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Abstract

The specific heat of the quasi-one-dimensional organic conductor pyrene
hexafluoroarsenate ((Py)7(Py)4(AsFe)4-4CH,Cl,) was measured between 10
and 250 K using the method of continuous heating. The contribution of the
lattice to the specific heat was modelled using the Debye model and Einstein
terms. The variation of the specific heat at the structural phase transition that is
accompanied by 60° rotation of one of the stacked pyrene molecules could be
reproduced well using a cooperation model including the formation of domains,
and the surprisingly high transition entropy was explained qualitatively.

1. Introduction

Due to the many possibilities of combining arenes like naphthalene, fluoranthene, pyrene and
perylene with the counterions AsFg, SbFg or PFg, a rich choice of quasi-one-dimensional
conductors can be grown [1]. The crystal structure of the radical cation salts follows a uniform
principle: the flat arene molecules form stacks and the counterions are located in channels
between these stacks. The overlap of the m-orbitals of neighbouring arene radical cations and
charge transfer from the arenes to the counterions give rise to a one-dimensional conduction
band in the stacking direction. While most of the arenes show only one unique packing
scheme [1], namely parallel for perylene, antiparallel for flouranthene and 90° for naphthalene,
pyrene (CigHjp) shows an unusual degree of freedom: (Py)7(Py)4(AsF¢)4-4CH,Cl, shows
both parallel as well as 60° oriented molecules in its stacks (figure 1). Since for one of the
seven stacked molecules both orientations are possible, the system crystallizes in two different
modifications: I and II [2]. Modification I shows a first-order structural phase transition (7¢)
due to the reorientation of this molecule by 60° when the crystal is cooled and thus the intrastack
distance is reduced. This transition is only partially reversible and shows a variation of T¢
over a wide temperature range (150-200 K in the cooling mode and 215-240 K in the heating
mode). In modification II the low temperature structure of modification I is already stable
at room temperature, supposedly because the actual content of CH,Cl, molecules within the
crystals is lower for modification II. The evaporation of the solvent may also be the reason for
the non-negligible ageing of the crystals.
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Figure 1. Crystal structure of (Py)7(Py)4(AsFg)4-4CH,Cl,. The notation, the distances of the
intrastack molecules and their orientations as well as the disorder of PY2 are shown. 0° packing
is found for larger intermolecular distance and 60° packing for shorter separation. The solvent
molecules are left off [2].

Table 1. Difference of the Peierls transition temperature 7p, the temperature of the structural
phase transition 7¢ (non-existent in mod. II), and the ESR linewidth ABj/> (measured at 290 K
and 9.45 GHz) between modifications I and II of (Py)7(Py)4(AsFg)4-4CH,Cl,.

Modification Tp (K) Tc (K) ABjy;; (mG)
1 73 150-200/215-240 36
11 105 — 54

It was suggested [2] that in mod. I crystals there exist domains with slightly different Peierls
transition temperature Tp, caused by a differing degree of disorder as the reorientation of the
stacked molecules mentioned above occurs in only 50%—70% of the unit cells. The differences
important for this work between modifications I and II of (Py)7(Py)4(AsFg)4-4CH,Cl, are
listed in table 1.

Only a thermodynamic analysis can identify clearly the details of the structural phase
transition, especially the number of motional degrees of freedom affected at 7¢. Therefore in
this contribution we present an analysis of the specific heat of this interesting radical cation salt.

2. Crystal growth and crystal structure

Shining black, needle-shaped pyrene hexafluoroarsenate crystals were grown by
electrocrystallization techniques, with anodic oxidation of the pyrene molecules, as described
before [3—-6]. The crystals were stored in a freezer at 7 = —18°C until used. In figure 1
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the crystal structure of (Py)7(Py)4(AsFg)4-4CH,Cl, at T = 105 K is shown. The marking
and the distances of the seven stacked pyrene radical cations which build the repetition unit
are explained. The stacks are separated by the counterions, four neutral pyrene molecules
and the solvent molecules (not shown in figure 1). Four of the seven stack molecules define
the 0° orientation, two are oriented at 60° and the PY2 position is disordered, with about
50%-70% [2] of the PY2 molecules oriented at 60° and the remaining ones at 0°.

