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Abstract  

A mixed-valence salt of tTTF-I with ClO4
–
, formulated as (tTTF-I)2ClO4, is characterized by 

the presence of two crystallographically independent donor molecules, segregated in different 

layers, and linked together through I•••O interactions with the ClO4
–
 anion disordered at room 

temperature. The tTTF-I donor molecule was prepared by metallation of tTTF (trimethylene 

tetrathiafulvalene) followed by reaction with iodine to afford the mono and diiodo derivatives 

tTTF-I and tTTFI2, respectively. Crystal structure of the latter neutral tTTFI2 shows the 

occurrence of strong, type II, I•••I halogen bond interactions. Band structure calculations of 

the dual-layer structure of the 2:1 salt (tTTF-I)2ClO4 show co-existence of both 1D open, and 

2D closed Fermi surfaces. The salt undergoes a metal-insulator phase transition at TMI = 90 K, 

associated by an electronic dimensionality decrease, since already at 100 K, the 2D part of the 

Fermi surface transforms into 1D corrugated planes. High resolution X-ray investigations 

performed at 100 K, combined with multipolar refinements, indicate an approximately 

equivalent +0.5e charge in both donor molecules, as also deduced from the intramolecular 

bond distances. On the other hand, Raman spectroscopic investigations show that at ambient 

temperature the charge is actually distributed non-uniformly in conducting layers of tTTF-I 

molecules, with the identification of molecules with charges +1, +0.5, 0e, while at low 
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temperature the charge distribution becomes essentially uniform (+0.5e), as confirmed from 

the X-ray high resolution data. These apparent contradictory behaviors are actually a 

consequence of a partial electron transfer between the two independent slabs to reach a 

common Fermi level in the metallic phase.   

 

Introduction  

 Prototypical molecular conductors
1
 are composed of conducting slabs of partially 

oxidized tetrathiafulvalene molecules, intercalated with layers of counter ions, eventually 

associated with neutral molecules.
2
 Since the metallic properties of such salts are intimately 

related to the details of the overlap interactions within the conducting slabs, many efforts have 

been reported to control the organic/inorganic interface, essentially dominated in the historical 

salts (derived from TTF,
3
 TMTTF, TMTSF or BEDT-TTF

4
 and analogs) by weak and 

uncontrolled C–H•••X interactions. In order to introduce a stronger element of supramolecular 

control over this interface, the purposely introduction of "normal" hydrogen bonds using 

TTFs with alcohol, amide or acid functionalities was investigated, soon followed by the 

introduction of halogen bonding interactions.
5
 Indeed, besides the C–Hal•••Hal–C interactions 

extensively investigated in the recent years
6
 and characterized with various structural motifs

7
 

(type I, type II, triangular motifs),
8,9 

the electrophilic part of an halogen atom which is located 

in the extension of the C–Hal bond,
10

 can also interact with any Lewis base.
11

 In a more 

general perspective toward anion coordination for selective binding, extraction or 

separation,
12

 these halogen bonding interactions have also recently emerged as a powerful 

tool, but again mostly with halides,
13

 thiocyanates,
14

 polyhalides, halometallates
15

 and 

cyanometallates.
16

 Recent investigations of ClO4
–
 coordination

17
 with halocarbons and 1,4-

diiodotetrafluorobenzene have also shown its propensity to act as halogen bond acceptor 

through simultaneously three different oxygen atoms.  

 Tetrathiafulvalenes directly substituted with halogen atoms proved to be particularly 

useful as their oxidation to the cationic state activates the hole on the halogen atom and 

favors a strong, short and directional interaction with the counter ion acting as Lewis base, 

mainly with halides,
18

 and polyhalo anions, with polyhalo–, polycyano– or 

polythiocyanatometallates, through C–Hal•••Hal, C–Hal•••N or C–Hal•••S interactions. By 

comparison, CTTF–Hal•••O interactions with oxygen atoms are limited to a few examples, 

inorganic ClO4
–
,
19,20

 or HSO4
–
 anions,

21
 and recently a series of organic sulfonate anions.

20
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 We have prepared novel iodinated TTFs derived from the unsymmetrical 

trimethylenetetrathiafulvalene (tTTF),
22

 namely the mono and diiodo derivatives tTTF–I 1 

and tTTF–I2 2. The trimethylene electron-releasing substitution was introduced here to favor a 

low oxidation potential, by counterbalancing the electron withdrawing effect of the halogen 

functionalization. The cyclic motif was also chosen rather than two methyl groups in order to 

suppress any possible rotational disorder that could limit the accuracy of results coming from 

high resolution X-ray diffraction experiments which we intended to perform with 1 or 2, in 

order to characterize the electron density involved in the halogen bonding (See below). The 

electrocrystallization of tTTF–I (1) in the presence of the ClO4
–
 anion afforded two different 

salts, a 1:1 fully oxidized salt, (1)ClO4•(CH2Cl2) and a 2:1 salt with metallic conductivity, 

(1)2ClO4, whose structural and electronic properties will be described and analyzed in details. 

