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ABSTRACT: The bis(trifluoromethanesulfonyl)amide anion (Tf2N), which is a
common component of ionic liquids, often exhibits disorder in the solid state. In this
study, the phase transitions and crystal structures of the Tf2N salts of 1,1‴-dineopentyl-
1′,1″-biferrocene (=npBifc), 1′,1″-biferrocene (=Bifc), ferrocene, and cobaltocene (1−
4, respectively) were compared. All the salts exhibited phase transitions at low
temperatures, which are accompanied by anion ordering, though the ordering was not
complete in 2 and 3. X-ray crystallographic investigation revealed that the cations and
anions in 1 and 2 adopted alternating arrangements and segregated columnar arrangements, respectively. The cation in 1 exhibited a
symmetrical, average-valence structure in the room-temperature phase owing to rapid valence tautomerization, whereas the cation
exhibited an unsymmetrical structure in the low-temperature phase. The cation in 2 exhibited an unsymmetrical, trapped-valence
structure in both phases. The cation valence states in these salts were accounted for by the electrostatic interactions between the
cations and anions. The crystal structures and phase behavior of the ferrocenium salt 3 were very different from those of 4.

■ INTRODUCTION
Biferrocenyl compounds exhibit intriguing redox properties
and valence states.1−4 In particular, the valence tautomeriza-
tion of biferrocenium cations containing Fe(II) and Fe(III)
(Figure 1) has attracted significant attention in terms of mixed-

valency and crystal engineering.5−12 The biferrocenium cation
has an inherently unsymmetrical structure. However, rapid
electron exchange in the biferrocenium cation leads to the
observation of an average-valence structure on the time scales
of X-ray diffraction and Mössbauer spectroscopy. In a
symmetrical crystal environment, the cation exhibits a
dynamically averaged, symmetric structure owing to valence
tautomerization. The asymmetry of the crystal environment
can cause differences in the energy levels and equilibrium ratios
of the tautomers, resulting in unsymmetrical structures with
intermediate valence states.6−12 In a sufficiently large unsym-
metrical crystal environment, a trapped valence state is
observed owing to the absence of tautomerization, where the
positive charge is fully localized on one of the two ferrocenyl

units. We have previously investigated the valence states of
biferrocenium salts with planar π-conjugated acceptors13−17

and found unique valence transitions including charge-transfer
transitions18−21 and spin-Peierls-coupled charge ordering.22

The bis(trifluoromethanesulfonyl)amide (Tf2N
−) anion

tends to form salts with low melting points owing to its bent
structure and conformational flexibility and is hence commonly
used as a component of ionic liquids.23 We have synthesized
many salts comprising ferrocene derivatives and Tf2N and
demonstrated that they produce ionic liquids24−27 and ionic
plastic crystals.28 Ferrocenium salts often exhibit a plastic
phase owing to the globular shape of the cation.29−32 In
addition, the Tf2N anion typically exhibits disorder in the solid
state, which causes an order−disorder transition concomitant
with a symmetry change at low temperatures.28,33−36 As
described above, the valence state of the biferrocenium cation
is susceptible to the crystal environment. Therefore, we gained
interest in the effects of the Tf2N anion on the melting points
and valence states of biferrocenium salts. Herein, we report on
the synthesis, thermal properties, and X-ray crystal structures
of [npBifc]Tf2N (1) and [Bifc]Tf2N (2) (Bifc = 1′,1″-
biferrocene, npBifc = 1,1‴-dineopentyl-1′,1″-biferrocene;
Figure 2). Both salts exhibited phase transitions at low

Received: June 10, 2021
Accepted: July 22, 2021
Published: August 4, 2021

Figure 1. Valence tautomerization of the mixed-valence biferroce-
nium cation.
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temperatures, which are accompanied by anion ordering,
wherein 1 exhibited a cation valence-state change in
conjunction with anion ordering. In addition, X-ray structure
analysis of the ferrocenium salt [FeCp2]Tf2N (3, Cp = C5H5)
was conducted. The low-temperature phase transition of this
salt was also accompanied by anion ordering, as was observed
in [CoCp2]Tf2N (4).36