3. Experimental details and results

The specific heat of (Py)7(Py)4(AsFg)4-4CH,Cl, (mod. I) was measured with a standard “He
bath cryostat using the method of continuous heating [5]. The heating rate was varied between
0.6 and 1.5 K min~!. Sample 1 contained 6.3 mg, sample 2 4.6 mg and sample 3 9.9 mg
of the crystals. The samples were thermically contacted with 2, 0.93 and 3.3 mg Apiezon-N
grease respectively. For the measurement of the specific heat the crystals had to be selected
by ESR analysis, because both modifications I and II, which have comparable appearance, are
found in one growth run and can only be distinguished by their ESR linewidth [2] (see table 1).
This time-consuming procedure causes, however, an unavoidable ageing of the crystals. In
addition to the fact that an average specific heat of many crystals is measured this may be the
reason why the wide variation of the transition temperatures, that was reported for individual
single crystals of mod. I [2], was not found in the specific heat measurements. Sample 1
contained one-year-old crystals, while the crystals of samples 2 and 3 were freshly grown.
Unfortunately the crystal growth is very subtle and the new crystals were of lower quality than
those of sample 1, which clearly were stable single crystals of mod. I (as was verified by ESR
analysis directly before the measurement). As the ESR analysis revealed, samples 2 and 3
contained polycrystals where crystals of mod. I and mod. IT as well as decomposed crystals
could not clearly be separated, so these measurements could only be used for the modelling of
the lattice contribution and for the examination of the dependence of 7¢ on the heating rate and
the number of temperature cycles but not for a reliable quantitative analysis of the transition
peak area.

In figure 2 the specific heat of (Py)7(Py)4(AsFs)4-4CH,Cl, (mod. 1) is shown. The
structural phase transition is clearly seen as a pronounced peak at about 218 K. For all
measurements, 7¢ in the heating mode varied in the narrow temperature range between 218
and 220 K. The hysteretic behaviour of the structural phase transition was further studied
by measurements using different heating rates. For a first-order transition one would expect
a rising Tc with higher heating rates. However, only sample 2 which contained the least
aged mod. I crystals showed a dependence of T¢ on the heating rate with 7c = 219.2 K at
0.7Kmin~ !, Tc = 219.6Kat1.2K min~' and 7c = 219.8 K at 1.5 K min~!. The fact that T¢
in the heating mode decreases with the increasing number of cooling/heating cycles, which was
reported for individual single crystals, could be affirmed for sample 2 with 7c = 219.6 K after
two and T¢c = 218.5 K after eight cooling/heating cycles (for both measurements a heating
rate of 1.2 K min~! was used). For all samples the partial irreversibility of the transition could
be proven, leading to a reduction of the peak height by about 25% between the first and all
following measurements.

Although the experimental setup allows only measurements in the heating mode, the
hysteresis could indirectly be determined by heating continuously after the sample was cooled
carefully from high temperatures to various temperatures above and below the value of T¢
which was found in the ESR measurements and the microwave conductivity when the sample
was cooled. This is demonstrated in figure 3. For all samples this method yielded 7¢ =~ 195 K
in the cooling mode.
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Figure 2. Specific heat of (Py)7(Py)4(AsFg)4-4CH,Cly (mod. I), sample 3, and the different
contributions to the specific heat of the lattice. For the Debye model formula Cp(7) =
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Figure 3. Measurements determining the hysteresis of sample 1. The sample was successively
cooled to the varying temperatures indicated in the figure legend and then the specific heat was
measured in the heating mode. The small anomaly at 7 ~ 209 K is of experimental origin.

