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Me,TTF-PO,H,, a Redox Phosphonic Acid and its Monoanilinium Salt 
[PhNH:][Me,TTF-PO(0H)O-1, the Electrocrystallized Neutral 
(Zwitterionic) IC Radical [Me,TTF-PO(OH)O-]’+, and 
Their Associated Lamellar Constructions in the Solid State 

Anne Dolbecq, Marc FourmiguC, Frederik C. Krebs, Patick Batail,” EMc Canadell,* 
Rodolphe ClCrac, and Claude Coulon 

Abstract: The reaction of Me,TTFLi 
(TTF = tetrathiafulvalene) with CIP(0)- 
(OEt), followed by hydrolysis with 
Me,SiBr affords the novel A-donor mole- 
cule trimethyltetrathiafulvalenylphos- 
phonic acid (Me,TTF-PO,H,) in a par- 
tially oxidized form. Subsequent reduc- 
tion and neutralization with aniline gives 
the corresponding phosphonate mono- 
anilinium salt. A unique hydrogen-bond- 
ed hexagonal net is identified within the 
lamellar structure of phNH;][Me,TTF- 
PO(0H)O-1, which is described by anal- 
ogy with the anti-CaSi, structure type. 

Electrocrystallization of the former salt 
yields single crystals of a neutral (zwitteri- 
onic) R radical, formulated as we,TTF- 
PO(0H)O-]”. Their structure reveals 
the presence of hydrogen-bonded molecu- 
lar ribbons whose association creates a 
novel layered architecture similar to that 

Introduction 

The controlled construction of layered electro-,[’l photo-,[” or 
~atalytically[~l active molecular assemblies is the object of much 
present research. There are indeed great expectations in mate- 
rials science if we, chemists, can devise efficient concepts that 
enable us to favor the aggregation of molecules into collections 
of two-dimensional character within bulk samples as well as 
thin films. The design of intermolecular hydrogen-bond pat- 
t e r n ~ [ ~ *  ’1 and coordination to metal ions[61 are the two major 
chemical tools for use in imposing directed intermolecular inter- 
actions. Note, however, that binding to one or several metal ions 
will in effect scale up the task by creating novel, more complex 
~~~ ~ 
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obtained within radical cation salts of A- 

donor molecules of larger spatial exten- 
sion. The analysis of the calculated HO- 
MO-HOMO intermolecular interaction 
energies demonstrates that these slabs 
contain strong n - A  intermolecular inter- 
actions despite the nonexistence of any 
2D network of short S . . * S contacts. The 
spin susceptibility of [Me,TTF-PO- 
(OH)O-]’+, determined by single-crystal 
ESR measurements, is characteristic of 
triplet excitons, the origin of which may 
be understood from the electronic struc- 
ture of the compound. 

molecular objects (secondary structure). in particular, the need 
to control the motif of their supersecondary structure arises in 
turn, unless a collection of metal ions has been organized into 
long-range ordered mesoscale patterns prior to the binding pro- 
cess. Further, the ability of metal complexes of a variety of 
organophosphonate ligands to organize into lamellar structures 
has recently been well recognized and exploited.[z*3*71 All of 
these approaches have, however, so far focused on the manipu- 
lation of closed-shell molecules. Clearly, though, the energy sta- 
bilization within organized assemblies as a result of an opti- 
mized overlap of n-radical molecules has been the major 
guideline adopted for the synthesis of novel conducting or su- 
perconducting molecular solids and, again, there is a strong 
present trend in the chemistry and physics of organized radical 
cation solids to design highly ordered two-dimensional molecu- 
lar conducting and superconducting systems.[*l We now report 
the series of title trimethyltetrathiafulvalene-functionalizd 
phosphonic acid and phosphonate derivatives designed to 
provide precursors of a variety of layered electroactive molecu- 
lar constructions, as described in this paper. 

