control, the cooling rates were about 1Kmin�1, and the heat-
ing rate was about 5Kmin�1 (The differential scanning calo-
rimetry (DSC) curve of the protonated compound which was
recorded (using Mac science DSC3100s) with the rates of
10Kmin�1 for both cooling and heating runs was basically
same as the corresponding curve in the figure.). It is obvious
that the thermal behavior of the D-compound is only slightly
different from that of the H-analogue. That is, a small anomaly
with a long tail on the low-temperature side with a peak maxi-
mum at Tc1(D) = 253K was observed in both cooling and
heating runs. In addition, smeared peaks were always found
around 196K on cooling runs, which suggests that the ITP !
LTP transition occurred gradually in the wide temperature
range of the super cooled state. On the other hand, during heat-
ing runs, the LTP ! ITP transition always gave sharp peaks,
from which we deduced Tc2(D) = 216K. The present DTA
measurements have shown that increases in both the second-
order-type (Tc1) and the first-order-type phase-transition tem-
peratures (Tc2), which were 2 and 6K for the former and the
latter, respectively, occur upon deuteration.

Fig. 1. The crystal structure of [C(NH2)3]HgBr3 without H
atoms.2 Monoclinic (C2=c), Z ¼ 4, a ¼ 7:750ð2Þ Å, b ¼
15:646ð2Þ Å, c ¼ 7:727ð2Þ Å, � ¼ 109:12ð2Þ�. Possible
H-bonds N–H���Br are shown with dashed lines.
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Fig. 2. A representative DTA curve of [C(ND2)3]HgI3
together with that of [C(NH2)3]HgI3.
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The temperature dependence of 81BrNQR frequencies of
[C(ND2)3]HgBr3 is shown together with that of [C(NH2)3]-
HgBr3 in Fig. 3. The lower-frequency line �D2 (�H2) was al-
most twice as intense as the higher-frequency line �D1 (�H1);
they were assigned to the bridging and the terminal Br atoms,
respectively. Both lines exhibited normal negative temperature
dependence without showing any evidence for the occurrence
of phase transition. As listed in Table 1, an isotope effect on
frequency ��D{H, which denotes a frequency difference be-
tween the deuterated and protonated compounds, was found
up to ca. 200 kHz. Such ��D{H values were also encountered
in (CH3NH3)2HgBr4

7 and CH3CH2NH3HgBr3,
8 which may

indicate the existence of weak N–H���Br hydrogen-bonding in-
teractions in these crystals. The sign of ��D{H for the terminal
Br atoms was negative throughout the measured temperature
range, and its absolute value increased with decreasing tem-
peratures. On the other hand, the sign of ��D{H for the bridg-
ing Br atoms was positive except for at low temperatures, and
its absolute value tended to be larger at high temperatures.

The temperature dependence of the 127I (m ¼ 1=2 $ 3=2)
NQR frequencies of [C(ND2)3]HgI3 is shown in Fig. 4. In this
figure, I, II and III denote the room-temperature phase (RTP),
the intermediate-temperature phase (ITP), and the low-tem-
perature phase (LTP), respectively. The highest-frequency
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Fig. 3. Temperature dependence of 81BrNQR frequencies
of [C(ND2)3]HgBr3 ( ) together with [C(NH2)3]HgBr3
( ).

Table 1. 81Br and 127I (m ¼ �1=2 $ �3=2) NQR Frequencies of [C(ND2)3]HgBr3 and [C(ND2)3]HgI3
at Representative Temperatures as Listed Together with Those for the Protonated Compounds

Compound Nucleus Phase T/K
�/MHz

��D{H/MHzbÞ
D-compd H-compdaÞ

[C(ND2)3]HgBr3
81Br 77 112.23 112.40 �0:17

88.26 88.31 �0:05
298 108.32 108.41 �0:09

86.25 86.17 0.08
[C(ND2)3]HgI3

127I LTP 140 136.03 135.96 0.07
128.37 128.38 �0:01
114.69 114.60 0.09

ITP 235 135.95 136.15 �0:20
124.82 124.38 0.44

RTP 298 134.08 134.19 �0:11
118.21 118.13 0.08

a) Ref. 2. b) ��D{H denotes a frequency difference between the deuterated and protonated compounds.
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Fig. 4. Temperature dependence of 127I (m ¼ �1=2 $
�3=2) NQR frequencies of [C(ND2)3]HgI3 ( ) together
with [C(NH2)3]HgI3 ( ). Each phase of RTP, ITP, and
LTP is denoted by I, II, and III, respectively.
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lines in each phase, �D1I (�H1I), �D1II (�H1II), and �D1III