■ RESULTS AND DISCUSSION
Preparation and Thermal Properties. Both compounds

1 and 2 were synthesized by the reaction of biferrocenes and
AgTf2N in acetonitrile. The preparation of 3 has been reported
previously.24 Single crystals of 1−3 suitable for X-ray
crystallography were prepared via recrystallization from
dichloromethane−pentane.
The phase sequences of 1 and 2, determined by differential

scanning calorimetry (DSC), are shown in Figure 3, together

with those of 3 and 4.24,36 The DSC traces of 1 and 2 are
presented in Figure S1 (Supporting Information). All the salts
melted at around 400 K, despite the differences in their cation
sizes. The melting points of 1 and 2 were 421.3 K (ΔS = 94.5 J
mol−1 K−1) and 392.5 K (ΔS = 70.8 J mol−1 K−1), respectively,
which are comparable to those of 3 (Tm = 404.7 K)24 and 4
(Tm = 439.1 K).36

All these salts exhibited phase transitions involving the
order−disorder of the anion at low temperatures (see below).
Compounds 1 and 2 exhibited phase transitions at 147.7 K
(ΔS = 1.0 J mol−1 K−1) and ∼223 K (ΔS = 1.3 J mol−1 K−1),
respectively (Figure 3). The latter transition was broad,
spanning a temperature range of ∼20 K. Similarly, 3 and 4
exhibited phase transitions at 198.8 K (ΔS = 2.2 J mol−1

K−1)24 and 255.4 K (ΔS = 8.5 J mol−1 K−1),36 respectively.
The transition entropies for 1−3 were somewhat smaller than
the ideal value for an order−disorder transition (R ln 2 = 5.76 J
mol−1 K−1).

General Structural Features. Table 1 summarizes the
general structural features and valence states of 1−3, as
revealed by X-ray structure analysis, together with those of 4.36

The packing structures of 1 and 2 were strikingly different; the
cations and anions formed an alternating arrangement in 1,
whereas they formed segregated columns in 2. The large
neopentyl substituent in 1 prevents columnar stacking of the
cations, whereas the tendency of unsubstituted biferrocene to
form columnar structures has also been observed in other
salts.16,17 The packing structures of 3 and 4 were complicated.
The structure analysis revealed that anion ordering occurs at

the low-temperature phase transition, though the ordering was
not complete in 2 and 3. The anion ordering affected the
valence state of the cation in 1; the cation exhibited a
symmetrical, average-valence structure in the room-temper-
ature (RT) phase but exhibited an unsymmetrical structure in
the low-temperature (LT) phase. The latter structure is the
intermediate between the average- and trapped-valence
structures. In contrast, the cation in 2 exhibited an unsym-
metrical, trapped-valence structure in both phases. The
structural changes accompanying the phase transition in each
salt are discussed in detail in the following sections.

Crystal Structures of 1. X-ray structure analysis of 1
revealed that anion ordering occurs with the phase transition at
147.7 K. The unit cell volume of the LT phase was twice that
of the RT phase. The cation structure changed from
symmetrical in the RT phase to unsymmetrical in the LT
phase.
The crystal structure of the RT phase of 1 is illustrated in

Figure 4. Compound 1 crystallized in the Cmca (Z = 4) space
group, where one cation and one anion were crystallo-
graphically independent. The C5 axis of each ferrocenyl moiety
is aligned along the b axis. The cations and anions are arranged
alternately in the crystal, where one cation is surrounded by
eight anions and vice versa (Figure 4b). The cations and
anions are alternately arranged along the b axis, and no π−π
contacts exist between the cations. The cation exhibits a
symmetrical structure, where two Fe atoms are crystallo-
graphically equivalent. The anion presents a trans conforma-
tion, and the central N(SO2)2 moiety is disordered over two
sites, with a 0.5:0.5 occupancy (Figure S2a, Supporting
Information). Such disorder is often observed in Tf2N
salts.33−36

The packing diagram of the LT phase is shown in Figure 5.
The molecular arrangements were almost identical to those in
the RT phase, but the unit cell volume was twice that of the
RT phase owing to cell-doubling along the a axis. The LT
phase belongs to the P212121 (Z = 8) space group, and there
are two cations and two anions that were crystallographically
independent (cations I, II and anions I, II). The anions were
fully ordered. The cations exhibit unsymmetrical structures,
where two Fe atoms are crystallographically inequivalent. The

Figure 2. Structural formulas of npBifc, Bifc, FeCp2, CoCp2, and
Tf2N

−.