Results and Discussion 

Synthesis: Aromatic phosphonic acids are usually prepared by 
hydrolysis of the corresponding diester or diamide. Thus, Katz 
reported[g1 the reaction of dilithiated quaterthiophene with bis- 
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(dimethy1amino)phosphorochloridate to afford the tetraamide, 
easily hydrolyzed with concentrated hydrochloric acid to  give 
the free diphosphonic acid. Because of the sensitivity of the TTF 
core towards both oxidative and acidic conditions, we investi- 
gated the preparation of the phosphonic acid Me,TTF-PO,H, 
under milder conditions with a stepwise reaction sequence 
(Scheme I ) .  Also, the synthesis was carried out with the 

hydrolysis of 3 in methanol affords a black paramagnetic pow- 
der 5 (vide infra), which is reduced with aniline to  provide the 
monoanilinium salt of the trimethyltetrathiafuIvalenylphospho- 
nic acid, 6. Compound 5 is insoluble in most organic solvents 
and dissolves slightly in water to  give a green solution, a feature 
typical of TTF radical cations. Elemental analysis establishes 
the expected formulation, Me,TTF-PO,H,. An ESR signal 
with a g value centered around 2.007 is observed from a powder 
sample, and the spin susceptibility (Fig. 1) obtained by variable 

1 2 

Me3SiBr/NEk 3~H~4p0(0siMe3)~ - MeOH 

3 

[ PhNHdEtOH 

4 

7 4- 
6 PhNH, 

Scheme I 

trimethyl-substituted tetrathiafulvalene core. which has been 
shown to yield more stable and crystalline products than the 
parent TTF molecule.['01 The intermediate diethyl ester 2 is 
prepared first from the trimethyltetrathiafulvalene 1 by lithia- 
tion[". ' ' I  and reaction with diethyl chlorophosphate. In the 
second step. 2 is converted into the bis(trimethylsily1)ester 3 by 
treatment with bromotrimethylsilane and NEt,."'] The final 

Abstract in French: L 'acicle trimith~vltitrathiafiilvalcnylphos- 
phoniquc Me,  TTF- PO, H ,  (TTF: titrathiafulvaline) est obtenu 
sous ,fi?rmc particllenwnt oxydke par riaction de M e ,  TTF- Li 
awc C l P O ( 0 E t )  , suivic d'une Iiydrolyse par Me,SiBr. Le sel 
de nionoanilinium clu phosphonate correspondant est obtenu par 
rirluctioii et neutralisation par I'aniline. Un reseau hexagonal de 
liaisons lij*drogiiie est icimtiffi nu sein cie la structure Inmellaire de 
(PIiNH; J(Me,TTF-PO(OH)O~ J iiont Ihnalogie nu type 
structural anti-CaSi, est soulignie. Des monocristaux du radical 
neutrc xirerrioniquc ( M e ,  TTF- P O ( 0 H )  0-1'' sont obtenus 
par i.lc~ctrocri.strillisrrtion cic solutions du phosphonate dbnilinium. 
L'nnali*.rc de leur structrire permet cie mettre en bvidence des 
rubans niolL;culaiw.s cribs par lhssocintion des radicaux neutres 
pur liuisons liydrogc+ie. L 'empilement cle ces ruhans gintre une 
nouvcllc architccture birliniensionnellc qui rappelle celles rencon- 
tuck h i s  des srls dc cations radicaux de donneurs x de plus 
grancie crtrn.sion spatiale. L 'arialjw des energies de rccouvre- 
metit eii[re les HOMO Lies radicaux neutres dimontre I'existence 
ilc ,fortes interactions interniolhculaires de type n-n au sein 
ilcs ,fiwillcts en ilkpit rie I'abscnce de rkscau biilimensionnel 
tic conttrcts courts S . ' ' S. La susceptibilite Lie spin de 
(Mc,TTF- PO( 0 H ) O -  J '  ' , diterniinee par risonanw elec- 
tronicpc sur tiionocristal. tlknionfre Iu presence dtscitons triplet 
clont l'originr est interpritc;e en ,fi?nction de la structure tlec- 
tron iq i ie  tlii coniposi . 
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Fig. I .  Magnetic susceptibility of [Me,TTF PO,H, (4). Me,TTF-P0,H 1'' (5) 
as a function of temperature, measured with a SQUID magnetometer operating at 
1 T. The solid line represents the fit of the data to = zRP + CjT + z,,,& (see text). 
Insert: ESR spectrum of a powdered sample of 5 at 290 K with diphenylpicrylhy- 
drazine (DPPH) as a reference. 

temperature D C  magnetization measurements is characteristic 
of uniform, antiferromagnetically coupled discrete chains of 
spins and fits the appropriate Bonner -Fisher expression for 
spins S = '/, well.1t31 The fit to  the data represented by the solid 
line in Figure 1 provides the large intrachain coupling integral 
value J / k  of 120 K, which indicates strong antiferromagnetic 
interactions. Furthermore, the presence of one spin for two 
molecules is deduced. Therefore we conclude that the hydrolysis 
of 3 yields the mixed valence compound, 5, formulated as 
[Me,TTF-PO,H,, Me,TTF-P0,H-]',['41 whose formation 
deserves special comment. 

First, note that the observed high sensitivity of the 
trimethyltetrathiafulvalenylphosphonic acid (4) to  air oxidation 
is quite surprising, since one expects the electrochemical behav- 
ior of the free diacid 4 to  be similar to that of the diester 2, which 
turns out to  be oxidized at potentials even higher ( E ; / ,  = 

0.495 V vs. ECS) than Me,TTF itself (0.36 V vs. ECS). In that 
respect, the propensity of TTF solutions to  generate paramag- 
netic species in the presence of strong acids has been recently 
emphasized by Gorgues et al., who also demonstrated that the 
central double bond of the TTF core is readily protonated under 
those conditions." In addition, note that the trimethylte- 
trathiafulvalenylphosphonic acid 4 is indeed expected to  be as 
strong an acid as any aromatic phosphonic acid; for example, 
the pKa, for phenylphosphonic acid is 1.85.['61 Therefore, we 
conclude that the air oxidation of 4 is catalyzed by its self-sup- 
ported strong acid functionality following a mechanism related 
to  Gorgues' protonation mechanism." 5b1 Thus, the concomi- 
tant neutralization of the first phosphonic acid proton and re- 
duction of 5 with aniline yields the stable parent anilinium 
salt 6. 