(�H1III), were assigned to the terminal I atom, and the remain-
ing lines, �D2I (�H2I), �D2II (�H2II), �D2III (�H2III), �D3III

(�H3III), were assigned to the bridging I atoms.2 On the phase
transition from RTP to ITP, both �D1I and �D2I changed con-
tinuously without showing any jumps, in accordance with a
second-order phase-transition nature. On the other hand, on
going from ITP to LTP clear jumps between resonance lines
of both phases, in accordance with a first-order-type phase-
transition nature, were observed. Superheating as well as
supercooling in the NQR frequency measurements were ob-
served at the Tc2(D) transition, as seen for the H-compound.2

The lower two lines in LTP were situated symmetrically in
frequency from an extrapolated line of the lower frequency
curve in RTP. Unrecognizable intensity changes occurred be-
tween �D1I (�H1I) and �D1II (�H1II) at Tc1, whereas both �D2I

(�H2I) and �D2II (�H2II) became broader and weaker and were
unobservable near Tc1. Further, the signal intensities of �D2II

(�H2II) were rather weak compared to those of �D1I (�H1I),
even if the former lines were subjected very steep temperature
dependence. It then seems plausible that another line in ITP
exists, which may situated symmetrically from �D2II (�H2II),
and its frequency decreases with a decrease in the temperature,
as seen for C6H5NHSbX4 (X ¼ Br and Cl).9 We tried therefore
to search the signals for the counter atoms in the expected
frequency regions repeatedly, but no signals were detected.
It is still not certain whether signals for the counter atoms exist
or not. A fade-out phenomenon of the resonance lines accom-
panied by signal broadening below ca. 100K in LTP was also
observed for [C(ND2)3]HgI3, as in the case of the protonated
compound (The samples that were slowly cooled and expected
to show a complete transformation into the LTP phases gave
no signals.). It is notable that relatively large j��D{Hj values
were observed for both lines in ITP, whereas those in RTP
and LTP were relatively small. The ��D{H values for the io-
dine compound, as a whole, appear similar to the bromine
compound, which showed negative and positive values for
the terminal and the bridging I atoms, respectively. The large
j��D{Hj values in ITP compared to those in the other phases
seem again to be indicative of the occurrence of a dynamical
structural change in this phase, which may reflect the differ-
ence between N–D���I and N–H���I.

Cation Motions as Investigated by 2HNMR Measure-
ments. Figure 5 shows the 2HNMR T1 vs. 1=T plot at
41.637MHz of [C(ND2)3]HgBr3, which was measured
for comparison with the protonated compound. The planar
[C(NH2)3]

þ ions have often been found to undergo a C3 reori-
entation motion in crystals.2,10–13 In accordance with this, a
simple V-shaped T1 curve was also obtained for the deuterated
compound. The curve exhibited a single minimum of 6.5ms at
339K, whereas the corresponding one for 1HNMR2 at 32MHz
of the protonated compound exhibited a single minimum of
27ms at 342K. The following BPP-type equation can be used
to analyze the C3 reorientation of the [C(ND2)3]

þ ions:

1

T1
¼ CQ

�

1þ$2�2
þ

4�

1þ 4$2�2

� �
; ð1Þ

and � ¼ �0 exp
Ea

RT

� �
; ð2Þ

where ! is the angular NMR frequency, CQ is a constant asso-
ciated with the reduction of the quadrupole coupling constant
under this motion, and � and Ea are the correlation time and
the activation energy of the C3 reorientation, respectively.
From least-squares calculations using Eqs. 1 and 2, the follow-
ing motional parameters were obtained: CQ ¼ 2:80� 1010 s�2,
�0 ¼ 4:6� 10�14 s, and Ea ¼ 30:7 kJmol�1. The obtained Ea

value for the [C(ND2)3]
þ ion in [C(ND2)3]HgBr3 was a little

smaller than the value 35.0 kJmol�1 for the [C(NH2)3]
þ ion

in [C(NH2)3]HgBr3. This may show the fact that the N–
D���Br hydrogen-bonding interactions are weaker than the N–
H���Br ones, and the N–D���I ones are weaker than the
N–H���I. This trend is consistent with the expected strengthen-
ing of N–H bond and resultant weakening of N–H���X hydro-
gen bond as a consequence of deuteration.14