Figure 3. Phase sequences of 1, 2, 3,24 and 4.36 The phase number
and space group of each phase are presented in the bar chart. The
phase transition temperature (K) and transition entropy (J mol−1

K−1) of each phase transition are presented above and below the bar
charts, respectively.
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dihedral angles between the Cp rings of the fulvalene moieties
of the cations are 6.6 and 6.7° for cations I and II, respectively.
The valence states of the cation are discussed in detail in the
next section.

Valence States of 1. The correlation between the cation
structure and the crystal environment of 1 above and below the
phase transition was investigated in detail. The valence
localization of the cation in the LT phase is ascribed to the
unsymmetrical cation−anion interactions derived from anion
ordering.
The intramolecular Fe−Cp(centroid) distances of the cationic

and neutral moieties in the valence-trapped biferrocenium
cations are approximately 1.70 and 1.65 Å, respectively, and are
reliable indicators of the valence state of biferrocenes.15 The
bond lengths in the ferrocenium cation are longer than those in
ferrocene because the former is a 17-electron species. The Fe−
Cp(centroid) distances in 1 are presented in Table 2 and Figure 6.
The Fe−Cp(centroid) distance in the RT phase of 1 is 1.671 Å,
which is the intermediate between those of the cationic and
neutral moieties. This is consistent with the symmetric,
average-valence structure of the RT phase of 1. The cation
structures were unsymmetrical in the LT phase, where the Fe−
Cp(centroid) distances were 1.684 and 1.660 Å (for Fe1 and Fe2,
respectively) for cation I. The distances were 1.680 and 1.667
Å (for Fe3 and Fe4, respectively) for cation II. The longer
bond lengths for Fe1 in cation I and Fe3 in cation II indicate
that the positive charge was primarily localized on these Fe
atoms. These bond lengths are the intermediate between those
of the average- and trapped-valence states (Figure 6) and
correspond to an averaged structure of energetically different
tautomers in an approximately 2:1 ratio. The equilibrium ratio
of the tautomers should be temperature-dependent, where a
more unsymmetrical structure would be observed at lower
temperatures. This result indicates that the valence-state
change does not originate from the charge ordering of the
cation but is a consequence of anion ordering.
The observed change in the cation valence state is attributed

to cation−anion electrostatic interactions. Previously, we
reported that the cation charge tended to reside on the Fe
atom closer to the electronegative atoms of the anions.22,37

Figure 7a,b shows the structures of the cation and four
surrounding anions for the RT and LT phases, respectively,
where the order−disorder of the anions was also observed. The
negative charge of the Tf2N anion is delocalized over the
N(SO2)2 moiety, and several O atoms of the anions are located
near the Fe atoms at distances shorter than 4.5 Å in both
phases, as indicated by the dashed lines in Figure 7. The Fe···O
distances are also summarized in Table 2. In the RT phase, the
anion arrangements around the two Fe atoms of the cations are
equivalent (Figure 7a). However, anion ordering causes the
crystal environment around the cations to become slightly

Table 1. Summary of Structural Features of 1−4

compound [npBifc]Tf2N (1) [Bifc]Tf2N (2) [FeCp2]Tf2N (3) [CoCp2]Tf2N (4)

cation−anion arrangement segregated stack alternating a a

transition temperatureb 147.7 223 198.8c 255.4d

RT phase cation valence state averaged trapped
anion ordering disordered disordered disordered disorderedd

LT phase cation valence state intermediate trapped
anion ordering ordered mostly ordered mostly ordered ordered
VLT phase/VRT phase

e 2 6 2 2d

aComplicated arrangement. bPhase transition accompanying anion ordering. cReference 24. dReference 36. eRatio of unit cell volumes.

Figure 4. Packing diagrams of the RT phase of [npBifc]Tf2N (1)
projected along the (a) a and (b) b axes (Cmca, Z = 4). Only the
molecules in one layer are illustrated to avoid molecule overlap.
Hydrogen atoms are omitted for clarity.

