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Abstract

We report on radical cation salts of EDT-TTF cores bearing a glycine residue with
hydrogenosulfate, [HSO4-] or the amphoteric para-carboxybenzenesulfonate, [HO,C-CgH4-SO3 ].
In (EDT-TTF-CO-NHCH2-CO2H)2*[HSO4"], orthogonal pairs of oxygen atoms of the tetrahedral
sulfonate anions engage in hydrogen bonds building the 2D chess-board pattern of orthogonal

dimers typical of a k-phase 2D metal. We find by tight-binding and DFT analysis of the band

structure that as a result of the structure-directing role of the gly residue, HOMO---HOMO interactions
in (EDT-TTF-CO-NHCHZ-COZH)J[HSO{] are twisted away from the usual in-plane isotropy of «-
phases towards a very uncommon quasi-1D electronic structure with electronic localization.
Transport measurements confirm the highly conducting, yet weakly localized regime. The ability
of para-carboxybenzenesulfonate to act as a bi-molecular, dianionic unit of double spatial
extension is fulfilled in (EDT-TTF-CO-NHCH2-CO2H)22*[HO2C-CsH4-S03"]2 where the charge is

balanced by diamagnetic dimers leaving no carrier left available in the lattice.

INTRODUCTION



The past decades have witnessed the growth of TTF** radical cation chemistry! and the
rise of TTF science, encompassing a large physics component, whose milestones include the
discovery of organic metals, organic superconductors, and organic solar cells.23 Balancing 7-
overlap and intermolecular hydrogen-bonding interactions*7 to affect the collective electronic
properties of organic conductors has been a key design principle of materials that include bi-
component charge-transfer complexes, radical cation salts, and the emerging class of proton-
doped single-component crystalline systems. 8

TTF derivatives appended with hydrogen-bond donor/acceptor functionalities include
alcohols such as MesTTF(CHMeOH);? TTF(CH20H)4;1® EDT-TTF-(CH20H),1114 thioamides;!®
mono-and diamides; uracil-derivatized TTFs;16 adenine-derivatized TTF;17-20 and the anilinium
phosphonate PhNH3*MesTTF-POsH- and its zwitterionic form, [Me3TTF-PO3H-]*.12 Note that
organic metals have been designed using intermolecular hydrogen bonding interactions as in the
radical cation salt §”-(EDT-TTF-CONHMe)2[Cl-H20]¢, the charge transfer complex TTF-imidazole-
p-chloranil,’® as well as in the case of single-component metals based on catechol-fused
tetrathiafulvalenes.21-22

In the wake of this research, we recently focussed on (EDT-TTF-CO-NHCH2-COzH), 1
(Scheme 1), seeing its ethylenedithiotetrathiafulvalene core appended with a glycine ionizable
residue as a dormant, redox-active z-conjugated zwitterion to be activated by coupled charge
transfer and acid/base reactions. As it turned out, the outcome is not the self-assembled single-
component zwitterionic solid 2 but a bi-component 1:2 adduct instead, achieving a fine balance

of chemical potentials in a pair of acidic and basic neutral partners.23
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Seeking to explore the hydrogen-bonding donor/acceptor ability of a glycine residue
appended to a TTF core we report in this study on the deliberate association of radical cation 1+
with either the hydrogenosulfate, [HSO4] or the amphoteric para-carboxybenzenesulfonate,
[HO2C-CsH4-SO37] anions (Scheme 1), adding with the latter another degree of complexity

because of it may act either as a discrete, single anion or as a bi-molecular, dianionic unit of



double spatial extension on account of the stabilization of typical self-complementary carboxylic

acid hydrogen bonded dimers.

RESULTS AND DISCUSSION

K-(1)2*[HSO4]

As shown in Figure 1, single layers of radical cations and hydrogenosulfate anions
alternate along c. The triclinic unit cell includes two independent EDT-TTF-CONHCH2CO:H
molecules self-assembled into mixed-valence dimers I (A-A) and II (B-B) whose central C=C
double bond lengths amount to 1.361(4) and 1.368(4) & in A and B, respectively. Both molecules
are planar as they fold about S-S lines between central and outer parts of EDT-TTF fragment by
less than 3° while the same angles are of typically 5° in neutral molecules. The outer ethylene
group of molecule B is disordered between two positions with 0.55/0.45 occupancies. The -
COOH group is not coplanar with the 7~conjugated cores: torsion angles about N-C bond of C-N-
C-C fragments are 103.4(3)° and 82.7(3)° in A and B, respectively (102.4° in neutral molecule).23