Not surprisingly, the Peierls transition could not be detected in the specific heat. For arene

radical cation salts in general it is difficult to see the Peierls transition in the specific heat as most
of the transition entropy is distributed over a wide temperature range due to the thermodynamic
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fluctuations that precede the three-dimensional manifestation of the lattice distortion [4]. It
is even more difficult for pyrene hexafluoroarsenate because even an individual single crystal
seems to consist of domains with a distribution of slightly different transition temperatures
that leads to the smearing of the transition anomalies observed in the microwave conductivity
for individual crystals.

4. Discussion

4.1. Contribution of the lattice to the specific heat

The contribution of the lattice to the specific heat was modelled using a combination of the
Debye model and Einstein terms (see the caption of figure 2). The Debye model is only valid
for acoustical phonons, so only the data in the temperature range below 20 K were used for
the fit. The fit yields a Debye temperature ®p ~ 70 K and n = 19.3 oscillators for the unit
cell, which is in good agreement with the 19 molecules per unit cell. The resulting curve is
shown as a solid line in figure 2.

Einstein’s approximation of constant phonon frequencies can be used for the optical
phonon modes. If the frequencies are known (from Raman and infrared spectroscopy) the
contribution of the optical phonon modes to the specific heat can be determined as an addition
of terms (one for each frequency wj) of the form shown in the caption of figure 2. In this way the
contribution of the optical modes of pyrene using the Raman and infrared frequencies published
in [7-9], of CH,Cl; using the data of [10, 11] and of the AsF anion using the data of [12] to
the specific heat was determined. The results are also shown in figure 2 and were, together with
the Debye fit, subtracted from the measured data. The remaining part of the lattice contribution
is caused by the remaining optical phonon modes of (Py)7(Py)4(AsFs)4-4CH,Cl,. Since these
frequencies are not known, this part of the specific heat was fitted for convenience using
three Einstein frequencies which are required even under Einstein’s simplified assumption that
molecules of the same kind have the same frequency due to the cations, the anions and the
solvent molecules (however, the results of the fit can only approximate the real optical modes
of the compound). This fitis also shown in figure 2 as well as the sum of all these contributions,
which describes the measured data well except for the anomalies close to 7¢.

4.2. Transition entropy

Substraction of the lattice contribution from the data and integration of the molar heat
capacity divided by T over T yields the surprisingly high transition entropy of AS ~ 3.9R
shown in figure 4. In perylene radical cation salts with parallel packing of the perylene
molecules, a much smaller entropy variation of 0.39R In2 and 0.45R In2 was observed for
perylene hexafluorophosphate and perylene hexafluoroarsenate, respectively, at a second-order
structural phase transition which is caused by a uniform reorientation of the stacks by small
angles [4]. For a transition where one of two possible molecule orientations is frozen out,
one would expect an entropy of AS = RIn2 = 0.693R, so the high transition entropy
clearly indicates that the rearrangement within the unit cells caused by the transition is more
complicated. We have already mentioned above that the molecules prefer the 60° orientation for
smaller intrastack intermolecular distances, which gives us a qualitative argument for a rough
estimate of the transition entropy taking into account the molecular vibrations of the involved
molecules. As the reorientation is accompanied by the reduction of the distance between at
least two molecules, the atomic motional degrees of freedom in the stacking direction of those
Ci6Hjo molecules are restricted, and if 2 x 26 = 52 atomic degrees of freedom are thus
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Figure 4. Transition related molar heat capacity of sample 1, divided by 7 (left axis), and the
transition entropy (right axis, solid curve).

reduced, this leads to a transition entropy of AS = R1In52 = 3.95R shown in figure 4. This
estimate, however, is based on the assumption that all PY2 molecules are reorientated, while
the crystal structure and ESR analysis suggest that only about 50%—70% of the PY2 molecules
are rearranged [2, 6]. For this reason we have to conclude that the reorganization involves at
least two intrastack molecules and the above estimate gives only a lower limit for the transition
entropy.