Figure 5. Packing diagram of the LT phase of [npBifc]Tf2N (1)
projected along the c axis (P212121, Z = 8). Only the molecules in one
plane are presented to avoid molecule overlap. Hydrogen atoms are
omitted for clarity.
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unsymmetrical in the LT phase: the three Fe···O intermo-
lecular distances for Fe1 (or Fe3) are 0.03−0.06 Å shorter than
the corresponding distances for Fe2 (or Fe4), as seen in Figure
7b. The structures and crystal environments of cations I and II
are almost the same. Thus, the tendency toward charge
localization on Fe1 (or Fe3) is consistent with the stronger
electrostatic interaction of this atom with the anions. The
slightly greater asymmetry of cation I than cation II, as seen in
Figure 6, may be attributed to the short intermolecular Fe···O
distance of 4.03 Å for Fe1.
We have previously reported a biferrocenium salt in which

anion dimerization at the spin-Peierls phase transition causes
valence localization.22 The current case is similar in that the
phase transition originating from the anion induces the
formation of an unsymmetrical crystal environment, which
affects the cation valence state. However, the current case is a
first-order phase transition, and its physical origin is essentially
different from that of the second-order spin-Peierls transition.
Crystal Structures of 2. X-ray structure analysis of 2

revealed that anion ordering occurs with the phase transition at
223 K. The unit cell volume of the LT phase was six times
larger than that of the RT phase. In both phases, the cations
exhibited unsymmetrical structures.

The crystal structure of the RT phase of 2 is illustrated in
Figure 8a. The space group was P21/m (Z = 2), and one cation
and anion were crystallographically independent. The cations
form a columnar stacking structure along the direction of the a
axis through π−π interactions, with intermolecular Cp−Cp
distances (centroids) of 3.98 and 3.91 Å. The anions are
arranged one-dimensionally along the same direction, and their
arrangement resembles that of the cations. The cations adopt
an unsymmetrical structure in which the two iron atoms are

Table 2. Intramolecular Fe−Cp(centroid) and Fe−C(Cp) Distances, and Intermolecular Fe···O Distances Shorter than 4.5 Å in
[npBifc]Tf2N (1) and [Bifc]Tf2N (2)

compound cation Fe site Fe−Cp(centroid)/Åa Fe−C(Cp)/Å
b Fe···O distances/Å

1 (RT phase, 273 K) Fe1 1.671 2.062 [2.043−2.105] 4.20 4.20 4.43
1 (LT phase, 100 K) I Fe1 1.684 2.077 [2.050(7)−2.116(4)] 4.03 4.14 4.21

Fe2 1.660 2.058 [2.042(7)−2.087(4)] 4.09 4.17 4.27
II Fe3 1.680 2.071 [2.050(7)−2.102(5)] 4.06 4.11 4.17

Fe4 1.667 2.061 [2.038(7)−2.097(5)] 4.09 4.16 4.31
2 (RT phase, 273 K) I Fe1 1.699 2.067 [2.044−2.130] 4.20

Fe2 1.654 2.038 [2.022−2.051] 4.35 4.35
2 (LT phase, 100 K) I Fe1 1.700 2.081 [2.044(7)−2.143(7)] 3.93

Fe2 1.654 2.046 [2.031(7)−2.056(7)] 4.22 4.30
II Fe3 1.698 2.084 [2.038(7)−2.153(7)] 4.00

Fe4 1.654 2.047 [2.02(1)−2.068(7)] 4.39 4.46
III Fe5 1.697 2.078 [2.047(7)−2.132(7)] 3.95

Fe6 1.653 2.046 [2.037(7)−2.063(7)] 4.35 4.38
aDistance between Fe and centroid of the Cp ring (average value). bAverage value. Distance range is listed in square brackets.

Figure 6. Intramolecular Fe−Cp(centroid) distances in [npBifc]Tf2N
(1) and [Bifc]Tf2N (2). The dashed lines represent the distances in
the neutral (Fc0) and cationic (Fc+) moieties of the valence-trapped
biferrocenium cation.

