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Heat capacity of a mixed-valence complex having a one-dimensional chain structure, [{Niy(n-BuCS;y)4}1] (n-
Bu = butyl group), was measured between 10 and 325K by adiabatic calorimetry. Anomalies due to phase transitions
were detected around 135 and 260 K. The anomaly around 260 K was of multiple-peaks. The excess entropy acquired
below the phase transition around 260 K is much smaller than the simple estimate based on the structural disorder found in
the crystal structure, implying the presence of motional correlation in dynamics of n-BuCS, ligands. Through the
comparison with the corresponding Pt complex, [{Pty(n-BuCS,)4}1], the phase transition around 135 K is also discussed in
relation to the absence in the present complex of a spin-Peierls transition observed in other members of Ni complexes with
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similar chain structures.

Molecules and/or atomic groups are, even in crystalline
state, perpetually in motion, which includes not only small
amplitude (harmonic) vibration but also large amplitude motion
such as reorientation. Molecular dynamics, which usually refer
to the latter, have been investigated by utilizing a wide variety
of spectroscopies. Because of difficulties, however, it is often
the case where the experimental results are analyzed in a
single-particle scheme within the mean field spirit. On the other
hand, it is quite certain that many interesting phenomena in
condensed matter are brought about by correlation effects. It is
therefore highly desired to explore the correlated molecular
dynamics. In this paper, a clear symptom of motional
correlation in ligand dynamics is identified in the crystal of a
mixed-valence one-dimensional complex, [{Niy(rn-BuCS;)4}1].
In this context, this paper is an extension of our study utilizing
(absolute) calorimetry of correlated dynamics.'™ Enumeration
of entropy by calorimetry is crucially important in the study
of correlation effects because the entropy directly senses the
number of microscopic states through the Boltzmann principle.

Mixed-valence complexes with one-dimensional (1D) struc-
ture represented as -M-M—-X— (M, metal ion; X, halogen ion)
have attracted much attention because of the possible variety in
electronic/magnetic states.®"!! Besides the possible variety in
electronic/magnetic orders, the ligands in MMX complexes
play an important role beyond those of a simple spacer, charge
compensator, and chemical stabilizer. In a series of —Pt—Pt—I-
complexes, the dynamics of ligands (RCS,, R = alkyl group)
strongly affects the electronic/magnetic properties.'>'# For
example, the phase transition from a magnetic (antiferromag-
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netically interacting) state to a non-magnetic state occurs while
accompanying structural ordering of the ligands in [{Pty(n-
PrCS;)4}] and [{Pty(n-BuCS,)4}1], at least in the former of
which both changes proceed simultaneously and gradually.'?
Besides, a similar complex with hexyl groups, [{Pty(n-
HexCS;)4}1], exhibits physical properties far from the trend
observed in shorter alkyl groups.'* This implies that the
interplay between electronic and motional degrees of freedom
is relevant for their electronic states due to their structural
complexity.

In this paper, a MMX complex with Ni ions [{Niy(n-
BuCS,)4}1],"° is dealt with. The change of metal ions from Pt
to Ni mainly affects the tendency of localization of unpaired
electrons.”®!6-1 Indeed, the Ni complexes (R = Et, n-Pr, and
n-Bu) are insulating and reasonably described by a 1D anti-
ferromagnetic chain model'>?° whereas the Pt complexes are
metallic or semiconducting around room temperature.®2!2> We
have studied properties of MMX complexes in detail-12-1420-23
in the course of a comprehensive study on the interplay
between electronic and motional degrees of freedom.?*>! Our
systematic study has revealed that the Pt complexes exhibit
notable interplay depending on the length of alkyl groups in
ligands as described above, whereas direct coupling with ligand
dynamics is not significant in the Ni complexes. Indeed, in
[{Niy(n-PrCS;)4}1], the ordering of ligands takes place at
205.6K independently with the magnetic (spin-Peierls) tran-
sition around 40 K.