The strongest hydrogen bond donors capture the three oxygen atoms of each anion
(interactions 1-4 in Table 1), effectively relaying the orientation of orthogonal pairs of oxygen
atoms of the tetrahedral sulfonate anions so that A and B are orthogonal (Figure 1b). This motif
extends further into a layered structure with the typical chessboard pattern of a k-type topology
(Figures 1 and 2). Adjacent strong N-H---O and Csp2-H---O hydrogen bonds of B cooperate in a
tweezers-like motif to grab the fourth oxygen atom of the anion (interactions 6, 7 in Figs. 1b-c
and Table 1). The acid oxygen atom of B is captured by a similar pair out of A (4 and 5, Figure
1c). Note that in the monocomponent crystals of 1, pairs of O-H---O bonds between acid groups
connect two molecules into dimers,24 and tweezers-like motifs lock adjacent -NH and -C sp2H
donors of one molecule on the carbonyl oxygen atom of another one. Both motifs do not exist in
the structure of (1)2*[HSO47]; here, the carboxylic acids of both A and B react with the anion and
carbonyl O is not involved into any tweezers-type hydrogen bonding. In addition, oxygen atoms
of the carbonyl C=0 groups of the donor are involved in lateral S---O interactions with
neighboring TTF (3.04 and 3.02A) shorter than in (1)22*[H02C-C¢H4-S03-]2 (S-+-O distances
3.195(2),3.232(2) and 3.236(3) A).



Figure 1. a) Layered structure of [1]2*[HSO47]. b) and c) Fragments of the hydrogen network
(Table 1) primarily involved in directing the quasi-orthogonality between A and B, thereby

developing onto the k-type topology shown in Figure 2.

Table 1. Hydrogen-bonding in k-[1]2*[HSO4-] and (1)22*[HO2C-CsH4-S037]2

Interaction Contact type Molecules H-A A DA A D-H-A, °

K-[1]2*[HSO47]

1 Oucig-H+Oanion A---anion 1.90 2.714(3) 172.4
2 Oanion-H-**Oacid anion---A 1.80 2.561(4) 153.0
3 Oacig=H-Oanion B---anion 1.86 2.619(3) 172.8
4 N-H-+-Oacig A-B 2.30 3.157(3) 177.4
5 Cepz-H-Oucid A-B 2.27 3.135(4) 154.9
6 N-H--Oanion B.--anion 2.09 2.942(3) 170.6
7 Cepz-H-Oanion B..-anion 2.35 3.250(4) 162.8

(1)22+[H02C—C6H4—SO3_]2




1 Oacig-H-*Oxqcig anion---anion 1.82 2.633(3) 169.0
2 Ogacig-H-Osozs ~ donor---anion 1.92 2.658(3) 148.5
3 N-H---Oso3 donor---anion 2.08 2.929(3) 167.3
4 Cepo-H:+-Oso3 donor---anion 2.39 3.283(3) 159.9

The chessboard pattern of association of dimers I (A-A) and II (B-B) (Fig. 2) is typical of a k-
type topology. The dihedral angle between A and B is 72.17(2)°. Intradimer separations between
planes of the six atoms of TTF-cores are 3.51(3) in dimer I (Fig. 3a) and 3.47(1) A in II (Fig. 3b)
with identical ring-over-bond mode of overlap. Note that the acid groups are directed toward the
centre of dimer I, and point outside dimer II, so that S:-:S contacts are shorter in II while

exceeding the sum of van der Waals radii, 3.7 A (Table 2) in I.

Figure 2. Bird-eye view of a single ab layer of Figure 1la showing the chessboard pattern of
association of mixed-valence dimers in k-[1]2*[HSO4]: a) Location of anions (in yellow) above
and below the donor layers, and b) Distribution of different intermolecular interactions I to VIII

between molecules A and B.



Figure 3. (a) Intradimer interactions for a) dimer I; and b) dimer II.

