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Abstract 

New complexes of fullerenes C60 and C70 with dibenzotetrathiafulvalene (DBTTF), DBTTF.C60.C6H6, DBTTF.C60"Py and 
DBTTF. C70" C6H6, were obtained. The crystal structure of DBTTF. C6o- C6H6 was determined. The arrangement of fullerene molecules is 
approximately simple cubic packing where each C6o molecule is located in slightly distorted octahedral surrounding. DBTTF molecules have 
a concave conformation. X-ray photoelectron spectroscopy (XPS) and IR spectroscopy show only weak charge transfer in these compounds. 
A weak charge transfer band near 900 nm was found in the UV-Vis-NIR absorption spectrum of DBTTF. C6o" C6H6 single crystals. DBTTF 
molecules are coordinated on C6o ones by ~r-w and n-~r interactions. It was shown that the steric discrepancy between DBTFF and C6o 
molecules does not provide favourable conditions for charge transfer in the DBTTF-C6o" C6H6 complex. © 1998 Elsevier Science S.A. 
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1. Introduction 

Fullerenes form various charge transfer (CT) complexes 
[1-6] and ion-radical salts [7-9] with different physical 
properties [5,7]. Most CT complexes have a weak CT rate. 
This is associated with weak acceptor properties of fullerenes. 
Tetrathiafulvalene (TTF) derivatives are strong donors and 
are planar in the initial state. They change conformation and 
become concave at the C6o coordination [ 1,4,6]. 

CT defines basic properties of the complexes, especially 
their electrical, optical and magnetic ones. CT in such com- 
plexes has some peculiarities at the donor-fullerene interac- 
tion due to the spherical shape of the C6o molecules. 

The variety of donor molecules gives the possibility for 
the preparation of CT complexes of C6o with different 
arrangements of fullerene molecules in crystals (one-, two- 
or three-dimensional packings of the molecules with different 
distances between them [ 1,4-6] ). The electron state of C6o 
can be changed by alkali metal doping. The first reports on 
the alkali doping of C6o CT complexes with organic donors 
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of the TTF family show the appearance of superconductivity 
in doped materials [ 10]. Thus, the preparation of new CT 
complexes and their doping can result in materials with var- 
ious conducting and magnetic properties. 

Here we report the synthesis of C60 and C70 complexes 
with organic donor, dibenzotetrathiafulvalene (DBTTF): 
DBTTF.C60. C6H6, DBTTF'C6o °Py and DBTTF.Cvo.- 
C 6 H  6. The crystal structure of DBTTF-C6o. C6H6 is deter- 
mined. The UV-Vis-NIR spectrum of single crystals, and 
spectra of some complexes via IR spectroscopy and X-ray 
photoelectron spectroscopy (XPS) are studied. The possi- 
bilities for CT in DBTTF- C60" C6H6 depending on the coor- 
dination of DB'ITF and C60 molecules are discussed. 

2. Experimental 

DBTTF" C6o" C6H6 (1) and DBTTF- C7o ° C6H 6 (3) were 
obtained by the evaporation of benzene solution of C6o, C7o 
and DBTTF at 1:3.5 molar ratio and at 1:4 molar ratio, respec- 
tively, under Ar for 5 days. Quality single crystals of 1 are 
formed only at 3.5-4.0 DBTTF molar excess. The adduct C6o 
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with a benzene is formed with a DBTTF molar excess of  less 
than 3.5. Splices of crystals of 1 are formed when using a 
molar excess of  DBTTF of more than 4.0. Single crystals 
were separated from donor ones by using a microscope and 
were washed by ether. They are formed as black parallelo- 
grams up to 1-2 mm size with 70% yield for 1 and 50% for 
3. Anal.  Found for 1: C8oHI484; S, 10.97; H, 1.54; C, 86.81. 
Calc.: S, 11.55; H, 1.26; C, 87.19%. Anal.  Found for 3: 
C9oH14S4; S, 11.31; H, 1.42; C, 87.37. Calc.: S, 10.50; H, 
1.14; C, 88.36%. 