Figure 7. Structures of cations and neighboring anions in the (a) RT
and (b) LT phases (top: cation I, bottom: cation II) of [npBifc]Tf2N
(1). The dashed lines indicate intermolecular Fe······O distances (Å)
shorter than 4.5 Å.
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crystallographically nonequivalent. The Cp rings of the
fulvalene moiety are planar. The anion presents trans
conformation, the central N(SO2)2 moiety is disordered over
four sites, and the CF3 groups exhibit rotational disorder
(Figure S3a, Supporting Information).
The LT phase of 2 (Figure 8b) crystallized in the P21/n (Z

= 12) space group. The molecular arrangements of this phase
were almost the same as those of the RT phase, though the
stacking period of the cation and unit cell volume were three
and six times larger, respectively, compared with the RT phase
structure. The cation column contains three crystallographi-
cally independent molecules (cations I−III), which are stacked
almost regularly via π−π interactions, with intermolecular Cp−
Cp distances (centroids) of 3.76−3.87 Å. The dihedral angles
between the Cp rings of the fulvalene moiety of the cation are
7.9, 4.2, and 2.6°, for cations I−III, respectively. Three
crystallographically independent anions presenting trans
conformation (anions I−III) are observed, where anion II is
fully ordered, but a slight disorder is still detected for anions I
and III. In these anions, the N(SO2)2 moiety is disordered,
with occupancies of 0.88:0.12 and 0.82:0.18 (anions I and III,
respectively; Figure S3b, Supporting Information). The CF3
groups of these anions exhibit rotational disorder over two
sites. The extent of the residual disorder may depend on the
cooling rate during X-ray measurements because the phase
transition occurred over a wide temperature range.
Valence States of 2. The cation in 2 exhibited a trapped-

valence structure in both the RT and LT phases. The valence

localization is ascribed to unsymmetrical cation−anion electro-
static interactions.
The Fe−Cp(centroid) distances for the two ferrocenyl units in

the cation are unequal at approximately 1.65 and 1.70 Å, both
in the RT and LT phases (Table 2), where the distances
correspond to the values for a typical valence-trapped
biferrocenium cation (Figure 6). The structure of cation I
and its neighboring anions in the LT phase is illustrated in
Figure 9. One O atom of the anion approaches Fe1 at a short

distance of 3.93 Å, where this interaction induces charge
localization on the Fe atom via electrostatic interaction. In
comparison, the separation between the Fe2 and O atoms is
longer at 4.22 and 4.30 Å. The intermolecular Fe···O distances
and anion arrangements for cations II and III are similar to
those for cation I, and the cation environments in the RT
phases are also similar (Figures S4 and S5, Supporting
Information). Thus, the trapped-valence state of this salt is
consistent with the local cation−anion electrostatic inter-
actions for both phases.

Crystal Structures of 3. X-ray structure analysis of 3
revealed that anion ordering occurs with the phase transition at
198.8 K. The RT phase structure of this salt is isomorphous
with the LT phase structure of 4 but extensively disordered.
The structure of the RT phase (phase II, Figure 3) of 3 was

elucidated at 223 K, but a detailed discussion is not attempted
herein because the analysis was incomplete (R = 14.7%) owing
to extensive disorder of the anion. The packing diagram is
presented in Figure S6 (Supporting Information). This phase
crystallized in the C2/c (Z = 8) space group, where one cation
is surrounded by eight anions and vice versa. The C5 axis of
each cation is aligned nearly along the c axis. There are two
crystallographically independent anions, of which anion I
adopts the trans conformation. The anion exhibits two-fold
disorder of the N(SO2)2 moiety, with 0.5:0.5 occupancy, and
the CF3 groups exhibit rotational disorder. The other anion
(anion II) adopts a twisted trans conformation and is
extensively disordered. Although this phase (phase II)
exhibited a monoclinic, anisotropic crystal structure, phase I
might be an isotropic plastic phase or a rotator phase,
considering the small entropy of melting.
The packing diagram of the LT phase (phase III)

determined at 100 K is illustrated in Figure 10. The LT
phase of 3 crystallized in the P21 (Z = 16) space group; hence
the structure was converted to a noncentrosymmetric one,

Figure 8. Packing diagrams of (a) RT phase (P21/m, Z = 2) and (b)
LT phase (P21/n, Z = 12) of [Bifc]Tf2N (2). Only the molecules in
one layer are illustrated to avoid molecule overlap. Hydrogen atoms
are omitted for clarity.