The donor layers of k-(1)2*[HSO4"] contain two different donor molecules with eight different
intermolecular interactions between them (noted I to VIII in Fig. 2b). The distances for S---S
contacts and the absolute values of the HOMO-:--HOMO intermolecular interaction energy,2>
|Bromo-Homo|, associated with any of these interactions are reported in Table 2. The Buomo-Homo
values are a measure of the strength of the interaction between a pair of donor HOMOs in
adjacent sites of the crystal. Since it is the HOMO levels which are at the origin of the transport
properties of molecular conductors, these interaction energies have been extremely valuable in
correlating the structure and properties of molecular conductors.26 The calculated band
structure and Fermi surface for the donor layers of [1]2*[HSO4"] are shown in Figure 4. The band
structure is quite different from those typical for k-phases.2” Whereas there is a clear dispersion
along a*, this is not the case along b*. This is suggestive of a one-dimensional system and it is
confirmed by the calculated Fermi surface (see Fig. 4b): a textbook example of a 1D system along

a.
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Figure 4. Extended Hiickel band structure (a) and Fermi surface (b) for a donor layer in x-
(1)2*[HSO4]. The dashed line refers to the Fermi level and I" = (0, 0), X = (a*/2, 0), Y = (0, b*/2),
M = (a*/2, b*/2) and S = (-a*/2, b*/2).



As discussed before, the donor layers contain two different donors A and B. From the
viewpoint of their HOMOs both donors are very similar, -8.578 eV (A) and -8.554 eV (B). In
contrast, dimers A-A and B-B are very different because of the different overlap induced by the
substituents. As shown in Table 2, interaction B-B (II) within the dimer is considerably stronger

than interaction A-A (I). The antibonding combination of the HOMOs in dimer B-B is higher in

energy than that in dimer A-A essentially because in the first the S-S contacts are shorter. This is
why the upper band in Figure 4a is mainly built from the HOMOs of donor B whereas the next
one is mostly built from those of donor A. There are two electrons to fill these 1D bands and
since they overlap, both are partially filled. Thus the system could be a 1D metal along a. To
understand the unexpected 1D character of the system we must look at the different
HOMO---HOMO interactions. As for any k-phase, the layers are built from two series of dimers
along one of the two principal directions (in this case a). Dimers A-A are coupled along a through
interaction IV and dimers B-B interact thought interaction VIII. The coupling between the two
different chains occurs via A-B interactions (III, V, VI and VII). Depending on the relative strength
of interdimer A-A and B-B interactions along a, and the A-B interactions coupling the dimer
chains, the system may be 1D or 2D. Both intrachain interactions (IV and VIII) are strong
whereas all the interchain interactions are weak except for VII which is of medium strength.
Consequently, from the viewpoint of the HOMO---HOMO interactions the system may be
described as a series of weakly interacting chains of dimers along a. Looking at the different
intermolecular interactions it is clear that the presence of the substituent does not allow for a
good overlap for interactions III, V and VI while it makes interaction A-A (I) weaker than B-B (II).
In fact, these observations are directly related to the hydrogen-bonding pattern of interactions

with the anions discussed in the preceding section. The anions sit directly above and below

interactions IV and VIII (see Figure 2b) imposing the unusually strong HOMO--HOMO
interactions along dimers in the a-direction and thus, being ultimately responsible for the

unusual 1D electronic structure of this salt.

Table 2. S-S distances and associated |Bromo-Homo| energies for the different
intermolecular interactions in the donor layer of k-(1)2*[HSO4"].

Interaction S-S (<4.04) | BHomo-HOMO| (eV)




I (A-A)  3.731,3.821(x2), 3.867(x2), 3.929(x2) 0.2924

I (B-B)  3.650(x2),3.662(x2), 3.823(x2), 3.989(x2) 0.4441
Il (A-B)  3.920 0.0593
IV (A-A)  3.628(x2) 0.2797
V  (A-B)  3.480,3.490, 3.585, 3.698, 3.901 0.0252
VI (A-B)  3.893 0.0498
VI (A-B)  3.635,3.691,3.855,3.995 0.1362
VIII (B-B)  3.654(x2),3.773(x2) 0.2395

The results in Figure 4, based on one-electron band theory, can be compatible with two
different physical situations depending on the strength of electronic repulsions. If they are weak,
double occupation of the levels would lead to a one-dimensional (1D) metal. In contrast, if
electron repulsions are strong enough, the system would become a localized 1D semiconductor
with one hole located on each dimer. In the present case, the two possibilities can be in principle
distinguished by looking at the charge distribution. According to the results of Figures 4, a
metallic description of the system would lead to an important charge difference between donors
A and B (i.e. approximately +1/4 for A and +3/4 per B) and thus on the HOMOs and central C=C
distances. This is not quite consistent with the observed small difference between the two
HOMOs (see above) as well as between the two central C=C distances (1.361 A for A and 1.368 A

for B) so that a localized 1D system seems more likely.