X-ray crystal structure of 6, an organic lamellar phosphonate with 
an anti-CaSi, framework: The atom numbering scheme is shown 
in Figure 2 together with the structures of the molecular ions. It 
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Fig. 2 .  ORTW diagram ahowing thc indlvtdud coiiiponenla i n  [PIiNH;][Me,TTI 
P O ( 0 H ) O - l  ( 6 )  with 50"/,, pi-obability tlict-iiiiil ellipsoid\. Hydi-open atoms on the 
iiirthyl groups have hecii omitted for ckii-it). Selected bond Iengtha (A) end angle:. 
1 i : S I - C I  1.754(5).SI - C 3  1.75515) .S2 CI  I753(5) .S2-C4 1.753(5 i .S3-C2 
1.753(5). S 3 - C 5  I741(6 ) .  S 4  C 2  1.752(6). S J - C 6  1.751(6). c ' I L c ' 2  1.32YIX) .  
C 3 - C 4  1.325(7). C 5  C 6  I328(9).  C 3 - P  1.7%i(5). P - 0 1  1.491(4). P 0 2  
I ,508 ( 3 ) .  P 0 3 1.56413). 0 3 -H 3 0.030(3): S I -C 3-P I I 6 .4(3).  C'4-C 3-P 126.2(4). 

P - 0 3  lOX.912). 0 2 - P - 0 3  l l  l . 3 (2 ) .  P - 0 3 - H i  10.3 O ( 2 )  
C3-P-0 I 10X.4(2). C3-P-02 I09 012). C3-P-03 l02.7f2). 0 I-P-02 115.7(2). 0 I -  

should be noted that the hydrogen atoms have been unam- 
bigously located on the Fourier difference maps. The presence 
of one hydrogen atom on 0 3 and the fact that the P - 0  1 and 
P - 0 2  bond lengths are shorter than that of P - 0 3  (1.491. 
1.508, and 1.564 A. respectivcly) confirm that the phosphonic 
acid is monodeprotonated. The TTF core is quasiplanar and the 
coordination geometry around the phosphorus atom is essen- 
tially tetrahedral. As exemplified in Figure 3. the construction 

0 
Fig. 3 A projection of thc structure of[PhNH;][Me,TTF- P O ( 0 H ) O - ]  ( 6 )  along 
/I showing the interdigitated planat- organic molecules and providing ;I first glancc 
;I( [lie hydrogen-bond network oii the outakirts cif the iiiitcr hydrophobic ui-g:inic 
slab. 

of the unique layered structure of [PhNH:][Me,TTF- 
PO(0H)O-] ( 6 )  results from the interplay between i )  the asso- 
ciation of the hydrophilic groups PO,H- and NH: within ;I 

remarkable two-dimensional pattern in the (u.h) plane. and 
i i )  the neat complementary interdigitated arrangement of the 
quasiparallel hydrophobic phenyl and trimethyltetrathiafulvti- 
lenyl planes (separated by 3.64( 1 )  A).  While the latter is already 
plainly apparent in Figure 3. the former is best described by 
considering the partial projection of structure onto the (o.h) 
plane, shown in Figure 4a .  The phosphonate oxygen atom 0 3  
is hydrogen-bonded with the phosphonate oxygen atom 0 2' of 
a neighboring molecule. This creates a centrosymnietrical 
dimeric unit, a Ri(8) ring in Etter's notation,'"] typical of car- 
boxylic acid structures. Each centrosymmetrical phosphonate 
dimer is surrounded by and hydrogen-bonded to six anilinium 
molecules with the strong hydrogen bonds shown by dotted 
lines in Figure 4 a  and described in Table 1. A striking hexagonal 

Table I .  Selected hqdrogcn bond lengths (A) nnd angles ( ) in 6 .  

H - .  0 O(N).. 0 O ( N )  - I 1  . . . O  

N - H l u  . 0 1  1.990( I ) 2 X O O C l )  158 43 ( I )  
N - H l b . . . O I  I .X7O( I) 2 76212) 154 89 ( I  ) 
N - H l c ,  . . O  I 1.601 ( I  2.743(1) 170.87 ( I ) 

0 3 - H 3 . . . 0 2  I .68911) 2.545 ( 2 )  151 73(1 )  

A 
Fig. 4 'I) A projection ofonly thc C IONH; and C3PO,H-  groups o f o n e  single 
hydrophilic layer onto thc (1i.h) plane in the crystal structure of 6 .  The  set of 
li>drogen bonds collected in Tahlc I is shown by dotted lines. Note the hexagonal 
Iioneyconih pattern drawn by the solid liner connecting the nitrogen atoiiis. The 
cyclohex-ane-like motif is slightly irregular to  iillow for the proper nestlng of the 
RiIX) ring within its inner cavity: thua. the opposltc cdges of the motif parallel to 
Ihc plane of Figure 4 h  arc slightly longer (5.213 A )  than the other four (4.954 A).  