The crystal structure of [{Niy(n-BuCS;)4}I] has been
determined as shown in Figure I at room temperature.'®
Although the space group (P4/m) is different from that of
the corresponding Pt complex, [{Pty(n-BuCS,)4}1] (J4/m),*
their structures are very similar to each other. The period along
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Figure 1. Unit cell of [{Niy(n-BuCS;)4}1] at room temper-
ature viewed along the b axis. The central MMX chain
(along the ¢ axis) located at the center of the ab-plane
shows the sequence of —left—disorder-right— concerning the
twist of the CS, groups with increasing z (upward). The
chains located at the edges show the same sequence
starting from the disordered CS, group.

the ¢ axis is tripled in the unit of -M-M—-X-. This periodicity
describes the structural disorder concerning the CS, and butyl
groups. Four CS, groups belonging to the two ordered
complexes are twisted right or left. The linear chain structure
is represented by the twisted manner of [{Niy(n-BuCS,)4}1]
units as a sequence of —right—disorder—left— as seen in Figure 1.
The magnetic susceptibility at room temperature was reported
to be a similar magnitude to those of other Ni complexes as
shown in Figure 2, suggesting the antiferromagnetic coupling
between localized spins on the MMX unit.!> On cooling from
room temperature, the magnetic susceptibility increases below
100K and diverges at low temperatures. This increase in
magnetic susceptibility is difficult to explain while assuming
merely the contribution of impurity spin when compared with
those of other Ni complexes as seen in Figure 2. Since the
structural disorder at room temperature is similar to that of
[{Pt,(n-BuCS,)4}1],2 a similar phase transition is expected
below room temperature. The present study reveals the
existence of a phase transition at 135K, which destroys the
potential spin-Peierls order at low temperatures.

Experimental

[{Niy(n-BuCS;)4}1] was synthesized according to a method
described elsewhere.!> Since the sample (consisting of a vast
number of tiny crystals) is slightly hygroscopic, it was loaded into
a gold-plated copper calorimeter vessel under nitrogen atmosphere.
The vessel filled with nitrogen gas was evacuated for about 1 h and
pinched off after introducing helium gas (10° Pa at room temper-
ature) for assisting thermal equilibration inside the vessel. The
amount of the sample was determined as the difference in mass of
the vessel with and without the sample. The buoyancy correction
yielded the mass of the sample as 1.8278 g.

The working thermometer attached to the calorimeter vessel was
a platinum resistance thermometer (Minco, S1059). Its temperature
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Figure 2. Magnetic susceptibilities of [{Niy(RCS;)4}1]
(R =Et, n-Pr, and n-Bu) measured upon cooling from
room temperature. Data are shifted upward by 25 x 107>
emumol~! for R = n-Pr and by 50 x 10~ emumol~" for
R = n-Bu. The sudden decrease in magnetic susceptibility
of R = Et and n-Pr is due to spin-Peierls transitions.

scale is based upon the ITS-90. The details of the adiabatic
calorimeter used and its operations are described elsewhere.>?

The measurement was carried out by adiabatic intermittent
heating. The temperature increment by a single energy input (Joule
heating) was less than 1% of temperature. Thermal equilibrium
inside the vessel was attained within a normal time (1-10min
depending on temperature) after energy input was turned off. The
sample contributed to heat capacity by 17% of the total heat
capacity including that of the vessel at 50K, 14% at 100K, 16% at
200K, 20% at 300K, and 21% at 325K.

Results and Discussion

Thermal Stability and Phase Transitions. The heat
capacity of [{Niy(n-BuCS,)4}1] was measured between 10 and
325K, above which the sample decomposed as evidenced by
strong heat evolution. Typical results are shown in Figure 3 for
the whole temperature range studied. Thermal anomalies are
detected around 245, 260, and 270K as seen in Figure 3. The
data around these anomalies are shown in Figure 4 in an
enlarged scale. The data plotted by circles were obtained in a
measurement starting from 189K in the heating direction,
whereas the data shown by pluses from 258.5 K, which is 1.5K
lower than 260 K. On the other hand, the data shown by crosses
were obtained in a measurement starting after heating from
227.7 to 251.8 K and cooling down to 242.5 K, which is 2.5K
lower than the lowest temperature among the three anomalies,
245K. The observed supercooling phenomena clearly show
that the phase transitions are of the first order.