DBTTF-C6o 'Py  (2) was obtained by the evaporation of 
50 ml of  saturated pyridine solution containing 25 mg of C6o 
and 105 mg of  DBTTF (1:10 molar ratio) under Ar. The 
formation of  single crystals in a solution was observed after 
5 days of  the evaporation. The solution was decanted after 
10 days of the evaporation before the crystallization of  
DBTTF crystals began. The single crystals were washed by 
ether. They were obtained with 70% yield as black parallel- 
ograms up to 1 mm size. Anal.  Found: C79H13S4N; S, 12.20; 
N, 1.32; H, 1.24; C, 87.64. Calc.: S, 11.52; N, 1.26; H, 1.17; 
C, 86.05%. 

The single-crystal X-ray study was carried out in the X- 
ray Structural Centre of the Institute of Organoelement Com- 
pounds RAS (Moscow) with an automated four-circle 
Siemens P3 diffractometer. The measurements were per- 
formed at 153 K by using graphite-monochromatized Mo 
KoL radiation. The crystal data for the C6o'DBTTF" C6H 6 
complex are: C82H1484, F.W. = 1127.25, monoclinic space 
group C2/c ,  a =  16.257(3), b =  13.311 (2), c = 2 0 . 7 9 9 ( 5 )  
A, /3= 103.02(2) °, V = 4 3 8 5 ( 2 )  A 3, Z = 4 ;  Dc = 1.583 g 
cm -3. The intensities were measured in the 0/20 scanning 
mode up to 20 ..... = 58 °, the total number of reflections was 
Ntot = 4821 with Nob~ = 3198 (Fo > 2o-). The structure was 
solved by direct methods of  SHELXS-86 and refined by using 
the least-squares methods of SHELXL-93 with anisotropic 
thermal parameters for all non-hydrogen atoms. Hydrogen 
atoms were located on the difference Fourier map and refined 
isotropically. Finally, the values Rf=  0.069 and Rw = 0.170 
(590 parameters) were achieved. 

The IR spectra of C6o, C7o, DBTTF, 1, 2 and 3 were meas- 
ured in KBr pellets. XPS spectra were excited by Mg Ke~ 
radiation (h u = 1253.6 eV). The preparation of the samples 
for XPS investigation is described in detail in [11].  The 

spectra were calibrated to the N ( l s )  peak (285.0 eV). This 
value corresponds to the position of C ( l s )  peaks for solid 
C6o and C6u films deposited on different supports [ 12]. The 
reflection spectrum of DBTTF.  C6o" C6H6 single crystals was 
measured on a two-beam spectroreflectometer in the 250-  
1100 nm range. The absorption spectrum was obtained by 
the Kramers-Kronig transformation of the reflection 
spectrum. 

3. Results and discussion 

All compounds of l : l : l  composition were obtained by a 
slow evaporation of fullerene and DBTTF solutions. The 
complexes can be obtained only at a large molar excess of 
the donor. 

The thermogravimetry of 1 revealed that benzene is 
released from the crystals at 405 K which is above the b.p. of 
benzene (353 K). A partial decomposition of  DBTTF begins 
only from 705 K and is consistent with the decomposition 
temperature of the individual donor. The loss of  mass after 
1075 K is due to C6o sublimation. 