b)  A perspective view of onc cyclohewne-like motif ( for  eumple.  the inner iiiotif 
iii Fig. 4;i) connecting tlie nitrogen atoms looking along a dlrection close to the 
p l m c  of Ftgui-e 4a .  the strixttirc illustrates i )  tlie chaii--like conformatwn o f  the 
motifnnd i i )  the inner Ri(X) iring. N :  green: H .  white: aiiiliniiim C's: light blue: 0: 
red: P: dark blue: S :  yellow: triinethyltetrathiafulvalenc C's: black. 

net is revealed by connecting the nitrogen atoms of the ammoni- 
um cations within the projection in Figure 4 a .  The geometry of 
the generic motif shown in Figure 4 b  in a perspective view is 
reminiscent of that of cyclohexane in its chair conformation. 
Furthermore, as shown in Figure 5. the extended, puckered two- 
dimensional net, initially viewed in projection (Fig. 4a). is sim- 
ilar to the layer pattern ofthe cc-As structure, that is, the simplest 
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Fig. 5. The extended puckered hexagonal net developing within the hydrophilic 
interface in the lamellar architecture of 6. exemplifying the analogy with the $-As 
structure or the Si hexagonal nets within the prototypical iayered structure CaSi,. 
The a axis runs horizontally and the c axis vertically. 

3-connected plane net one can possibly construct (here, the 
structure generator is NH:). To take this structural analogy 
further, the proper structural prototype for 6 is the CaSi, struc- 
t ~ r e [ * ' ~  depicted in Figure 6. Indeed, the structure of 6 is best 

Fig. 6. A view of the CaSi, structure. Ca: large light bluecircles; SI: small dark blue 
circles. 

thought of as belonging to the anti-CaSi, structure type, where 
the anilinium cations form three hydrogen bonds and act as Si-, 
and two trimethyltetrathiafulvalenephosphonate anions con- 
nect the layers (Fig. 7) by analogy with the role of Ca2+ (Fig. 6). 
This structural analysis provides a rationale for the unique 
lamellar character of the structure of 6, further depicted in Fig- 
ure 8. It should be noted that, while numerous organic phospho- 
nate salts such as u-Z~P, '~ '  for example, present a typical layered 
structure as the result of coordination of the phosphonate moi- 
eties on the metal  cation^,"^ the lamellar character of 6 has been 
achieved in a purely organic system by making use of directional 
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Fig. 7. Relative anchoring of the extended hexagonal nets in 6 by the neat assembly 
ofthe hydrophobicorganic fragments. Compare with the registry ofthe(Si-) .  slabs 
by the Ca, ' ions in trigonal prismatic sites in Figure 6. The a axis runs horizontally 
and the c axis vertically. 

Fig. 8. A fully reconstructed view of thecrystal structure of6illustrating its remark- 
able lamellar character. 

intermolecular interactions such as hydrogen bonds as well as 
shape complementarity principles to control solid state organi- 
zation, an issue of considerable present interest.['. The lamel- 
lar organization of 6 (Fig. 8) is also reminiscent of the alkylam- 
monium dihydrogen phosphate bilayer pattern observed in 
vesicle templates involved in mesoscale pattern 

The neutral A radical IMe,TTF- PO(OH)O-I'* (7): The cyclic 
voltammogram of 6 in dimethylformamide exhibits two re- 
versible oxidation waves at 0.35 and 0.61 V vs. SCE. This 
qualifies the trimethyltetrathiafulvalenephosphonate anion as 
an excellent n-donor molecule comparable to Me,TTF itself 
(0.365 and 0.635 V vs. SCE in DMF), and also demonstrates 
that the anionic character of the molecule essentially compen- 
sates for the electron-withdrawing effect of the phosphonic acid 
group since Me,TTF-PO(OEt), is reversibly oxidized at 0.495 
and 0.725 V vs. SCE, also in DMF. 
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The opportunity to isolate a zwitterionic radical by oxidation 
of the TTF core in 6 is thus offered. Indeed, the electrocrystal- 
lization of DMF solutions of 6 (Scheme 1) provided good-qual- 
ity single crystals of [Me,TTF-PO(0H)O-]'+ (7), as expected. 

X-ray crystal structure of 7: An ORTEP diagram of [Me,TTF- 
PO(OH)O-]'+ is shown in Figure 9. Note the quasiplanarity of 
the molecule. From a structural point of view, two major fea- 
tures will serve to identify the charge in this TTF phosphonic 

03 

d 0' 
P 

Fig. 9. ORTEP view (50% probability thermal ellipsoids) of the neutral n radical in 
the crystal structure of [Me,TTF- PO(OH)O-]'+ (7). Selected bond lengths (A) and 
angles('): S 1 - C l  1.743(7),Sl-C3 1.732(7).SZ-Cl 1.731(8).S2-C4 1.748(7). 