Figure 5. (a) Geometry of a single layer of «-(1)2*[HSO4"] highlighting the two different types of
dimers in blue(A)/red(B) colour. The different exchange interactions between dimers are noted.
(b)-(d) Three different antiferromagnetic states where the shaded dimers are associated with

spin up and the non-shaded dimers with spin down.



To elucidate this point, we have carried out first-principles density functional theory (DFT)
calculations for the metallic system and several localized configurations of the k-(1)2*[HSO4]
salt, i.e. ferromagnetic (FM) and the three antiferromagnetic (AF1, AF2 and AF3) states of Figure
5. These AF states are all the antiferromagnetic states that can be built from a cell twice larger
than the crystallographic cell (i.e. a’= 2a, b’= b and c’=c). In these states there are chains of
dimers making ferromagnetic interactions along one of the directions a, (a+b) or (a-b) and
antiferromagnetic interactions along the other two. The metallic state was found to be higher in
energy than all localized states: Metallic (+1192 K), Ferromagnetic (0 K), AF-1 (-9.4 K), AF-2
(+0.2 meV) and AF-3 (-9.4 K). Note that the AF-1 and AF-3 have the same energy although they
are not strictly equivalent by symmetry. The DFT band structures for the metallic, ferromagnetic
and the antiferromagnetic AF-1 states are shown in Figure 6. The band structure of the AF-3
(Figure S2b) is undistinguishable from that for AF-1. These band structures have all been
calculated with the above-mentioned double cell to facilitate the comparison with the more
stable AF-1 and AF-3 states. The band structure of the metallic state (Figure 6a) is very similar to
the Extended Hiickel one, although they may look different because of the use of a double cell.
Since the cell parameter along a has been doubled, the bands along I'-X in Figure 6a must be
unfold (i.e. the total dispersion along the a-direction is given by the energy difference at I" of the
two bands degenerate at X, see Figure S1). The only difference is a weak dispersion in the
interlayer direction I'-Y so that the metallic system would really be pseudo-1D.

The effect of the electronic repulsions is clearly seen for the FM state shown in Figure 6b
where the spin up (red) and spin down (blue) bands are almost rigidly shifted and have the same
shape as in the metallic state. However, in the metallic state the occupation of the two upper
bands was very different, resulting with chains of electron-rich and electron poor dimers. In the
ferromagnetic state the occupation of the two types of bands is the same so that all dimers have
the same charge and this result in a clear stabilization. We conclude thus that charge separation
is disfavoured by the electronic repulsions. Using the four different exchange interactions noted
in Figure 5a the energies of the four magnetic states considered are: FM= 0, AF-1= 2(Jg+Jr)+ 4],
AF-2=4(J+]’) and AF-3= 2(Jg+]r)+ 4]. Taking into account the calculated energies we obtain | = J'~
+0.5 K which are clearly smaller than Jg and Jr for which we found that Jg+Jr* -5 K (larger unit
cells would be needed to separate them). In other words, the system prefers to have
antiferromagnetic interactions along the chains with the same colour, which is precisely what
happens in states AF-1 and AF-3. As a result of the antiferromagnetic interactions along a, the
dimers are engaged in ferromagnetic interactions along either the (a+b) or (a-b) directions and
antiferromagnetic interactions along the other. The states AF-1 and AF-3 correspond to the two

possibilities. The difference in the interdimer interactions along these directions is too small to
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definitely favour one of the two. The band structure for AF-1 is shown in Figure 6c where a
larger band gap occurs because of the antiferromagnetic interaction along the blue/red chains.
Every band in this figure is really a pair of identical bands, one associated with spin up and the
other with spin down. The two upper, empty ones corresponding to the holes are mostly
centered on the red B dimers (upper) and the blue A dimers (lower) as expected for a system
with weak antiferromagnetic interactions along a. Note however that the energy differences
between the different localized states is quite small, so that we do not expect that the