Since the temperatures of these anomalies are different from
those of melting of n-hexane and benzene used as solvents for
recrystallization in sample preparation, they are of the Ni
complex. It is noted that only an anomaly was detected in
the temperature dependence of magnetic susceptibility in this
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Figure 3. Measured heat capacities of [{Niy(n-BuCS;)4}1].
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Figure 4. Measured heat capacities of [{Niy(n-BuCS;)4}1]
around the MT-RT phase transition. The data obtained in
separate runs are distinguished by different symbols.

temperature region.!> As the sample used was synthesized in
three batches, these anomalies may be related to each batch.
From now on, three anomalies at 250, 260, and 270K are
treated as a united anomaly corresponding to a phase transition
between the middle-temperature (MT) phase and the room-
temperature (RT) phase.

Beside sharp anomalies at high temperatures, a broad
anomaly is observed around 135K as seen in Figure 5a. The
location is reasonably close to the temperature of the weak
anomaly detected in the magnetic study'® seen in Figure 2.
Since no latent heat was detected, this anomaly is attributed to
a higher-order phase transition. The phase below this phase
transition is designated as the low-temperature (LT) phase
hereafter.

Bull. Chem. Soc. Jpn. Vol. 83, No. 3 (2010) 263

500 —

450

S
(o]
(=}

C,/JK" mol’

350

| | | |
100 120 140 160

AC, /I K" mol
‘ T

e
]
‘ Il

400

¢,/ K" mol
(%84
jod
(=}

| |
60 80 100 120 140
T/K

Figure 5. Measured heat capacities around the LT-MT
phase transition of [{Niy(n-BuCS,)4}1] (a) and of [{Pty(n-
BuCS,)4}1]"3 (c), and the excess heat capacities due to the
phase transition for [{Niy(n-BuCS;)4}1] (b) assuming the
normal heat capacity drawn by a solid line in (a).

To see the magnitude and the shape of the anomaly around
135K, a baseline of the heat capacity was assumed to be a
smooth interpolating curve between 95 and 170 K. In practice,
the baseline was approximated by a cubic polynomial as shown
by a solid curve in Figure 5a. The excess heat capacity was
then determined by subtracting the normal portion from the
experimental data as shown in Figure 5b, where the data
obtained in different series of measurements are plotted by
different symbols. The integration of the excess heat capacity
yields the excess enthalpy and entropy as about 126 Jmol~! and
0.95JK~'mol~!, respectively.
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Figure 6. Heat capacities of [{Niy(n-BuCS;)4}I] (open
circle) and of [{Pty(n-BuCS;),}1] (filled circle). A normal
heat capacity for [{Niy(n-BuCS,)4}1] estimated as the sum
of heat capacities of [{Niy(n-PrCS,),}1] and polyethylene
is drawn by a solid line.

Structural Disorder and Correlation in Ligand Dynam-
ics. The crystal structure of [{Niy(n-BuCS,)4}I] has been
determined only for the RT phase.!> Although there is no
information on its crystal structure, it seems natural to assume
the LT phase being ordered because neither phase transition nor
glass transition was detected, implying that the LT phase obeys
the third-law of thermodynamics. Since the LT-MT phase
transition is expected to be of displacive type, the entropy due
to structural disorder is reasonably assumed as null for the MT
phase too.

The excess entropy involved in three anomalies around
260K is much smaller than the expected entropy calculated
by the model of structural disorder (ca. 15.4JK~'mol™"),
which works quite well for the corresponding phase transi-
tions in [{Pty(n-PrCS,)4}1] and of [{Pty(n-BuCS,),}1].'%13
Since the model assumes no correlation in the ligand dynam-
ics, the disagreement suggests that the strong correlation is
active.

Around room temperature, in spite of its smaller molar mass,
the heat capacity of [{Niy(n-BuCS,),}1] is definitely larger
than that of [Pty(n-BuCS,)4]I] as shown in Figure 6. Such a
tendency is not found between [{Niy(n-PrCS,)4}1] and [{Pty(n-
PrCS,)4}1].1%% The different behavior can be rationalized if
the heat capacity of [{Niy(n-BuCS;)4}1] around room temper-
ature involves the significant contribution due to the thermal
excitation of structural disorder. To estimate the excess heat
capacity due to thermal evolution of the structural disorder, a
baseline for [{Niy(n-BuCS,)4}1] was tentatively assumed as the
sum of the heat capacities of [{Niy(n-PrCS,),}1]%° and poly-
ethylene.®> The baseline thus assumed is shown in Figure 6.
The excess heat capacity of [{Niy(n-BuCS,)4}I] was then
estimated as the difference between the experimental heat
capacity and this baseline. The resultant excess heat capacities
are shown in Figure 7a. The excess heat capacity is effectively
null below 160K, implying that the structural disorder of the
ligands is excited above 160 K.
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Figure 7. Excess heat capacities (a) and entropies (b) of
[{Niy(n-BuCS;)4}1] due to thermal excitation of structural
disorder of the ligands.