Though the deuteration effect on Tc is not yet fully under-
stood, Weiss et al.14 have pointed out two opposite influences
on Tc in anilinium halogenides (halogen = Br and I). One is a
disordering of the cations, which may cause a decrease in Tc
following deuteration, because deuterated compounds may
be easier to disorder than protonated ones, due to a decrease
in hydrogen-bond strength. The other is a crystal stabilization
effect arising from diminished torsional amplitudes expected
for a deuterated ion. The former was adopted as a predominate
influence in C6H5ND3X and C6D5ND3X, which show ca. 6K
lowering from their order–disorder phase-transition tempera-
tures of respective protonated compounds. It is noted that in
the KH2PO4/KD2PO4 example, the D atom is more difficult
to disorder than the H atom and a drastic increase of 106K
in Tc is encountered on deuteration.14 The latter was intro-
duced to explain a quite small but definite increase (0.7K) in
the Tc of C6D5NH3Br. Another example showing the phase
transitions connected to a cation disorder may be the family
of C6H5NHSbX4 (X ¼ Br and Cl),9 for which Tc decreases
by few degrees on deuteration. The increase in Tc in the pres-
ent case of [C(ND2)3]HgI3/[C(NH2)3]HgI3 may be difficult to
explain by the order–disorder of cations at the phase transi-
tions. Therefore, we consider that the increased crystal stabili-
zation on deuteration is responsible for the increase in Tc. This
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Fig. 5. Temperature dependence of 2HNMR T1 of
[C(ND2)3]HgBr3.
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also suggests that the phase transition at Tc1 (and probably at
Tc2) is a displacive-type transition (Our preliminary crystal
structure investigations of the low-temperature structures of
[C(NH2)3]HgI3 also indicate a displacive-type transition.).

2HNMR spectra of [C(ND2)3]HgBr3 are shown in Fig. 6,
together with simulated spectra. According to the crystal-struc-
ture determinations on [C(NH2)3]HgBr3

2 and [C(NH2)3]-
CdBr3,

3 the NH2 planes of cations were found to be twisted
by small angles from the plane of a coplanar CN3 group. How-
ever, many recent structure determinations15 have shown that
the guanidinium ions are found coplanar including the H atoms
in the crystal structures. It seems appropriate that all atoms of
the cations are situated coplanar, because the C–N bonds may
have partial double bond character and both N and C atoms are
expected to use sp2 hybrid orbitals for their bonding. There-
fore, we simulated the 2HNMR spectra for the coplanar cat-
ions including the H atoms. The simulation was further carried
out with C3 reorientaional motion of the [C(ND2)3]

þ cation
with the reorientation rate k, because no other motion was de-
tected by the 2HNMR T1 in this temperature region. The spec-
trum at 162K was well explained with a rigid lattice of the
[C(ND2)3]

þ ion, from which the quadruple coupling constant
(e2Qq=h) and the asymmetry parameter (�) of the electric field
gradient (EFG) for the 2H were estimated to be 214 kHz and
0.14, respectively. This e2Qq=h was close to 230 kHz, which
has been reported for the guanidinium cation intercalated into
a clay mineral.16

These simulations from 162 to 330K suggest that the z-axis
of the EFG at the rigid lattice is parallel to the D–N bond and
that the y-axis is normal to the D–N–D plane, that is, the y-axis
is parallel to the C3 axis. These findings are consistent with a
planar [C(ND2)3]