The IR spectra of  1, 2 and 3 show that the positions of 
absorption bands of C6o at 1430 (coincides with DBTTF),  
1182, 557 and 527 cm -~, and C7o at 1430 (coincides with 
DBTTF),  1133, 796, 642, 566, 535 and 451 cm ~ remain 
practically unchanged with respect to those of individual ful- 
lerenes. The absorption bands of the donor molecule are pre- 
sented in Table 1. The frequency associated with DBTTF 
molecule bond at 1444 c m -  t, which is more sensitive to the 
changes of electron density on donor molecules, is down- 
shifted by 2 cm ~. This indicates only weak CT from DBTTF 
molecules to fullerenes in these complexes. The shifts of 
some other absorption bands by 1-6 c m - l  are obviously 
associated with a breakdown of  the planarity of the donor 
molecule because of  its coordination with C6o. The absorption 
bands in 1 and 3 at 674 (coincides with DBTTF) and 1478 
cm ~ are attributed to benzene, and those in 2 at 601,691,  
701 and 1580 cm J are attributed to pyridine. 

XPS data on the energies of  N ( l s )  and S(2p) peaks of 
DBTTF and Py in the individual state and in fullerene com- 
plexes are presented in Table 2. The positive shift of the 
S(2p) peak by 0.3 eV was observed for complex 1. This is 

Table 1 
Absorption bands of DBTI'F in individual state and in fullerene complexes 

Compound Absorption bands~(cm ~) 

DBTTF 1444 1431 b 1283 1260 1119 1043 1029 924 775 742 675 669 
1123S 930S 

1142 1430 b 1285 1260 1113 1043 1029 927 776 740 674 ~ 665 
1442 1430 b 1285 1260 1113 1043 1029 927 776 738 675 664 
1442 1430 b 1283 1260 1117 1043 1029 927 776 739 674 c 

S = shoulder. 
b Coincides with C6o. 
c Coincides with C~H~. 
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Table 2 
Position of N( I s )  and S(2p) peaks of DBTTF and Py in individual state 
and in fullerene complexes 

Compound N( I s )  ( +_0.1 eV) S(2p) ( +0.1 eV) 

Py " 399. I 
o-Chlnranyl-Py " 402.4 
DBTTF 164.0 
1 164.3 
2 400.7 164.1 
3 164.1 

"Ref.[131.  

Table 3 
Gaussian simulation of C ( 1 s) spectra 

Compound Peak Area Width Energy 
( % ) (eV) loss 

(eVt 

C,o C( I s) 76 1.48 
satellite 24 6.01 3.14 

DBTTF. C<+o- CbH6 C(Is )  76 1.61 
satellite 24 6.08 2.07 

DBTTF C(Is )  89 1.77 
satellite 9 4.56 3.34 

obviously associated with small CT from DBTTF to C6o. The 
shift of  the N ( l s )  peak in 2 evidences the change of the 
effective charge on nitrogen atoms of pyridine with respect 
to pure pyridine. This shift is similar to that in the donor-  
acceptor ortho-chloranyl-pyridine complex [ 13]. Thus, the 
pyridine molecule takes part in the donor-acceptor interac- 
tion with C6o as a donor also. 

XPS spectra of solid C6o, 1 and pure DBTTF are presented 
in Fig. 1. A satellite peak is observed near the photoelectron 
C ( l s )  peak as a shoulder in all spectra. The results of the 
Gaussian simulation of  the spectra are presented in Table 3. 
It is seen that see that the satellite peak in the spectrum of 1 
is closer to that in the spectrum of C6o than in the spectrum 
of DBTTF. 

All valence electron plasma oscillations are also observed 
in XPS spectra. The ~y +qX plasmon energy (hcop(er + v ) ) ,  
determined according to [ 14], is equal to 25.2 eV for 1. The 
same measurements for solid C6o yield 26.1 eV. The calcu- 
lations of hcop(cr + w )  in terms of the free electron model 
(COp = (4wne2/m) ~/2+ where n is valence electrons density, e 
and m are the charge and the mass of the electron, respec- 
tively, yield 21.2 eV for the complex and 21.4 eV for solid 
Coo. In the case of Coo the valence electron density was eval- 
uated from the mass density of  solid fullerene which is equal 
t o l . 6 5 g c m  3115] ( n ( C o o ) = 0 . 3 3 1 e , ~  3 ) . In the case of  
the complex, n = 0.327 e , ~ - 3  This value can be calculated 

i + + r i J i 

E 2 
Z 

3 

i I i 1 , I , I , I , I i I 

296 294 292 290 288 286 284 282 280 

BINDING ENERGY, eV 
Fig. I. XPS C( I s )  spectra ofCbo (1), DBTTF.C+o.C<+H+ (2) and DBTTF 
(3) after the subtraction of a linear background and normalization to peak 
intensity. 