antiferromagnetic ordering can occur except maybe at very low temperatures. We thus conclude

that the occurrence of dimers with very similar donors but different intra-dimer HOMO---HOMO
interaction in this salt is only compatible with a non-ordered localization of holes within the

dimers.
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Figure 6. DFT band structures for the metallic (a), ferromagnetic (b) and antiferromagnetic AF-1
states of k-(1)2*[HSO4"] calculated using a double cell (a’= 2a, b’=b and c’=¢).T' = (0, 0, 0), Y = (O,
b*/2,0),Z=(0,0,c*/2),M=(0,b*/2, c’*/2) and X (a’*/2, 0, 0). The dashed line refers to the
highest occupied level in all cases. All levels are doubly filled in (a). Spin up and spin-down bands
are shown in red and blue, respectively in (b) and (c). The spin-up and spin-down bands are
identical although located in spatially different but equivalent sites in (c) so that only the blue

bands are visible.

Room temperature, in-plane and inter-plane conductivities are 6, =5 S/cm and 6| = 3.6 10-

4S/cm, respectively, which gives an anisotropy ratio 6,, / 6| = 104 While this value is typical for

1D molecular conductors such as (TMTTF)2X or (TMTSF)2X,28 it is much larger than for other «-
phases of BEDT-TTF salts (between 25 and 100),2939 which in contrast with the present salt have

quite isotropic HOMO--HOMO interactions within the donor plane. Considering the in-plane

resistivity, a weak localization is observed when cooling down to 100 K, then an activated regime
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sets in with Eac;yy = 500 K (see Fig. 7) which can be associated with a Mott insulating state (the
Mott gap is defined by A = 2 Eact//). The temperature dependence of the out-of-plane resistivity
shows a localization associated with a small activation energy Eact; = 250 K (which is of the order
of the temperature) despite a high resistivity value. This suggests that, as for k-phases of BEDT-
TTF salts, the out-of-plane resistivity mimics the in-plane resistivity. However, the change of

regime around 100 K (at the onset of Mott insulating state) is not clearly visible.

200 K 100 K 50 K
T T T T
)<—(l",l)'l’-'l"l'l’-C()NlICII:C()()II)II'IS()x
10° F i :
P, e p=p, exp(E /KT)

/ E, =250K (0.022¢V)

10° F

p (Q.cm)

....rﬁ

10

E, = 500K (0.043 eV) ]

5 l()l - 15 20
1000/T (K™

10°

Figure 7. Variable-temperature in-plane (p;/) and out-of-plane (p | ) resistivities for k-

(1)2*[HSO47] plotted as log (p) versus 1/T. Solid lines are the fit of the data to p = po exp(Ea/T),

qualifying the activated regime.

(1)22*[HO2C-CecH4-S037]2 : strong diamagnetic dimers, no carriers

As shown in Figure 8, in this case the two strongest hydrogen-bond donors capture the two
best hydrogen-bond acceptors to form interactions 2 and 3. Hence, typical hydrogen-bonded
carboxylic acid dimers (Scheme 1) are stabilized unperturbed despite their O-H---:O hydrogen
bond being notably weaker. Strongly dimerized pairs of radical cations achieve charge balance.
The monoclinic unit cell with P2;/n symmetry contains one independent EDT-TTF-
CONHCH2COOH and one p-carboxybenzenesulfonate anion in general position. The outer
ethylene group of EDT-TTF fragment is disordered between two sites with 0.60/0.40
occupancies. The TTF core mean planes and the anion within the same layer make a dihedral
angle of 18.17(8)°. An elongated central C=C bond in the TTF-core with bond distance of
1.398(3) A indicates a fully charged state (+1) for 1. Near direct overlap of TTF fragments in
dimeric units is associated with very short S---S contacts (3.441(1) A (x2) and 3.474(1) A (x2))

11



whereas the interdimer lateral interaction occurs via two pairs of identical S-S contacts at

3.761(1) A and 3.934(1) A.

Figure 8. Pattern of hydrogen-bonding interactions in (1)22*[HO2C-CsH4-S03"]2. Bonds labels

refer to Table 1.