The integration of the excess heat capacity above 160K
yields the excess enthalpy and entropy. The temperature
dependence of the excess entropy above 160K is shown in
Figure 7b. The entropy increment between 160 and 260K,
which is the temperature of the main peak in heat capacity
around the MT-RT phase transition, is about 9 JK~'mol~"'.
This magnitude of excess entropy is still much smaller than that
calculated from the model of structural disorder established for
[{Pto(n-PrCS,)4}1] and [{Pty(n-BuCS;)4}1],'>!? which assumes
that both CS; and alkyl groups are independently disordered
in one-third complexes in the RT phase. On the other hand, if
four ligands are independently disordered with the perfect
correlation between the CS; and alkyl moieties within a ligand,
the entropy due to the change in structural disorder is calcu-
lated as (1/3)RIn2* (~7.68 JK~'mol~"). This estimate is the
minimum magnitude physically acceptable and compared
favorably with the experimental excess entropy. It is noted
that the minimum transition entropy necessary to establish
the symmetry determined crystallographically is (1/3)RIn2
(*~1.92JK 'mol™"). The larger magnitude of the excess
entropy shown in Figure 7b is therefore compatible with the
structural information.

It is natural to suppose that the smaller excess entropy than
the estimate assuming the independent disordering reflects the
correlation effects of the dynamics of ligands in the RT phase
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as reported in [{Pt,(MeCS,)4}1].! The presence of the excess
heat capacity in the RT phase implies that the motional
correlation between the CS; and alkyl moieties within a ligand
gradually disappears upon heating. Around room temperature,
the excess entropy is comparable to the calculated entropy of
transition [(1/3)RIn2%.2* ~ 15.4 TK~"'mol~!] from the model
of disorder established for [{Pty(n-PrCS;)4}1] and [{Pty(n-
BuCS,)4}1].'%13 The degree of disorder of the ligands in
[{Niy(n-BuCS,)4}1] is effectively the same as those of [{Pty(n-
PrCS;)4}1] and [{Pty(n-BuCS,)4}1] at room temperature. In this
respect, it may be said that [{Niy(n-BuCS;)4}1] probably has
HT phase similar to the Pt complexes,'>!3?3 but decomposes
below the expected transition temperature.

There remains an issue to be considered. That is why the
motional correlation is effective in the RT phase of [{Niy(n-
BuCS,)4}1] while not in [{Pty(n-BuCS,)4}1]'3 in spite of the
close similarity in molecular and crystal structures. Although
the crystal structure is similar, the space group (P4/m) of the
RT phase of [{Niy(n-BuCS,)4}1]"3 is different from that (/4 /m)
of the corresponding Pt complex?? showing no effects of
motional correlation. Besides, the structure is slightly different
from the Pt complex as evidenced by the smaller lattice
constants. This is contrary to the naive expectation that the
interchain distance be longer in Ni compounds as found for
[{Niy(n-PrCS,)4}1] and [{Pty(n-PrCS,)4}1].!3?? The ionic radi-
us is smaller for Ni ion than Pt ion. The repeat distance along
the chain is smaller in [{Niy(n-BuCS;)4}1] than [{Pty(n-
BuCS,)4}], accordingly. Since the butyl group has a definite
volume, the interchain distance should be longer in [{Niy(n-
BuCS;)4}] than in [{Pty(n-BuCS;)4}1]. The smaller lattice
constants implies that the available space for the butyl group in
[{Niy(n-BuCS;)4}1] is smaller than that in [{Pt,(n-BuCS;)4}1].
The smaller space is surely unfavorable for independent
dynamics. Therefore, the appearance of motional correlation
in [{Niy(n-BuCS;)4}I] would originate in the following two
factors: the difference in the space group of the RT phase and
that in the free space available for the butyl group resulting
from the slight difference in crystal packing. It is noted that the
molecular dynamics in molecular crystals has long been studied
and discussed within a single-particle scheme. The experimen-
tal detection of any manifestation of correlation effects is to
be considered as an important step for full understanding of
molecular dynamics in molecular crystals.