S3-CZ 1.724(7). S3-C6 1.756(8). S4-CZ 1.741(8). S 4 - C 5  1.747(7). C1-C2  
I .36( l),  C 3-C4 1.364(9), CS-C6 1.33( 1 ). C 3 - P  1.800(6). P - 0  1 l.5?2(6). P - 0 2  
1.503(7). P - 0 3  1.523(5); S K 3 - P  117.0(4). C 4 C 3 - P  125.4(6). C3-P-01 
102.3(3). C3-P-02 107.8(3), C3-P-03  107.9(3). 0 1 - P - 0 2  113.5(3). 0 1 - P - 0 3  
112.5(3). 0 2 - P - 0 3  112.1(3). 

acid. First, a comparison of the C=C and C-S intramolecular 
bond lengths in 7, which are particularly sensitive to the charge 
on the TTF coreJ201 with those for Me,TTF-PO(0H)O- in 6 
(Fig. 2) suggests that the TTF core is fully oxidized in 7. Second- 
ly, the average P - 0  bond length (1.516 A) in 7, which is corre- 
lated with the charge on the PO,H, substituent,lZ1l is very sim- 
ilar to that observed in 6 (1.522A), thus leading to the 
conclusion that this substituent is also monodeprotonated. 
Therefore, both charges (positive on the TTF core, negative on 
the substituent; see Scheme 1) compensate within the same 
molecule, also of course in agreement with the identification of 
one single molecular component within the crystal lattice. To 
our knowledge, this molecule is the first example of a properly 
characterized zwitterionic TTF-based x radical. It is true that 
the existence of the internal salt (TTF-COO-]+ has already 
been reported["] but, as shown elsewhere,[231 this salt is un- 
stable and is readily decarboxylated. Since the P - 0  1 and P - 0  3 
bonds are longer than the P - 0 2  bond (1.522(6), 1.523(5), and 
1 SO3 (7) A, respectively), it is likely that the single hydrogen 
atom on the phosphonate group (which could not be identified 
on the Fourier difference map) is disordered on both oxygen 
atoms 0 1 and 0 3 in the solid state. The use of the methodology 
of structure levels developed to simplify and categorize the com- 
plex structural hierarchy of proteins permits a convenient de- 
scription of the crystal structure of 7.[241 Thus, the primary 
structure (shown in Fig. 10a) consists of two hydrogen- 
bond patterns, the dimer D and the ring R38) of Etter's 
clas~ification,~~~ between neighboring phosphonate molecules. 
Note that the 0 .  . .O distances within both D and Ri(8) are 
particularly short (0 1 . . .O 1 = 2.41 1 (5) and 0 2.  . .O 3 = 
2.491 (5) A), indicating strong hydrogen bonding.'251 Note also 
that the single available proton is disordered and distributed 
within these series of hydrogen bonds in the solid. The sec- 

ondary structure is iden- 
tified as the association 
of the alternating dimers 
D and rings Ri(8) along 
a that form the backbone 
of one-dimensional hy- 
drogen-bonded ribbons, 
depicted in Figure 10 b. 
The supersecondary 
structure is then defined 
as the packing of these 
ribbons; this again cre- 
ates a novel layered ar- 
chitecture, as shown in 
Figure 11, Note that the 
latter pattern is unprece- 
dented for a molecule 
essentially similar to 
tetramethyltetrathiafulva- 
lene (TMTTF), whose 
radical cation salts only 
form one-dimensional 
structures. Indeed, such 
two-dimensional layered 
arrangements are typi- 
cally achieved in radical 
cation salts of x-donor 
molecules of larger spa- 

-P b 
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H 
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\ 
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(b) 
Fig. 10. a)  Schematic representation of the 
hydrogen bond motifs in 7 (primary struc- 
ture). b) The ribbon motif of the secondary 
structure. 

- .  
tial extension such as the prototypical bis(ethylenedithi0)- 
tetrathiafulvalene (BEDT-TTF), as discussed below. 

Fig. 1 I .  Identification of slabs of neutral n-radical molecules in the crystal structure 
of 7, a consequence of the interdigitated layering of the ribbons (supersecondary 
slruclurel. 