4.3. Cooperation model

In order to describe the thermodynamics of the structural phase transition, a cooperation model
described in [13] (there called low-spin—high-spin transition) was used. Starting with the
Gibbs free energy variation AG accompanying the transformation of N molecules in the high
temperature (HT) phase into the low temperature (LT) phase, the transition temperature where
the amount of HT molecules is equal to that of the LT moleculesis Tc = AH/AS = 216K, in
fairly good agreement with the experiment. AH = 7000J mol~' and AS = 32.4J mol~! K~!
were determined from the measurement. To account for intermolecular cooperativity we first
tried out a version of the model including an interaction term of the form I' = yx(1—x) [13, 14],
because this leads to a hysteretic transition. y is an empirical interaction parameter and x is the
HT molar fraction. However, the measured hysteresis could not be reproduced by the choice
of only one value for y, and the resulting shape of the transition peak did not reproduce the
measurement well, even when it was folded by a Gaussian distribution [5] to take account of
the averaging over many crystals. As mentioned above, recent ESR studies [6] suggest that
the crystal is divided into domains with different Peierls transition temperatures, a fact that
also explains the smearing of the transition anomalies related to the Peierls transition found in
microwave conductivity data [2]. So a version of the model [13, 15] where the formation of
domains with 0° or 60° oriented PY2 molecules is introduced seemed most plausible to describe
the measured data. Taking into account the mixing entropy due to the different possibilities to
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Figure 5. Specific heat of sample 1. The solid curve shows the result of the cooperation model
including domains of size n = 87 described in the text. The dotted lines mark the extrapolation of
crr and cyt to Tc.

arrange M domains containing n = N /M molecules within the crystal, the specific heat is

. CHT — CLT . nAH?A )
1+A RT2 (1 + A)?
where A is
A =exp ["AH (l - i)} . )
R \T Tc

Extrapolating the specific heat below and above the phase transition to the transition

temperature 7¢ yields the number n directly from the measured data, so no parameter is
left to fit:

2

_ ARTS

AH?

3)

|:CP(TC) _cur(Te) +CHT(TC)i| .
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For the experimental data of sample 1 after one cooling and heating cycle a domain size n = 87
was determined, which was used to calculate the specific heat using formula (1). The resulting
curve reproduces the measured data very well, as is shown in figure 5.

An apparent limitation of the model is that hysteresis can only occur if the sizes of the
domains while cooling the sample are different from those in the heating mode, but since the
transition is only partially reversible this assumption seems reasonable. As no data for the first
cooling run could be measured, the domain size for the first cooling run with the transition
taking place at Tc = 195 K could only be estimated to n = 70 using the values for AH
and AS of the first heating run. This result confirms, however, the tendency of increasing n
with increasing number of cooling and heating cycles. The same analysis was also done for
sample 1 after 12 temperature cycles, yielding a domain size of n = 95, again corroborating
the assumption of increasing domain sizes the more often the transition is gone through.
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5. Conclusion

Recently we presented a pyrene radical cation salt with at least partially reversible rotation by
60° of one of the seven stacked pyrene molecules at 7c ~ 195 K [2]. With the above analysis
of the specific heat of (Py)7(Py)4(AsFs)4-4CH,Cl, (mod. I) the results of these studies by
local methods could be confirmed and completed. The good agreement between experimental
data and the domain model (and the failure of another version of that model not considering
domains) gives us a strong argument that our picture of the reorientation taking place in domains
rather than statistically is the adequate description of the transition. We argue that, by cooling,
the intermolecular distances are reduced within the stacks, increasing the probability for a
molecule at the PY2 site to reorientate. This reduces the pressure on the neighbouring PY?2
sites in the same stack, but increases the probability for PY2 molecules on the neighbouring
stacks to also reorientate, so the domains containing reorientated PY2 molecules are formed
perpendicular to the stacks rather than along the stacks.

A surprisingly high transition entropy was found and qualitatively explained, showing that
a simple two-state model is not an appropriate description for the transition related with the
reorientation of a pyrene molecule by an angle as high as 60° in the complex crystal structure
shown in figure 1. Furthermore, we showed that our experimental technique allows reliable
measurements of the specific heat even when only 5-10 mg of delicate crystals are available.
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