Indeed, in the latter salt, the donor molecules organize into two crystallographically 

independent layers, with very different structural and electronic properties, a rare example of 

so-called dual layer conductors.  
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Results and discussion 

 

Syntheses and electrocrystallizations. The preparation of 1 and 2 is based on the direct 

metallation of tTTF with LDA (Scheme 1) as described for the preparation of EDO-TTF-I2.
19

 

Using a slight excess of LDA followed by reaction with perfluorohexyl iodide afforded 1 in 

60% yield together with traces (5%) of 2. With a large excess of LDA (6 equiv), the diodo 

derivative 2 was obtained as the sole product in 44% yield. 
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Scheme 1. Synthetic route to 1 and 2. 
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Investigation of the electrochemical properties (Table 1) shows the anticipated trend, with a 

more anodic oxidation associated with a larger number of electron-withdrawing halogen 

atoms on the TTF core, as already observed for example on the first oxidation wave in the 

EDT-TTF/EDT-TTF-I/EDT-TTF-I2 (0.06/0.15/0.21 V vs. Ag/Ag
+
)
18a

 or EDO-TTF/EDO-

TTF-I/EDO-TTF-I2 (0.39/0.45/0.51 V vs. SCE) series.
19

  

 

Table 1. Electrochemical properties of the different TTF derivatives. Electrolyte: (n-

Bu)4NPF6 0.1 M in CH2Cl2, Pt working electrodes and counter electrodes, SCE reference 

electrode, scan rate 100 mV s
–1

. 

Compound 2/1

1E (V) 2/1

2E (V) 

tTTF 0.35 0.91 

tTTF-I (1) 0.435 0.93 

tTTF-I2 (2) 0.515 0.985 

 

While the monoiodo TTF derivative 1 could not be properly crystallized, single crystals of the 

diiodo derivative 2 were analyzed by X-ray diffraction. 2 crystallizes in the monoclinic 

system, space group P21/n with one molecule in the asymmetric unit (Figure 1). The TTF 

molecules are associated into face-to-face dyads, as found for example in o-Me2TTF-I2,
23

 or 

EDO-TTF-I2,
19

 while I•••I contacts are found between molecules along the axis. The I•••I 

intermolecular distance, 3.994(1) Å, is close to the sum of van der Waals radii but it exhibits 

geometrical features characteristic of a type II interaction with C(3)–I(2)•••I(1) angle at 

147.2(1)° and I(2)•••I(1)–C(2) angle at 89.4(1)°. 
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Figure 1. (a) Projection of the unit cell of 2 along the crystallographic a axis, showing the 

face-to-face dimeric arrangements. (b) The type II I•••I halogen bonding interaction, leading 

to chains along the a axis. 

 

 Electrocrystallization experiments were performed with 1 in the presence of the ClO4
–
 

anion. When an hydrated (n-Bu)4NClO4 electrolyte was used, a 1:1 salt formulated as 

(1)ClO4•CH2Cl2 has been isolated as large plates. In the strict absence of water, the mixed-

valence 2:1 salt (1)2ClO4 was obtained as smaller, thicker plates. The solvated 1:1 salt 

crystallizes in the triclinic system, space group P–1 with two cations, one anion and one 

CH2Cl2 molecule in the asymmetric unit (Figure 2). Intramolecular bond lengths within the 

TTF core (Table 2) confirm the +1e charge with the central Ci=Ci bond lengthening and 

concomitant Ci–S bond shortening upon oxidation, when compared for example with the 

structure of neutral 2. The oxidized cationic molecules are associated two-by-two into face-to-

face eclipsed dyads with very short S•••S intermolecular distances, 3.277(4) and 3.461(7) Å, 

corresponding to a strong overlap interaction between cation radicals, with the two electrons 

in the bonding combination of the two SOMOs. One single halogen bonding interaction takes 

place between the iodine atom of 1
+•

 cation and one oxygen atom of the ClO4
–
 anion. The 

contact is close to a linear conformation, with C(2)–I(1)•••O(4) angle of 172.2(2)°. The I•••O 

distance, 2.997(9) Å, is notably shorter than the van der Waals contact distance (1.98 + 1.52 = 

3.50 Å). For comparison purposes with literature data,
17

 a contact distance involving the ionic 
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radius of oxygen (1.76 Å) has been also defined as rvdw(I) + rionic(O) = 1.98 + 1.76 = 3.74 Å, 

giving a reduction ratio, dI••O/[rvdw(I) + rionic(O)]  of 0.80. 

 

 

 

Figure 2. Dyadic association of (1)
+•

 cation radicals in the 1:1 salt (1)ClO4•CH2Cl2, together 

with halogen bonding interaction with the ClO4
–
 anion. 

 

Table 2. Averaged intramolecular bond distances (in Å) in the TTF core in neutral 2, and 

oxidized 1 molecules, along with their net charge q(e) estimated from the intramolecular 

distances 

Co

Co S

Ci

S

Ci

S
Co

Co
S

 

 qe Ci=Ci (Å)  Ci–S (Å) S–Co (Å) Co=Co (Å) 

tTTF-I2 (2) 0 1.341(9) 1.768(20) 1.749(18) 1.325(17) 

(1)2ClO4  mol. I 

(at RT)  mol. II 

0.5 

0.5 

1.369(9) 

1.363(10) 

1.742(19) 

1.745(21) 

1.736(16) 

1.733(18) 

1.337(10) 

1.332(10) 

(1)ClO4•CH2Cl2 +1 1.394(10) 1.724(8) 1.723(9) 1.337(11) 

 

 

The metallic, halogen bonded, 2:1 salt. As detailed above, anhydrous electrocrystallization 

conditions afforded systematically the 2:1 salt, formulated as (1)2ClO4. It crystallizes in the 

triclinic system, space group P–1 with one ClO4
–
 and two donor molecules in the asymmetric 

unit. The ClO4
–
 anion exhibits positional disorder at room temperature.  X-ray data collected 

at 150 and 100 K were properly refined with one single anion position. The X-ray data 

collection at 100 K was performed in high resolution conditions using Mo-K radiation ( = 

0.71073 Å) with max diffraction angle up to 45.9°. Indeed, charge density analysis based on 

experimental high-resolution low-temperature X-ray diffraction data permits nowadays to 

characterize the features associated to chemical bonding and intermolecular interactions such 

as hydrogen bonding.
24

 Very few high-resolution structural investigations of halogen bonding 
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have been reported to date to characterize the electron density between the halogen bond 

donor and acceptor atoms.
25,26

 Furthermore, the possible evolution of the charge of the 

tetrathiafulvalene molecule 1 with temperature offers an attractive playground to evaluate the 

effect of charge on the halogen bond strength.
27,28

  