As for (1)2*[HSO47], an extensive network of hydrogen bonds is identified in the structure of
(1)22#[HO2C-Ce¢H4-S0O3]2 (Figure 8 and Table 1). There is a clear bond length difference between
the C=0 double bond, 1.193(4) 4, and the C-O(H) single bond, 1.308(3) A in the -COOH moiety of
1+ whereas in the anion similar bond distances are closer to each other, 1.254(3) and 1.265(3) 4,
respectively. Although in the latter case the hydrogen atom may eventually be disordered
between both oxygen atoms of the acid, the difference electron density map shows only one
preferable position for H. The tweezer-like hydrogen bonds 3 and 4 capture the oxygen atoms of
the anion whereas the oxygen atoms of two carbonyl C=0 groups of the donor are only involved
in lateral S---O interactions between donors from adjacent dimers, with S---O distances 3.195(2),

3.232(2) and 3.236(3) A. Therefore, in keeping with a recurrent observation,* it is also apparent
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in the structure of (1)22*[H02C-CsH4-S03"]2 that the hydrogen bond acceptor ability of carbonyl
oxygen of the amide group-appended TTF-core is de-activated in the radical cation.

The calculated |Buomo-Homo| values for two donors in the same and adjacent dimers are 0.8159
eV and 0.0003 eV, respectively, qualifying a very strong interaction within the dimers while the
interaction between dimers is practically nil so that these donor chains are simply chains of non-
interacting, doubly charged strong dimers. Accordingly, the calculated extended Hiickel band
structure for the full layer (Figure S3) exhibits a large band gap of 0.87 eV separating very flat
bands associated with the bonding and antibonding levels of the dimers and the system should

be an intrinsic band gap insulator.

CONCLUSION

The hydrogen-bonding donor/acceptor ability of a glycine residue appended to a TTF core is
fully exercised, forming tweezers-like motifs that capture orthogonal pairs of oxygen atoms of
the tetrahedral sulfonate anions in two new molecular conductors. In (EDT-TTF-CO-NHCH:-
CO2H)2*[HSO47] the 7#-conjugated planar radical cations are directed to form an angle of 72°,
ultimately imposing the extended lattice to adopt the typical 2D topology of a k-phase.
Surprisingly, the resulting phase is not a 2D metal, but a highly conducting albeit slightly
localized 1D electronic system instead. Despite the inherent complexity of the hydrogen bonding

interactions brought about by deliberate use of a glycine residue, DFT calculations reveal that

control of the intermolecular interaction ensues. The HOMO--HOMO interactions are twisted
away from the usual in-plane isotropy of the k-phases towards a very uncommon quasi-1D
electronic structure. Likewise, the ability of para-carboxybenzenesulfonate to act as a bi-
molecular, dianionic unit of double spatial extension on account of the stabilization of typical,
self-complementary carboxylic acid hydrogen bonded dimers is fulfilled in (EDT-TTF-CO-NHCH>-
CO2H)22+[HO2C-CsH4-S0O37]2. As a result, the charge is balanced by strong diamagnetic dimers

leaving no carrier left available in the lattice.

EXPERIMENTAL SECTION

Synthesis of single crystals of (1)2*[HSO4 ] and (1)22*[HO2C-CsH4-SO37]2

EDT-TTF-CO-NHCH2-CO;H was prepared as described previously.31 [18-crown-6] and
K03SCeH4CO2H were purchased from Acros and Avocado, respectively. Single crystals of
(1)2*[HSO47] were grown at room temperature on a platinum wire electrode by galvanostatic

oxidation (1 pA) of a tetrahydrofuran/acetonitrile (50:50, 12 mL) solution of 1 in the presence of
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tetrabutylammonium hydrogenosulfate. (1)22*[H02C-CsH4-S03-]2 was similarly prepared using a
dichloromethane/methanol (50:50, 12 mL) solution of 1 and potassium p-
carboxybenzenesulfonate and [18-crown-6]. Typical amounts of reactants and reaction times for
the preparation of (1)2*[HSO47]: 5 mg of 1: 45 mg of TBAHSO4 ; 15 days and for (1)22*[HO2C-
CeH4-S0O37]2 : donor molecule 5 mg of 1; 65 mg of [18-crown-6] ; 50 mg of KO3SCsH4CO2H; 15
days.
X-ray diffraction