A unique twodimensional electronic structure with no convention- 
al S. - -  S n-orbital overlap: No conventional x-n interactions 
resulting from short S * . . S distances can be detected between 
each superposed ribbon. The shortest intermolecular S . . . S dis- 
tances are 3.712, 3.791, and 3.987 A, which are longer than the 
sum of the van der Waals radii. Despite this lack of S . . . S  
contacts, the calculated HOMO-HOM0[261 intermolecular in- 
teraction energies,["' which are a measure of the strength of the 
interaction between two HOMOS in adjacent positions of the 
lattice, are large. This suggests that there are indeed important 
x-x interactions between the ribbons. The five HOMO- HO- 
MO intermolecular interaction energies (I to V, see Fig. 12a) 
calculated for 7 are given in Table 2. These values are compar- 
able in magnitude to those found in many metallic charge-trans- 
fer salts of BEDT-TTF (ET for short), for instance, the values 
of the five different HOMO-HOMO intermolecular interaction 
energies for the donor slabs of metallic P-(ET),I, that we report 
in Table 2 (see the schematic view of such donor slabs, 
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(b) 
Fig. 12. a) A projection of one single slab in 7 along the long molecular axis of the 
TTF core. b) Intermolecular overlap along the stack in one slab, showing the very 
strong u-type interactions between some S and C r[ orbitals. 

Scheme 2, which is rather like the 
~l l l  - projection shown in Fig. 12a, 

where every line represents an ET - donor viewed along the long axis of 
the molecule) .[**I The similarity - between the two series of inter- 
molecular interaction energies is 

clear. In fact, those for 7 are even somewhat larger. Thus, 
from an electronic viewpoint we find a slab in 7 which is not 
so unlike those found in the well-known J-(ET),X family.[27b1 
Although geometrically the two slabs are somewhat different, 
in both cases there are chains of molecules with strong inter- 
actions of alternating strength (. ' . I . . . I11  . . . I . .  -), and 
these chains are coupled through interactions of smaller but 
far from negligible strength along another direction 
( .  . . I V . .  . V .  . . IV . . . V..  .). As a matter of fact, the interchain 
coupling is even stronger in the present case. 

It is clear that 7 contains slabs with strong x-x intermolecular 
interactions despite the nonexistence of a 2D network of short 
S . . . S  contacts. It should be noted that the four substituents 
make practically no contribution to the HOMO of 7 and, conse- 
quently, the calculated HOMO-HOMO interaction energies of 
Table 2 result only from the inner core of the molecule. Al- 
though traditionally only S . . . S contacts have been considered 

- - - 4- 4" 
- 4 - 

Table 2. HOMO -HOMO Interaction energies (eV) calculated for 7 and P-(ET),I,. 

Interaction 7 [a1 P-(ET)J, [bl 

I 
I1 
111 
IV 
V 

0.317 
0.075 
0.394 
0.177 
0.192 

0.287 
0.024 
0.439 
0.066 
0.164 

[a] See Figure 12a for labeling. [b] See Scheme 2 for labeling. 

when looking at the existence of intermolecular interactions in 
charge-transfer salts, it should be recalled that the HOMO is a 
delocalized orbital and contains important contributions from 
other atoms (the central C atoms in the present case). For in- 
stance, the particularly strong HOMO- HOMO interactions 
along the stacks defined by I and 111 (Fig. 12a) are the result of 
very strong a-type interactions between S and C x orbitals which 
are nearly on top of each other, as shown in Figure 12b. Thus, 
S . . . C interactions can also be very important if their associated 
x orbitals are properly oriented. We wish to stress the impor- 
tance of discussing the strength of intermolecular interactions 
on the basis of HOMO-HOMO intermolecular interaction en- 
ergies and not solely on the basis of short S . . . S contacts. 

Each of the two HOMO bands of 7 are approximately 0.6 eV 
wide; in agreement with our previous discussion, this is almost 
the same dispersion calculated for the HOMO bands of p- 
(ET),I,.1291 The two bands overlap slightly so that the system 
could be formally considered as a semimetal. However, since the 
compound is insulating, we are led to the conclusion that the 
electrons in 7 are localized, with one electron on each zwitterion- 
ic radical. The situation is formally the same as for 1 : 1 charge- 
transfer salts in which, despite the existence of a half-filled band 
according to the one-electron approach, the electrons are local- 
ized with one electron in each site of the lattice. Opportunities 
are now offered to react the material with electron donors in 
order to stabilize the metallic state by doping the energy band 
away from formal half-filling, an approach resembling that em- 
ployed by Haddon to generate iodine-doped salts of the neutral 
benzene-bridged bis(dithiadiazoly1) diradi~als.[~'~ 

Magnetic properties of 7: A single anisotropic Lorentzian line 
with a g value of 2.0082, typical of TTF-based radical cations, 
is observed by room-temperature ESR on a single crystal orient- 
ed with its long axis parallel to the field. The ln(XT) vs. T- '  
curve (where x is the spin susceptibility normalized to the room- 
temperature value) and the temperature dependence of the ESR 
linewidth are given in Figure 13. A high-temperature regime is 
identified in which the spin susceptibility follows an exponential 
law characteristic of a 
thermally activated pro- 
cess [Equation (I), with 

J, /k  = 436 K]. Below 
100K, the slope of the 
curve in Figure 13a de- 
creases to the value JJ 
k =I21 K. This abrupt 
change of slope corre- 
sponds to the appearence 
of a narrower resonance 
line superposed on the 
resonance line that was 
present at high tempera- 
ture and had progressive- 
ly disappeared (Fig. 13 b). 