 Intramolecular bond distances within the TTF core are collected in Table 2 and 

confirm the mixed valence character, with C=C and C–S bond distances intermediate between 

those of neutral TTF and those of the 1
+•

 cation radical described above. Note that the two 

crystallographically independent TTFs bear apparently a comparable charge ( +0.5e) at room 

temperature. The halogen bonding interaction takes place between the iodine atoms of the 

partially oxidized 1 molecules and the oxygen atoms of the ClO4
–
 anion. As shown in Figure 

3, short and linear interactions take place with C(2)–I(1)•••O(2) and C(2A)–I(1A)•••O(1) 

angles at 169.0(4) and 168.8(3)°, while the I•••O distances correspond to a very small 

reduction ratio of 0.77 with respect to the addition of the van der Waals radii, confirming that 

the negative tetrahedral ClO4
–
 anion acts here as a strong halogen bond acceptor.  

 

 

Figure 3. Halogen bond motif in (1)2ClO4, at 150 K. 

 

Note also that its non-centrosymmetric character combined with the 2:1 stoichiometry leads to 

the presence of two crystallographically independent TTF molecules, noted Mol. I and Mol. II 

in Figure 3, at variance with most halogen bonded salts where the symmetric anion [Br
–
, 

Ag(CN)2
–
, Ni(CN)4

2–
, ... ] is most often located on an inversion centre.  

Attempts to perform the electron density (r) analysis of crystalline (1)2ClO4 were 

made at 100 K, by using the Hansen-Coppens
29

 multipolar model of (r), which is 

implemented in the MoPro suite of programs.
30,31

 At convergence, the residual density maps 

show only random noise appearing around the light atoms of the structure, but due to strong 

absorption effects caused by the heaviest atom in the structure – iodine ((Mo-Kα) = 5.74 

mm
-1

) the noise level around the halogen atom in both tTTF-I molecules of the asymmetric 

unit is still high (see Figure S1 in supporting information). In addition, looking at the ORTEP 

plot of the ClO4 anion (see Figure S2 in supporting information) and comparing the Uiso 

magnitudes of the four oxygen atoms with respect to the average magnitude in the crystal 

structure (<Uiso> = 0.01367 Å
2
), three of them exhibit quite high magnitudes. This feature 
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seems to be related to a small disorder effect that could not be solved. In the case of the O(2) 

atom, the established I(1')∙∙∙O(2) halogen bonding interaction (2.877 Å), avoids the disorder 

and leads to an isotropic atomic displacement Uiso(O(2)) almost twice smaller than for the 

other three oxygens with Uiso = 0.0264(3) Å
2
 for O(2), and 0.0453(4), 0.0421(4) and 

0.0480(3) Å
2 

for O(1), O(3) and O(4), respectively. It should be however pointed out that the 

intermolecular interaction I(1)∙∙∙O(3) (2.870 Å) is not able to reduce the important 

displacement of O(3), supporting an involved static disorder. Accordingly, problems related 

to unsolved disorder features and absorption effects seem to be at the origin of a bad 

multipolar charge density description. As a consequence, the experimental model of (r) is 

not of enough quality to carry out a precise charge density analysis. 

Nevertheless, providing the net charge of the ClO4 moiety equal to –1e, the 

information about the redistribution of the +1e net charge between the two t-TTF-I molecules 

belonging to the asymmetric unit could be extracted. For this purpose, we have firstly 

undertaken a standard X-XHO refinement,
32

 where the atomic multipoles were experimentally 

determined by refinement against the X-ray structure factors, except for iodine atoms, for 

which multipoles were transferred from the (r) model obtained from periodic theoretical 

calculations on the crystal phase of 4-iodo-1,3-dithiol-2-one
33

 (even if the atomic environment 

of iodine differs, the transferred multipolar model is methodologically better than the 

spherical one used in classical structure determination). This procedure permits to improve the 

deconvolution of the deformation electron density from the thermal smearing effect, 

minimizing the influence of the valence electron-shells to obtain a more precise modeling of 

the structural and thermal atomic displacement parameters (x, y, z and Uij). This is needed to 

undertake a Kappa refinement,
34

 which permits to derive a good estimation of the partial 

charge transfer and the spherical expansion/contraction of the atoms. Accordingly, after 

convergence of the X-XHO model and the subsequent Kappa refinement, the partial charge 

transfer between atoms in cations indicates that, at 100 K, the +1e distributes almost equally 

between the two tTTF-I molecules (+0.52/+0.48 e), supporting the assumptions made above 

from the intramolecular bond distances. 

 

Solid state properties. A projection view along the a axis of the unit cell of (1)2ClO4 (Figure 

4) shows that the two crystallographically independent molecules organize into two 

crystallographically independent slabs, with different intermolecular overlap within each slab 

(See below). 
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Figure 4. Projection view along of the unit cell of (1)2ClO4, showing the two 

crystallographically independent slabs. 