X-ray diffraction data of single crystals of (1)2*[HSO4-] and (1)22*[HO2C-CeH4-SO37]2 were
collected at room temperature using a Bruker Nonius KappaCCD diffractometer with MoK,-
radiation (A = 0.710734, graphite monochromator). The combined ¢- and ®-scan method was
used for data collection. Empirical absorption correction of experimental intensities was applied
for all data. The structures were solved by a direct method followed by Fourier syntheses and
refined by a full-matrix least-squares method using the SHELX-97 programs.3! All non-hydrogen
atoms in these compounds were refined in an anisotropic approximation. H-atoms were placed
in idealized positions and refined using a riding model. Details of experimental data collection

and structure refinement are summarized in Table 3.

Table 3. Crystal data, data collection and refinement details

(1)2*[HSO4] (1)22*[HO2C-CeH4-S0O3]2
Temperature 295K 295K
Chemical formula C22H19N2010S13 C18H14NOsgS7
Formula weight 888.17 596.72
Crystal system Triclinic Monoclinic
a, A 8.0689(4) 7.783(1)
b, A 11.739(2) 10.903(1)
c, A 17.371(2) 26.977(2)
a, ° 87.30(1) 90
B,° 79.746(8) 94.547(9)
Y, © 86.359(9) 90
V,A3 1614.8 (3) 2282.0(5)
Space group, Z P-1,2 P21/n, 4
Peale g/cm3 1.827 1.737
u cm-1 9.35 7.40
F (000) 906 1220
O range, ° 2.07 -27.50 3.65-27.56
Index ranges -10<h=<10 -10<h<8
-15<k<15 -14<k<12
-22<Is22 -35<I<35
Reflections collected 31408 34489
Independent 7372 5229
reflections
Rint 0.0456 0.0537
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No. of variables 438 328

GooF on F2 1.016 1.000
Final R [I > 20(D)] 0.0433 0.0425
ccpe 1429187 1429188

Band structure calculations

The tight-binding band structure calculations3? were of the extended Hiickel type. A modified

Wolfsberg-Helmholtz formula was used to calculate the non-diagonal Hy,, values.3* All valence

electrons were taken into account in the calculations and the basis set consisted of Slater-type
orbitals of double-{ quality for C, N and O 2s and 2p, S 3s and 3p and of single-C quality for H. The
ionization potentials, contraction coefficients and exponents were taken from previous work.35-36

The first-principles both spin-polarized and non-spin-polarized calculations were carried out
using a numeric atomic orbitals density functional theory (DFT) approach37:38 developed for
efficient calculations in large systems and implemented in SIESTA code.3?#1 We used the
generalized gradient approximation (GGA) to DFT and, in particular, the functional of Perdew,
Burke, and Ernzerhof.#2 Only the valence electrons are considered in the calculation, with the
core being replaced by norm-conserving scalar relativistic pseudopotentials#3 factorized in the
Kleinman-Bylander form.** We have used a split-valence double-{ basis set including
polarization orbitals with an energy shift of 10 meV for all atoms.#* The energy cutoff of the real
space integration mesh was 300 Ry. As in recent work#® concerning molecular conductors we
have used an effective Hubbard correction term (U)#7 for S 3p orbitals of 6 eV. The Brillouin zone
was sampled using a grid of (9x9x3) k-points for calculations using a single cell and (5x9x3) k-
points for calculations using a double cell.#8 The crystal structure at room temperature was used

for the calculations.

Transport measurements

As usual for k-phases, single crystals of (1)2*[HSO4"] are platelets with a rectangular face
elongated along a. The resistivity has been measured within the plane containing layers of
dimers with current flowing along a as well as along c. However, due to the small size of the
crystals, it was not possible to probe resistivity along b so that we could not estimate the
transport anisotropy in the plane. Moreover, in-plane measurements show about 20% of
temperature-independent unnested voltage that can be related to either a small anisotropy in
the plane or rather more likely to defects perturbing the current lines between the voltage
contacts.

Gold pads were evaporated on the surface of the crystals in order to improve the quality of the

contacts. Then a standard four points technique was used with a low frequency lock-in detection
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(Iac = 0.1-1 pA) for measured resistances below 50 kQ and dc measurement for higher
resistances (lagc = 0.1-0.01 pA). Transport measurements were performed down to helium

temperature.
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