þ ion, including three ND2 groups.
Figure 7 plots the reorientational rates (k) in the simula-

tion against the inverse of the temperature. The following
Arrhenius-type equation gave the best fit for the data:

k ¼ 9:0ð10Þ � 1012 s�1 expð�32ð1Þ kJmol�1=RTÞ: ð3Þ

The calculated activation energy (32(1) kJmol�1) is consistent

with that (30.7 kJmol�1) obtained from the above 2HNMR T1
measurement. The spectrum at 330K corresponds to one with
axial symmetry (� ¼ 0), because the C3 reorientational motion
becomes much faster than the NMR line width (k � 107 s�1).
The e2Qq=h value at this temperature was estimated to be
112 kHz, which is ca. 8% smaller than the expected value
involving pure C3 reorientation of a planar guanidinium-d6
ion. This reduction suggests a wobbling property of the reori-
entational axis. A simple consideration of such a mode may
reduce e2Qq=h to the folloing:

e2Qq=h ¼ ðe2Qq=hÞ�¼0� 3 cos
2 � � 1

2
; ð4Þ

where � is a tilting angle of the C3 axis from the precessional
axis, and ðe2Qq=hÞ�¼0 ¼ 122 kHz for pure C3 reorientation.
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The calculation showed a small angle tilting with � ¼ 13:5�

at 330K.
2HNMR spectra for [C(ND2)3]HgI3 are shown together

with the simulation in Fig. 8. In spite of the existence of phase
transitions, the spectra could be reproduced successfully
with the simulation using C3 reorientaional motion similar to
the bromide analog. The spectrum at 120K was well explained
with a rigid lattice of the [C(ND2)3]

þ ion with e2Qq=h ¼ 216

kHz and � ¼ 0:13, which are very close to those of the
bromide analog.

The k vs. T�1 plot for this compound is included in Fig. 7.
In accordance with the N–D���I bonds being weaker than the
N–D���Br bonds as well the packing in the iodine compound
being looser than the bromine one, the k values in the iodine
compound were about one order larger than those in the bro-
mine compound. No clear change was observed above and
below Tc1(D) (1000=T ¼ 3:95) on the k vs. T�1 plot. On the
other hand, an abrupt drop of k was seen at the transition from
the supercooled ITP to LTP. The k vs. T�1 plot of the iodine
compound was thus best-fitted by using two Arrhenius-type
equations. The activation energies were calculated to be
20(1) and 9(1) kJmol�1 above ITP and at LTP, respectively.
The former value seems to be consistent with the value
(24.1 kJmol�1) in RTP for the protonated analog obtained
from 1HNMR T1, because a smaller Ea is expected for the
deuterated analog as observed between [C(ND2)3]HgBr3 and
[C(NH2)3]HgBr3. The latter value (9(1) kJmol�1) is quite
small compared to the value (23.0 kJmol�1) from the 1HNMR
T1 measurement. In the former 1HNMR T1 experiment, the
measurements were carried out down to about 170K, where
the T1 values became considerably long. On the other hand,
the 2HNMR spectra were measured down to 120K, and it is
thus expected that another mode of motion of the cation
occurs. This slow reorientation with a low activation energy
excited at LTP seems to be responsible for the disappearance

of the 127I NQR lines below ca. 100K owing to the quenching
of the orientation disorder of the cation. The disappearance of
the 81BrNQR resonance lines of [C(NH2)3]3Sb2Br9

15d occur-
red below ca. 150K, for which the disorder of guanidinium
cations seems also to be responsible.

The spectrum at 270K corresponds to a typical one with
axial symmetry (� ¼ 0) with e2Qq=h ¼ 101 kHz. This value
is also much smaller than ðe2Qq=hÞ�¼0 ¼ 122 kHz expected
for simple C3 reorientation. Equation 4 gave the tilting angle
20�, which is much larger than that calculated for the bromide
analog.

Conclusion

On deuterataion, the phase-transition temperatures of
[C(NH2)3]HgI3 shifted to a higher temperature by several de-
grees. The distinctive NQR frequency shifts due to deuteration
were found in ITP of the iodine compound. The 2HNMR spec-
tra were well explained by invoking C3 reorientation with
wobbling of the [C(ND2)3]

þ ion. From both the 2HNMR T1
and 2HNMR measurements, the activation energy of the re-
orientational motion of guanidinium cations decreased upon
deuteration, which may indicate the weaker interaction of
N–D���X than N–H���X. The phase transitions in [C(NH2)3]-
HgI3 were thought to be not an order–disorder-type transition
but a displacive one. The existence of the reorientational
motion with small activation energy in LTP of [C(ND2)3]HgI3
from the present 2HNMR spectra may be responsible for the
disappearance of the 127I NQR lines below ca. 100K, because
of quenching of a possible orientation disorder of the cation.
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