 

Such a dual-layer situation has been only encountered in a few cases, either in BEDT-TTF 

salts such as (BEDT-TTF)2PtCl6(PhCN),
35

 -κ-(BEDT-TTF)2[Hg(SCN)3],
36

 ′-θ-(BEDT-

TTF)2[C(SO2CF3)3],
37

 -′′-(BEDT-TTF)4[(NH4)M(C2O4)3]•(solvent),
38

 or κ-'-(BEDT-

TTF)2[Ag(CF3)4]•(TCE),
39

 and in other donor salts as (EDO-TTF)2X (EDO-TTF = 

ethylenedioxotetrathiafulvalene, X = GaCl4 and ReO4),
40

 (TMET-STF)2X (TMET-STF = 

trimethylene(ethylenedithio)diselenadithiafulvalene; X = ClO4 and BF4),
41

 or H-

(DMEDOTSeF)2[Au(CN)4]•THF where DMEDOTSeF is dimethyl(ethylenedioxy)-

tetraselenafulvalene.
42 

In many instances, the presence of two crystallographically 

independent molecules, which then further segregate into crystallographically independent 

slabs, can be attributed to an asymmetry in the anion layer, eventually enhanced by directional 

intermolecular interactions at the interface. For example, as shown in scheme 2a-b, an 

hydrogen bond interaction of a TTF primary amide derivative with the tetrahedral ReO4
–
 

anion (Scheme 2a),
43

 or a S•••Te interaction in a [Ni(dmit)2] salt with Me3Te
+
 cation (Scheme 

2b),
44

 favor similar organization with two crystallographically independent molecules, which 

may then eventually, but not automatically, segregate into different conducting slabs. 

Similarly, halogen bond interactions of [Ni(dmit)2]
–
 with N-Me-2,5-dihalopyridinium,

45
 N-Et-

3,5-dihalopyridinium (Scheme 2c),
46

 or N-Et-4-halothiazolium cations,
47

 also give rise to 

bilayer formation. We will discuss below the specificities of such dual-layer structures for the 

understanding of their physical properties. 
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Scheme 2. Three examples of conducting salts with crystallographically independent 

conducting slabs with distinct intermolecular interactions. 

 

The temperature dependence of the resistivity of (1)2ClO4 at ambient pressure (Figure 5 

insert) shows a slightly localized behavior with a smooth maximum around 180 K and a 

conducting regime down to 90 K. Then a broad metal to insulator (MI) transition takes place 

below this temperature. Under pressure, the room temperature conductivity (5 (cm)
-1

) 

increases only slightly (Figure S3 in SI). This behavior is a the signature of an essentially 

metallic character (an exponential increase is expected for insulating compounds), which is 

clearly observed on the temperature dependence of the resistivity at higher pressures (the 

broad maximum of resistivity is shifted above room temperature). However,  the temperature 

of the MI transition is found to be pressure-independent around 90 K. The magnetic 

susceptibility (Figure S4 in SI) exhibits an essentially temperature independent 

paramagnetism with 0 = 2 10
–5

 cm
3
 mol

–1
, also in accordance with a Pauli-type susceptibility 

of a good metal. The MI transition has a limited effect, with the contribution of a Curie tail 

which corresponds to 0.36% S = ½ species, indicating that this transition is not associated 

with a magnetic ground state.   
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Figure 5. Temperature dependence of the resistivity (in log scale) of (1)2ClO4, at ambient 

pressure and under hydrostatic pressure: 5.4, 7.7 and 11 kbar. The insert shows the ambient 

pressure data in a linear scale for resistivity. 

 

 The origin of the metallic behaviour of this two-slab system can be found in the 

intermolecular interactions within the two crystallographically independent slabs. For that 

purpose, HOMO-HOMO interactions energies were calculated within the two slabs. As shown in 

Figure 6, slab I is characterized by a strong dimerization (interaction b1), with large 

interactions of the mixed-valence dyad both along crystallographic a and a+b directions. On 

the other hand, slab II exhibits a typical one-dimensional structure, with large b1 and b2 

interactions along the staking b-axis, while lateral interactions between stacks are negligible. 
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Figure 6. Side view of the two crystallographically independent slabs, with calculated 

intermolecular interactions. In slab I: b1 = 0.333, b2 = 0.038, a = 0.166, ab = 0.169 eV. In 

slab II: b1 = 0.354, b2 = 0.494, a = 0.024, ab1 = 0.106, ab2 = 0.076 eV.  

 

Band structure calculations were performed, based on the X-ray crystal structures determined 

at room temperature and at 100 K (Figure 7). Two molecular orientations are found within 

each slab, hence four bands are considered for the whole salt. Since no overlap interactions 

exist between slabs, two bands are associated with Slab I, the two other with Slab II. At room 

temperature, the Fermi surface is composed of closed ellipses associated with 2D interactions 

within Slab I, together with parallel wrapped lines associated with dominant 1D interactions 

within Slab II, in agreement with the calculated HOMO-HOMO interaction energies mentioned 

above.  

 When lowering the temperature to 100 K, the band structure is not significantly 

modified, except around the X point. This has important consequences on the Fermi surface. 

Indeed, as shown in Figure 7c-d, the closed ellipses of Slab I transform into open planes, 

revealing a more one-dimensional character with strongest interactions along the a-axis while 
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the parallel wrapped lines associated with dominant 1D interactions along the b-axis within 

Slab II are kept unchanged. In other words, the cell contraction observed upon cooling tends 

to destroy the two-dimensional character associated with Slab I, leading to an original 

electronic structure made of two different conducting slabs with orthogonal one-dimensional 

electronic structures, as observed for example in (Me3Te)[Ni(dmit)2]2.
44

 This evolution is 

most probably at the origin of the metal- insulator transition occurring at lower temperatures, 

through a charge localization within the most strongly associated dyads identified in each of 

the two slabs in Figure 6 (interaction b1 in slab I, interaction b2 in slab II).  

                                    

 

Figure 7. Top: calculated band structure for (1)2ClO4, at (a): room temperature and (b): 100 

K. Bottom: calculated Fermi surfaces for the two slabs at (c): room temperature and (d): 100 

K. 