Figure 9. Structure of cation I and neighboring anions in the LT
phase of [Bifc]Tf2N (2). The dashed lines indicate intermolecular
Fe···O distances (Å) shorter than 4.5 Å. Only the major components
of the disordered moieties are illustrated for each anion.
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compared with that of the RT phase. The unit cell volume was
twice that of the RT phase. The molecular arrangements in
both phases were similar, but the LT structure was highly
complicated, consisting of eight crystallographically independ-
ent cations and anions each. One of the Cp rings of the cation
containing Fe3 presents rotational disorder with an occupancy
ratio of 0.74:0.26. The anions adopt the trans conformation.
Although the anions are mostly ordered, one of the eight
independent anions presents two-fold disorder of the central
N(SO2)2 moiety, with an occupancy ratio of 0.85:0.15. Thus, a
very slight degree of anion disorder remained in the LT phase.
The phase behavior of 3 was different from that of

corresponding cobaltocenium salt 4 (Figure 3),36 despite the
almost identical molecular structures of both compounds. In
both salts, anion ordering occurs at the transitions from the RT
phase to LT phase, accompanied by cell-doubling, but the
structures of the corresponding phases were different. The
highly disordered RT phase of 3 was isomorphic with the LT
phase of 4. At the phase transition in 4, the anion became fully
ordered and the crystal environment around the cations
changed from symmetric to unsymmetric.36 Notably, the phase
transition of 1 had essentially the same character, where anion-
ordering rendered the environment around the cation
unsymmetrical, leading to a change in the valence state of
the cation.

■ CONCLUSIONS

The crystal structures, valence states, and phase transitions of
the Tf2N salts of npBifc, Bifc, ferrocene, and cobaltocene (1−
4) were compared. All the salts melted at around 400 K and
exhibited order−disorder phase transitions of Tf2N at low
temperatures, though the ordering was not complete in 2 and
3. In the crystal, the cations and anions in 1 and 2 adopted
alternating arrangements and segregated columnar arrange-
ments, respectively. The crystal structures and phase sequence
of the ferrocenium salt 3 were very different from those of the
cobaltocenium salt 4, despite both compounds having almost
identical molecular structures.
The valence states of the cations in 1 and 2 were evaluated

and were reasonably accounted for by local cation−anion
electrostatic interactions. The cation in 1 changed from an
averaged valence state to an intermediate valence state at low
temperatures as a consequence of anion ordering, which
renders the crystal environment around the cation unsym-
metrical. The symmetry-lowering phenomenon via anion
ordering was also observed in 4. In contrast, the cation in 2
exhibited a trapped-valence state owing to the unsymmetrical
crystal environment.

■ EXPERIMENTAL SECTION
Preparation. 1,1″-Dineopentyl-1′,1′-biferrocene,22 biferro-

cene,38 AgTf2N,
39 and 324 were synthesized according to the

methods reported in the literature. AgTf2N (7.5 × 10−5 mol)
was added to an acetonitrile solution of 1,1‴-dineopentyl-
1′,1″-biferrocene or biferrocene (5 × 10−5 mol), and the
solution was stirred for 1 h. The solution was filtered, and the
filtrate was evaporated to obtain the desired product as a
black/violet solid. Single crystals were obtained in fair yields
via vapor diffusion of pentane into dichloromethane solutions
of the solids. 1: Anal. Calcd for C32H38F6Fe2N1O4S2 C, 48.62;
H, 4.85; N, 1.77. Found: C, 48.81; H, 5.07; N, 1.78. 2: Anal.
Calcd for C22H18F6Fe2N1O4S2: C, 40.64; H, 2.79; N, 2.15.
Found: C, 40.39; H, 2.94; N, 2.10.

Instrumentation. DSC measurements were conducted at a
rate of 10 K min−1 using a TA Instruments Q100 differential
scanning calorimeter, and other rates were applied as required.
Single crystal XRD data were collected using a Bruker APEX II
Ultra CCD diffractometer with Mo Kα radiation (λ = 0.71073
Å). The structures were determined by employing the direct
method using the SHELXL software.40 The crystallographic
parameters are summarized in Tables S1 and S2 (Supporting
Information).
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