This behavior is typical 
of triplet excitons.IZoa* l1 
In the high-temperature 
regime ( T >  100 K), the 
single resonance line is 
the triplet exciton line, 
which is averaged be- 
cause of the collisions be- 

(b) 
Fig. 13. a) In(XT) as a function of the in- 
verse temperature and b) the ESR 
linewidth as a function of temperature for 
a single crystal of 7 in an arbitrary orienta- 
tion position within the resonance cavity. 
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tween the e x c i t o n ~ , ~ ~ ~ ~  and at low temperature only the impurity 
line, a common feature of such systems,[331 remains present. 
Note that the somewhat low value of J/k is in agreement with 
the fact that the triplet state is highly populated, thus leading to 
collisions between the numerous excitons. This particular mag- 
netic response of the material was nevertheless somewhat unex- 
pected, since it suggests the presence of weakly interacting 
dimers within the slabs in 7 where the presence of localized, 
perhaps essentially noninteracting spins localized on each zwit- 
terion site was expected to yield either a Curie-type spin suscep- 
tibility or perhaps indications for low-dimensional antiferro- 
magnetic fluctuations. The former analysis of the electronic 
structure of the slab in 7 provides an explanation of the observed 
spin susceptibility. It is very likely that the singlet-triplet exci- 
tons originate in the dimers formed by the zwitterion molecules 
interacting along the stack. particularly across the type 111 inter- 
action (Fig. 13), the strongest among the five HOMO-HOMO 
interaction energies (Table 2). 

Experimental Section 

Me3ITF-P(OHOEt),(2): Toasolution of 1(1 g. 4.06 mmol) indry Et,O (100 mL) 
kept at - 78 "C under nitrogen was added in turn NH(rFr), (0.64 mL. 4.46 mmol) 
and BuLi ( 2 . 5 ~  in hexanes, 1.8 mL, 4.46 mmol). The suspension was stirred for 1 h 
and (EtO),P(O)CI (0.65 mL. 4.46 mmol) was added. The yellow mixture turned 
orange immediately. The solution was slowly warmed up to room temperature. The 
solvent was evaporated, 100 mL of dichloromethane and 100 mL of water were 
added to the residue, and the organic layer was dried over MgSO, and concentrated. 
Chromatography (silica gel. dichloromethane) afforded first the unreacted 
trimethyltetrathiafulvalene, followed by the diester 2. The resulting oil crystallized 
in the flask and the orange solid was then triturated in pentane and filtered off to 
yield 0.85 g of 2; yield 50%. M.p. 120-121 "C; 'HNMR (200 MHz. [D,]DMSO): 
6 =1.26 (1. 'J(H,H) =7.03 Hz. 6 H ,  CH,CH,). 1.95 (s, 6H. ArCH,). 2.28 (d. 
4J(H,P) = 2.67 Hz. 3H. ArCH,). 4.05 (sextet. )J(H,P) = 8.50 Hz. '4H.H) = 
7.03 Hz, 4H. CHZCH,); "P('H} NMR (200 MHz. CH,CI,, H,PO, 85%): 
6 =7.09; anal. calcd for C,,H,,O,PS,: C 40.84. H 4.37. P 8.11. S 33.51; found: 
C40.74 .H5.11 ,P7.95 .S33.34 .  

IMe,TTF-P(OXOH),J,, (5): To a solution of 2 (0.85 g, 2.22 mmol) in 20 mL ofdry 
dichloromethane under nitrogen was added Me,SiBr (2.4 mL, 8.88 mmol) and 
NEt, (0.8 mL. 8.88 mmol). The solution was stirred for 6 h and the solvent evapo- 
rated in VLCUO. To the resulting solid 3 was added methanol (20 mL). The solution 
was stirred for another 6 h until the startingmaterial has totally disappeared (TLC). 
A dark brown precipitate was filtered. washed with water and ethanol, and dried; 
anal. calcd for C,H,,O,PS,: C 33.12, H 3.39. P 9.49. S 39.29. Si 0: found: C 33.16. 
H 3.36, P 8.89, S 38.35, Si 0.20. The small amounts of Si detected may indicate the 
presence of the partially hydrolyzed compound Me,TTF-P(O)(OSiMe,)(OH). 

IPhNH:IIMe,TTF-Po(OH)O-l (6): Aniline (10 mL. 10.8 mmol) was added to a 
suspension of 5 (0.30 g. 0.92 mmol) in methanol (50 mL). The solution was stirred 
over a steam bath at 50 "C for 1 h. The dark solid slowly dissolved and the solution 
turned orange. The methanol was then evaporated and the salt was precipitated by 
addition of Et,O. Recrystallization from MeOHiacetone (4: 1) afforded 0.22 g of 5 
as orange crystals; yield 57%. M.p. 276-278'C (decomp.): 'HNMR (200MHz. 