 

Raman studies. In order to complement the transport and magnetic measurements and to gain 

some further insight on the nature of the metal-insulator transition, Raman studies have been 

performed. This technique is also particularly useful to investigate the possibility for charge 

ordering as a possible origin of the metal-insulator transition.
48

 Indeed, because of the halogen 

bonding interaction with the tetrahedral, non-centrosymmetric ClO4
–
 anion, we are already in 
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presence of two crystallographically independent donor molecules. Analysis of bond 

distances, and high resolution X-ray data (see above) suggest that the two molecules bear the 

same charge (+0.5e) above the metal-insulator transition down to about 90 K. Spectroscopic 

data available down to 10 K can help us to understand the low-temperature regime. It is well 

known that for TTF derivatives the vibrational modes related to C=C stretching vibrations are 

especially sensitive for the ionization degree, and hence particularly useful for studies of 

charge ordering in organic conductors.
49

  Raman spectra of fully ionized tTTF-I
+
 in the 1:1 

salt (1)ClO4•CH2Cl2 as well as of neutral tTTF-I
0
 molecule were additionally measured for 

comparison purposes. 

 Room temperature spectrum of the 1:1 salt (1)ClO4•CH2Cl2 is shown in Figure 8. The 

electrical vector of the laser beam was parallel to the direction of maximum band intensity, 

i.e. nearly parallel to the a-axis. In the region of C=C stretching vibrations, we observe three 

bands at 1415, 1478, and 1454 cm
–1

 which are related to the tTTF-I
+
 cations, i.e. the central 

C=C, anti-phase ring C=C and in-phase ring C=C stretching, respectively. In the case of 

symmetrical TTF derivatives, the anti-phase ring C=C stretching vibration is only IR active 

but tTTF-I has no centre of symmetry, therefore all C=C modes show both IR and Raman 

activity.  The cations of other TTF derivatives (also unsymmetrical) possess analogous C=C 

stretching modes, respectively at: 1420, 1478, 1505 cm
–1

 for TTF
+
;
50

 1418, 1547, 1567 cm
–1

 

for TMTTF
+
;
51

 1417, 1483, 1556 cm
–1

 for o-DMTTF
+
.
52

 The strong bands at 503 and 511 cm
-

1
 are to be attributed to in-phase ring breathing mode and the band at 462 cm

–1
 to anti-phase 

ring breathing mode. In our Raman spectra of neutral tTTF-I, the C=C stretching bands have 

been found at 1510 cm
–1

 (central C=C), 1546 cm
–1

 (anti-phase ring C=C) and 1610 cm
–1

 (in-

phase ring C=C). 
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Figure 8.   Room temperature Raman spectrum of the 1:1 salt (1)ClO4•CH2Cl2 (excitation λ = 

632.6 Å) 

 

 In Raman spectra of the 2:1 salt (1)2ClO4 at T = 296 K, we observe the C=C stretching 

bands at 1412, 1469, 1500, 1510, 1537 and 1610 cm
–1

 (Figure 9).  These bands are clearly 

related to molecules with different degree of ionization. The strongest lines at 1412, 1469 and 

1537 cm
–1

 are attributed to the three C=C modes of the fully ionized tTTF-I
+
. Additionally, 

the band at 1510 cm
–1 

can be assigned to the anti-phase C=C ring stretching  of tTTF-I
+0.5 

and 

the band at 1610 cm
–1 

to the in-phase C=C ring stretching of tTTF-I
0
. This spectrum clearly 

indicates that at ambient temperature, the charge in conducting layers is not distributed 

uniformly, in contradiction with structural properties detailed above. However, it should be 

emphasized that the ratio of intensities of bands attributed to molecules with various 

ionization degrees was different for different crystals. For example, in some samples, the 

spectral feature at 1469 cm
–1

 (Figure 9) consisted of two lines at about 1458 and 1467 cm
–1

, 

which can be assigned to the central C=C mode of tTTF-I
+0.5

 and anti-phase ring C=C mode 

of tTTF-I
+
 (or vice versa). This observation demonstrates that the charge distribution 

undergoes strong fluctuations whose amplitude is slightly different in different crystals. On 

decreasing the temperature, the spectrum undergoes considerable modifications. At T = 8 K, 

the strongest  bands at 1473, 1508 and 1570 cm
–1

 are related to the three C=C modes of tTTF-

I
+0.5

, though one can also find a much weaker broad feature at about 1420 cm
–1

  attributed to 

tTTF-I
+1

 (Figure 9).  

 

 

Figure 9. Raman spectrum of the 2:1 salt (1)2ClO4 at T = 296 K and 8 K (excitation λ = 632.6 

Å)   



16 

 

 As for other TTF derivatives, the three C=C stretching modes of tTTF-I are very 

sensitive to the degree of ionization. We have verified that they obey an approximately linear 

dependence against charge (Figure 10). Such linear dependence is often observed for TTF 

derivatives, nevertheless in many charge-transfer salts, the central C=C stretching mode 

shows a deviation from linear behavior because of strong coupling with electrons.
49

   

    

 
Figure 10. Frequency of C=C stretching modes of tTTF-I against the ionization degree.  

 

 

 As already mentioned above, the room temperature spectra of the 2:1 (1)2ClO4 salt 

were slightly different for various samples, particularly with different intensity ratio for the 

C=C bands assigned to molecules with charge +0.5e and +1e (bands of neutral molecules 

were not well seen because of much weaker intensity). Similarly, the temperature dependence 

of the spectra also differs from one crystal to the other (Figure S5 in SI). However, a general 

feature observed for all the studied samples was that on temperature decreasing, the intensity 

of bands corresponding to tTTF-I
+0.5 

molecules increased, while the intensity of tTTF-I
+1 

bands was either constant or strongly decreased. 