Defects and Suppression of Spin-Peierls Transition. The
temperature and magnitude of entropy of LT-MT phase
transition in [{Niy(n-BuCS,)4}1] resembles those in [{Pty(n-
BuCS,)4}11% in Figure 5c. Because the alkyl chain length of
[{Niy(n-BuCS,)4}1] is the same as that of [{Pty(n-BuCS;)4}1],
the LT-MT phase transition of [{Niy(n-BuCS,)4}1] is expected
to share the mechanism with [{Pty(n-BuCS,),}1], though their
structures at low temperatures have not fully been establish-
ed.!>?2 Since the phase transition in [{Pty(n-BuCS,),4}1] occurs
in nonmagnetic, insulating states without structural disorder,
it is plausible that the LT-MT phase transition of [{Ni,(n-
BuCS,)4}] is also displacive originating in the lattice degree of
freedom. This is consistent with the small magnitude of the
magnetic anomaly.

The entropy of the LT-MT phase transition of [{Ni,(n-
BuCS,)4}1] (0.95JK'mol~!) is much smaller than RIn2
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(~5.8TK~'mol™!), a typical magnitude of the entropy of
transition for an order—disorder phase transition. This implies
that the LT-MT phase transition is displacive assuming that it
purely originates in the lattice degree(s) of freedom.

The magnitude of magnetic susceptibility'® above 150K
is reasonably explained by the 1D antiferromagnetic model
(Bonner—Fisher model**), while that below 130K deviates
clearly from the model. On further cooling, at low temperatures
the magnetic susceptibility diverges like that of paramagnetic
spins as seen in Figure 2. The concentration of the para-
magnetic spin is estimated to be about 2% from the diverging
component of the magnetic susceptibility below 50K. This
concentration is much larger by one order of magnitude than
the impurity spin concentration (about 0.2%) observed in other
MMX complexes.'>2!-22

Upon the LT-MT phase transition, some structural defects
are unavoidably created in the 1D chain as domain walls. It
is natural to assume that the structural defects accompany
magnetic moments due to the paramagnetic nature of the MT
phase even if the LT-MT phase transition purely originates in
the structural degree(s) of freedom. The higher concentration of
“impurity” spins in [{Niy(n-BuCS;)4}1] is thus explained as a
natural consequence of the LT-MT phase transition.

The spin-Peierls transition occurs around 40K in
[{Niy(EtCS,)4}1] and [{Niy(n-PrCS,)4}1],'>%° while no change
to nonmagnetic state occurs below the LT-MT phase transition
in the present complex. It is well known that the spin-Peierls
system is highly sensitive to impurities and external pressure.
For example, the significant effects of nonmagnetic impu-
rities on the spin-Peierls system were reported for a typical
compound, CuGeO3.>> The spin-Peierls state collapses in
the crystal where Zn ion at 3% is substituted for Cu ion.
Besides, by gentle pressure upon making a compacted pellet,
the spin-Peierls transitions in (DMe-DCNQI),Ag and (DMe-
DCNQI),Li disappear.’® The disappearance of the spin-
Peierls order in [{Niy(n-BuCS;)4}1] seems to be related to the
inhomogeneous formation of structural /magnetic defects. It is
interesting to note that the concentration of defects estimated
from the magnetic susceptibility is comparable to the “critical
concentration” of defects in CuGeOs.3 In contrast to CuGeO3,
however, the destruction of the spin-Peierls order in [{Ni(n-
BuCS,)4}] is caused by the intrinsic lattice instability. This is
a striking characteristic of the destruction of spin-Peierls order
in the present system.

Conclusion

The heat capacity of [{Niy(n-BuCS,)4}I] was measured
between 10 and 325K by adiabatic calorimetry. Anomalies
were detected around 135 and 260K. The anomaly around
260K was of multiple-peaks. The excess entropy acquired
below the phase transition around 260 K is much smaller than
the simple estimate based on the structural disorder found in the
crystal structure, implying the presence of motional correlation
in dynamics of the ligands. The magnitude of the excess
entropy is compatible with almost perfect correlation between
the CS; and butyl moieties within a ligand. The phase transition
around 135K is of higher order and is displacive. It introduces
into the LT phase the structural/magnetic defects, which
destroy the spin-Peierls order appearing in other Ni complexes.
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