[D,]DMSO):6 = 1 .93(~ ,6H.  CH,),2.21 (s. 3H.  CH,). 6.78 (m, S H ,  ArH);"P('H) 
NMR(200 MHz.CH,CI,. H,PO,85%): 6 = 2.38;anal.calcd forC,,H,8N0,PS.: 
C 42.94. H 4.32, N 3.34. P 7.38. S 30.57; found: C42.16. H 4.31. N 3.28. P 6.51. S 
30.52. 

IMe,lTF-PO(OH)O-I* (7): Black. shiny platelets of 7 were grown at 25°C for 
7 days at a platinum wire anode under constant-current electrolysis (I = 0.2 pA) of 
a DMF solution (10 mL) of 6 (8 mg) containing 200 mg of tetrabutylammonium 
perchlorate as electrolyte. The solvent was stirred overnight over basic aluminum 
oxide and distilled under vacuum before use. 

Electrochemical measurements: Cyclic voltammograms were recorded with a 
PAR273 potentiostat with Pt working (1 mm') and auxiliary ( 1  cm') electrodes, a 
SCE reference electrode, and (nBu).N'PF; as the supporting electrolyte. Solvents 
were dried over basic aluminum oxide before use. 

X-ray structure determination oleompounds 6 a d  7: Reflections were measured on 
an Enraf-Nonius CAD4 diffractometer, with graphite-monochromated Mo,, ra- 
diation (1 = 0.7107 A. ( 4 2 8  scan mode). Measured intensities were corrected for 
Lorentz and polarization effects. Absorption corrections were applied for 7 by 
means of empirical procedures based on azimuthal JI scans of some reflections 

having an Eulerian angle x near 90". The structures were solved by direct methods 
and refined with full-matrix least-squares methods with unit weights for 6 and the 
weighting scheme 1 / ~ *  = [a2(f) +(O.O7F:)']/4< with a(/) from counting statistics 
for 7. All the calculations were performed on an IBM RS/6000 computer with the 
Xtal 3.2 system of programs 1341. The crystallographic data for 6 and 7 is summa- 
rized in Table 3 1351. 

Table 3. Crystal data for 6 and 7. 

6 7 

chemical formula 
formula weight 
T (K)  
space group 
a (A) 
b (A) 
c (A, 
a (") 
s (") 
Y (") 
v (A') 

P . . ~ ~ ~  (gcm-7 
P (cm-') 

Z 

crystal size 
octants collected 
max. h. k .  I 
20 range 
no. of reflns collected 
no of unique reflns 
no. of reflns used 
(I> 3 m )  
no. of variables 
R la]. RW [bl 
max peak on final 
dim Four. map (eA-') 
GoF [c] 

Ci,Hi,NOJ'S. 
419.53 
293 
P 2,/a 
14.135(1) 
7.462(3) 
18.468 (1) 
90 
99.37(1) 
90 
1921.90) 
4 
1.45 
5.9 
0.06 x 0.33 x 0.50 
+h. k, I 
17, 9. 22 
2. 26 
4028 
3763 
1991 

217 
0.046. 0.044 
0.59 

1.43 

293 
PT 
7.610(4) 
12.030(3) 
7.480 (2) 
101.77(2) 
104.57(3) 
79.89(3) 
6 4 W )  
2 
1.68 
8.5 
0.04 x 0.17 x 0.23 
h. ?k, * I  
9. 14. 9 
2, 26 
2823 
2520 
1373 

154 
0.070. 0.092 
1.08 

1.15 

ESR merucmeats: Single-crystal temperature-dependent ESR measurements were 
performed on a Varian X-band spectrometer operating at 9.3 GHz and equipped 
with an Oxford ESR900 helium cryostat. The spin susceptibility is determined by 
numerical double integration with an attenuation of 15 dB to avoid saturation. 

Magnetic susceptibility studies: Magnetic susceptibility measurements on powder 
samples of 5 were made with a Quantum Design MPMS-5 SQUID magnetometer 
operating at 1 T in the range 1.7-400 K. 

Band structure calculations: The tight-binding band structure calculations are based 
upon the etrective one-electron Hamiltonian of the extended Hiickel method 1361. 
The off-diagonal matrix elements of the Hamiltonian were calculated according to 
the modified Wolfsberg- Helmholz formula 137. The basis set consisted ofdouble-( 
Slater-type orbitals for C, P. 0, and S and single-( Slater-type orbitals for H. The 
exponents ((", Cg), contraction coeflicients (cv, c 3  and atomic parameters (HJ used 
for C, S. and H were taken from previous work [l]. The values employed for P and 
0 were 2.367. 1.499. 0.5846, 0.5287, and -19.0eV for P 3s; 2.064. 1.227, 0.4908. 
0.5940. and - 12.0 eV for P 3p; 2.688, 1.675. 0.7076. 0.3745. and -32.3 eV for 0 
2s and 3.694, 1.659, 0.3322, 0.7448, and -14.8 eV for 0 2p. 
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