 

Discussion 

 Our Raman studies provide an unambiguous evidence of a non-uniform charge 

distribution at room temperature (+1e, +0.5e, 0e), while at low temperature the distribution 

becomes almost uniform (+0.5e).  This type of charge disproportionation is very surprising as 

in most organic conductors it is just opposite: the charge distribution is uniform at high 

temperatures and becomes non-uniform at low temperatures. In these salts, the charge 
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ordering effect is usually related with strong electron correlations, especially inter-site 

Coulomb repulsion.
53

 However, it was recently suggested that coupling between anions and 

cations also plays an important role in the charge-ordering transitions, both in one- and two-

dimensional systems.
54

 These anion-cation interactions can lead to a cooperative displacement 

wave of anions accompanied by a modulation of charge density on donors.
55

 In the 2:1 salt 

(1)2ClO4, the anion exhibits a positional disorder in the metallic phase at room temperature 

(see above). Its freezing at lower temperatures is expected to strengthen the I•••O interactions, 

with an evolution to an ordered state of the anion at low temperatures. Within this frame, in 

the high temperature phase, the fluctuating ClO4
–
 positions and the associated varying I•••O 

interactions could favor charge fluctuations on the donor molecules. 

 Another rationale for this behavior can be found in the very specific structure of this 

dual-layer salt, with two crystallographically independent slabs. We have seen above (Figure 

7) the evolution of the Fermi surface calculated for both slabs together. It is interesting 

however to perform these calculations separately for each slab. As shown in Figure 11,  if we 

assume a ¾-filling of the bands in each slab, that is, an average +0.5e charge for each 

crystallographically independent donor molecule, the calculated Fermi level in the two slabs 

is found to differ by 0.11 eV (In slab I, EF = –8.3044 eV; in slab II, EF = –8.1944 eV). Since 

there is one single Fermi level for the real crystal, it implies that a small electron transfer from 

Slab II to Slab I has necessarily to occur, in order to recover a common Fermi level, found 

indeed at the intermediate –8.259 eV value, as shown in Figure 7a. This fractional electron 

transfer has been evaluated here from the fraction of the first Brillouin zone (FBZ) defined by 

the 1D system of Slab II, where the upper partially filled band (Figure 11) does not overlap 

with the lower occupied band. For an exact +0.5e charge, the occupied and empty states are 

expected to be in equal number. In the real system (Figure 6), the occupied states of the 1D 

Fermi surface of Slab II represent 43% of the whole FBZ, indicating a +0.07e transfer from 

slab II to slab I to reach a common Fermi level. This small electron transfer between the two 

slabs can be at the origin of the charge disproportionation observed at room temperature and 

below by Raman spectroscopy, as detailed above.  
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Figure 11. Calculated band structure for each of the two slabs in (1)2ClO4, based on the RT 

crystal structure, and assuming a ¾-filling of the bands in each case, that is, an average +0.5 

charge for each crystallographically independent donor molecule.          

 

 This striking charge-transfer possibility should be actually potentially observed in 

every dual-layer systems mentioned above,
35–46

 provided that charge is delocalized in both 

layers. This has been indeed suggested and/or calculated in (TMET-STF)2BF4,
41b 

with a 

proposed +0.40/+0.60e charge distribution, in --(BEDT-TTF)2[CH(SO2CF3)2], with 

+0.56/+0.42e distribution between the two different  layers,
37

 or in -''-(BEDT-

TTF)4[(NH4)Ga(C2O4)3]•(PhCH2CN) where calculations suggested donor charges of +0.57e 

('') and +0.43e ().
38

 A definitive demonstration was recently provided with angular-

dependent magnetoresistance in H-(DMEDOTSeF)2[Au(CN)4]•THF,
42

 where SdH 

oscillations showed two closed orbits, associated to the two crystallographically independent 

donor layers with different charges [ = 0.051(5) e].  

 An opposite situation is found for example in the two isomorphous -(N-Me-3,5-

diiodopyridinium)[Ni(dmit)2]2, and (N-Me-3-bromo-5-iodopyridinium)[Ni(dmit)2]2 salts,
46

 

where one observes an alternation of Mott insulating (Layer I), and 2D conducting (Layer II) 

layers. Under those circumstances, the strong on-site Coulomb repulsion in Layer I excludes 

an addition of excess electrons from Layer II and the band filling for both Layer I and II is the 

same. A similar situation has been also mentioned in κ-'-(BEDT-TTF)2[Ag(CF3)4]•(TCE), 

where the charge-order insulating state of the -layer is associated with half filling of the -

layer, as confirmed within experimental error from de Haas–van Alphen (dHvA) oscillation 

measurements.
39

 In the absence of such a strong localization, that is, in situations where both 

layers are conducting, as here in (1)2ClO4, one should be very careful when calculating Fermi 

surfaces based on an exact 0.5e charge transfer.  
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 These examples combined with our own results on (tTTF-I)2ClO4 demonstrate that the 

deviation of charge from a strict 0.5e value, on crystallographically independent molecules in 

such dual layer systems, is a key ingredient to understand their charge and spin fluctuations. 

While X-ray data do not allow for a precise enough determination when only a few percent 

charge fluctuations are involved, Raman technique provides here a very useful tool to identify 

them, and their evolution with temperature.  

 

Conclusions 

We have described here an original metallic, cation radical salt (tTTF-I)2ClO4 where two 

crystallographically independent donor molecules give rise to two independent slabs, thanks 

to a specific, asymmetrical, I•••O halogen bond interaction with the non-centrosymmetric 

ClO4
–
 anion. Evolution of the band structure and Fermi surface upon cooling shows that the 

metal-insulator transition is attributable to the loss of the 2D character of the electronic 

structure of one of the two slabs. Raman spectra show evidence for charge disproportionation 

on the donor molecules at high temperature, disappearing below the Metal-Insulator 

transition, because of charge localization in both layers. Two rationales for this behavior were 

proposed, (i) the halogen bond interaction with disordered ClO4
–
 anion leads to charge 

fluctuations on the donor molecules, through a polarization mechanism, as found in 

conductors with Charge-Order state, (ii) the deviation from exact +0.5e finds its origin in an 

inter-layer charge-transfer due to differences of electronic structures of both slabs. Both 

channels contribute to the observed phenomena and demonstrate that it is the asymmetry of 

the counter-ion sub-system which forces the formation of two different slabs, with different 

electronic structures. Inter-layer charge transfer is then eventually observed, if charges in both 

layers are delocalized.  

 

Experimental Section 

 

Syntheses 

Iodotrimethylenetetrathiafulvalene 1. A solution of tTTF
22

 (170 mg, 0.7 mmol) in THF (30 

mL) was treated with a THF solution of freshly prepared lithium diisopropylamide (LDA, 

1.05 mmol) at –80 
o
C. The temperature was kept between –80 to –60 

o
C for 2 hours, and 1-

iodoperfluorohexane (0.14 mL, 1.05 mmol) was added to this solution at –80 
o
C, leading to a 

darkening of the solution. The reaction mixture was allowed to reach room temperature overnight. 
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Water was added to the solution and the mixture was extracted with diethylether (3 × 50 mL). 

The organic layer was dried with MgSO4 and the solvent was evaporated under reduced 

pressure. The crude product was separated on silica gel column chromatography (CS2 – 

petroleum ether 1:2) and afforded first 1 as orange powder (160 mg, 60 % based on tTTF) 

followed by 2 as red crystals (15 mg, ~ 5 % based on tTTF). 

 

Diiodotrimethylenetetrathiafulvalene 2. A solution of tTTF (150 mg, 0.6 mmol) in THF (50 

mL) was treated with a THF solution of freshly prepared lithium diisopropylamide (LDA, 4.0 

mmol) at –80 
o
C. The temperature was kept between –80 to –60 

o
C for 4 hours, and a white 

precipitate appeared. 1-Iodoperfluorohexane (0.46 mL, 2.4 mmol) was added to this solution 

at –80 
o
C, leading to a darkening of the solution. The cooling bath was removed and the 

reaction was left to warm to room temperature. Water was added to the solution and the mixture 

was extracted with diethylether (3 × 100 mL). The organic layer was dried with MgSO4 and 

the solvent was evaporated under reduced pressure. The crude product was separated on 

silicagel column chromatography (CS2–petroleum ether 1:2) and afforded 2 as red 

polycrystalline powder (130 mg, 44 % based on tTTF). Recrystallization from chloroform 

afforded dark red crystals.  

1: m.p. 160
 o

C. 
1
H NMR (CDCl3) : 2.545 (t, 4H) 2.436 (m, 2H) ppm. 

13
C NMR (CDCl3) : 

133.05, 124.05, 119.15, 112.06, 76.59, 30.13, 27.68 ppm. ESI-MS (m/z): 369.8478 (M
+
). 

Elem. Anal. Calcd. for C9H7IS4: C, 29.19; H, 1.91; S, 34.63. Found: C, 28.98; H, 1.88; S, 

35.48. 

2 : m.p. 188 
o
C (dec.). 

1
H NMR (CDCl3) : 6.414 (s, 1H), 2.543 (t, 4H) 2.442 (m, 2H) ppm. 

13
C NMR (CS2/CDCl3) : 132.11, 120.91, 112.48, 75.75, 29.37, 27.14 ppm. ESI-MS (m/z): 

495.7440 (M
+
). Elem. Anal. Calcd. for C9H6I2S4: C, 21.98; H, 1.22; S, 25.85. Found: C, 

21.60; H, 1.27; S, 26.96. 

 

Electrocrystallizations 

(1)2ClO4. Electrocrystallization experiments were performed in two-compartment cells in 

freshly dried dichloromethane (10 mL) with (n-Bu)4NClO4 (100 mg) as electrolyte and 1 (5 

mg). Single crystals of (1)2ClO4 were obtained by galvanostatic electrolysis (1 μA, 3 days at 5
 

o
C) 

 (1)ClO4•(CH2Cl2). Using hydrated (n-Bu)4NClO4 (H2O 10%) in similar conditions (0.5 A, 5 

days at  10°C) afforded instead large plates of a solvated 1:1 phase.  
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X-ray Diffraction Studies. Single crystals were mounted on the top of a thin glass fiber. Data 

were collected on either an Enraf-Nonius KappaCCD, a Bruker-ASX APEXII, or a CCD-

based  Oxford-Xcalibur-Atlas diffractometer, with graphite-monochromated Mo-K radiation 

( = 0.71073 Å). Structures were solved by direct methods (SHELXS-97, SIR97)
56

 and 

refined (SHELXL-97)
57

 by full-matrix least-squares methods, as implemented in the WinGX 

software package.
58

 Absorption corrections were applied. Hydrogen atoms were introduced at 

calculated positions (riding model), included in structure factor calculations, and not refined. 

Crystallographic data are summarized in Table 3. CCDC-964969 for tTTFI2, CCDC-964970 

for (tTTF-I)ClO4•CH2Cl2 and CCDC 964971-73 for (tTTFI)2ClO4 at 293, 150 and 100 K. 
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Table 3. Crystallographic data 

 

R1 = ||Fo| – |Fc||/|Fo|; wR2 = [w(Fo
2
 – Fc

2
)
2
/wFo

4
]
1/2

. 

Compound tTTF-I2 (2) (1)ClO4•CH2Cl2 (1)2ClO4, 300 K (1)2ClO4, 150 K (1)2ClO4, 100 K 

Formula C9H6I2S4 C10H9Cl3IO4S4 C18H14ClI2O4S8 C18H14ClI2O4S8 C18H14ClI2O4S8 

FW (g·mol
–1

) 496.18 554.66 840.02 840.02 840.02 

Crystal color red black black black black 

Crystal shape prism prism platelet platelet platelet 

Crystal size (mm) 0.50×0.40×0.20 0.07×0.032×0.025 0.30×0.16×0.09 0.39×0.22×0.02 0.23×0.09×0.02 

Crystal system monoclinic triclinic triclinic triclinic triclinic 

Space group P21/n P–1 P–1 P–1 P–1 

T (K) 293(2) 100(2) 293(2) 150(2) 100(2) 

a (Å) 7.1693(14) 8.4339(1) 6.5484(14) 6.5065(5) 6.5088(1) 

b (Å) 9.5474(19) 8.4826(1) 7.6879(11) 7.5823(5) 7.5585(1) 

c (Å) 19.925(4) 12.9439(1) 27.017(6) 26.906(2) 26.8252(3) 

 (º) 90.00 83.075(4) 93.130(14) 92.706(3) 92.120(1) 

 (º) 96.41(3) 77.921(5) 91.993(19) 92.573(3) 92.834(1) 

 (º) 90.00 73.856(4) 106.415(14) 106.606(3) 106.558(1) 

V (Å
3
) 1355.3(5) 867.894(29) 1300.9(4) 1268.24(16) 1261.64(3) 

Z 4 2 2 2 2 

Dcalc (g·cm
–3

) 2.432 2.122 2.144 2.200 2.212 

 (mm
–1

) 5.223 2.798 3.188 3.271 3.288 

Total refls. 14572 9777 19445 18322 195513 

min, max 3.57, 27.49 3.08, 29.49 3.51, 27.49 0.76, 27.57 3.13, 45.90 

Abs. corr. multi scan gaussian multi scan multi scan analytical 

Tmin, Tmax 0.094, 0.352    0.879, 0.945 0.548, 0.751 0.426, 0.937 0.437, 0.916 

Unique refls. 3090 3825 5919 5592 21495 

Rint 0.0254 0.0765 0.0352 0.0362 0.0617 

Unique refls.  

(I > 2(I)) 

2509 2631 4873 5251 15812 

R1 (I > 2(I)) 0.0314 0.0603 0.0405 0.0577 0.0311 

wR2 (all data) 0.0702 0.1301 

 
0.1140 0.1478 0.0234 

Goodness-of-fit 1.076 1.047 1.109 1.300 1.522 

Residual dens (e
–
Å

–3
) –1.49, 1.28 – 0.90, 1.96, –1.33, 1.87 –2.37, 2.17 –1.55, 1.59 
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Band Structure Calculations. The tight-binding band structure calculations and HOMO-HOMO 

interaction energies were based upon the effective one-electron Hamiltonian of the extended 

Hückel method,
59

 as implemented in the Caesar 1.0 chain of programs.
60

 The off-diagonal 

matrix elements of the Hamiltonian were calculated according to the modified Wolfsberg-

Helmholz formula.
61

 All valence electrons were explicitly taken into account in the 

calculations and the basis set consisted of double- Slater-type orbitals for C, S, Br and I and 

single-Slater-type orbitals for H. The exponents, contraction coefficients, and atomic 

parameters for C, S, I, and H were taken from previous work.
62

 

 

Resistivity measurements. The electrical resistivity measurements for (1)2ClO4 were 

performed on platelet-shaped single crystals of typical dimensions 0.6 x 0.1 x 0.01 mm
3
. The 

samples were contacted by means of the evaporation of gold contacts and 17 μm gold wires 

attached with silver paste A four point method was used with a low frequency (< 100 Hz) 

lock-in technique using a measuring current Iac = 1 A. Resistivity measurements were 

performed at ambient pressure and also under high hydrostatic pressure in a CuBe clamped 

cell up to 12 kbar with silicon oil (Daphne 7373) as the pressure transmitting medium. The 

pressure at room temperature was extracted from the resistance of a manganin gauge in the 

pressure cell and it is this value that is indicated in the figures. However, the loss of pressure 

during cooling is estimated to 2 kbar. A copper-constantan thermocouple inside the pressure 

cell was used as the thermometer. Cooling down to 8 K was achieved in a helium free 

cryocooler equipment. 

 

Raman studies. Raman spectra of (1)2ClO4 within the wavenumber range 150-3100 cm
-1

 were 

measured on single crystals in a backscattering geometry. The measurements were performed 

on a Labram Horiba Jobbin Yvon 800 spectrometer equipped with He-Ne laser (632.8 nm) 

and a liquid-nitrogen cooled CCD detector. The beam of a He-Ne laser (λ=632.8 nm) was 

focused on the best-developed crystal face and, to avoid possible sample decomposition, its 

power was reduced down to about 0.1 mW. The electrical vector of the laser beam was either 

parallel or perpendicular to the direction of maximum band intensity. The Raman spectra of 

(1)2ClO4 were measured as a function of temperature in the region T = 8-300 K. The samples 

were mounted in a continuous flow vacuum helium cryostat with KBr or quartz windows.  

Typical temperature variation rate was about 2 K/min. Additionally, room temperature Raman 
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spectra of neutral tTTF-I and its 1:1 cation radical salt (tTTF-I)ClO4•CH2Cl2 were 

investigated. 
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GRAPHICAL ABSTRACT 

 

Inter-layer charge fluctuations are identified in a dual-layer metallic conductor, around 

the non-centrosymmetric, halogen-bonded perchlorate anion 

 

 

 