from structural data presented in this work. The values of 
(~ = 1 - hcop(theor) /h%(exp)  ), which show a degree of 
deviation of calculated energies from experimental ones, are 
equal to 0.16 and 0.18 for the complex and solid C6o, respec- 
tively. According to [ 16], the ¢y +'rr plasmon is more delo- 
calized in the complex than in solid fullerene. 

The crystal s t r u c t u r e  o f C 6 o  ° DBTTF • C b H  6 shows the com- 
position of the complex to be 1 : 1 : 1. Donor and solvent mol- 
ecules occupy special positions: DBTTF molecules are on a 
twofold axis and C6H 6 molecules are in the inversion centre. 
The fullerene molecule also occupies a special position on a 
twofold axis. 

The crystal packing of the structure is shown in Fig. 2. The 
arrangement of fullerene molecules can be considered as an 
approximately simple cubic close packing. Therefore, each 
C6o molecule is surrounded by six nearest C6o neighbours 
which form a distorted octahedron. The shortest distance 
between the c e n t r e s  o f  C6o molecules in the c direction is 10.4 
A. The analogous value in the ab plane is 10.5 ,~. These 
distances are longer than those in individual fullerene ( 10.02 
,~) [ 17], and C6o van der Waals radius ( 10.18 ,~). Thus, the 
packing of C6o molecules is isolated. 

DBTTF and benzene molecules occupy cavities in the spa- 
tial framework. DBTTF molecules are arranged in chains 
along the c direction. The shortest intermolecular C. . .C con- 
tact between carbon atoms of DBTTF benzene rings is about 
3.30 ,~ (the van der Waals radii sum of sp 2 carbon atoms 
3.35 ,~ [ 18] ). But IV--?r interaction between the neighbouring 
DBTTF molecules is impossible due to strongly unparallel 
arrangements of benzene rings. 

The efficient Cbo-DBTTF packing is achieved due to a 
'concave'  (boat) conformation of the donor molecule. This 
conformation is typical for other fullerene donor-acceptor 
complexes with TTF derivatives [ 1,4,6]. Molecular geome- 
try and the main structural parameters of the DBTTF mole- 
cule are shown in Fig. 3. 

Fullerene molecules are statistically disordered between 
two equi-probable orientations generated by molecule rota- 
tion about one of its threefold axes by 60 °. This rotation forms 
a statistical twofold axis which crosses two opposite pentag- 
onal rings and coincides with the crystallographic twofold 
axis in the direction normal to the rotational threefold axis. 
This symmetry operation also transfers one hexagonal ring 
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Fig. 2. Crystal packing of the donor-acceptor complex C6o" DBTTF- C6H6 ( positions of fullerene molecules are marked by grey spheres, a unit cell is marked 
by fine lines). 

C :IA /'x <~.~ 1.756(3) " " 

l W 1,,,(3 V ..... N b,..,.- 

~, ~!~!:-.:.:.~ :~ -::~i:x- ~ . . . .  

S(XA) s(2) 

Fig. 3. Molecular geometry and main structural parameters of the DBTTF molecule in the C~o" DBTTF. C6H6 complex. 

(of  an asymmetric unit) into itself in such a way that six 
carbon atoms forming this hexagonal ring are processed as 
ordered at the structure refinement. The solution and refine- 
ment of  the structure in the C / c  space group lead to the same 
type of disorder. 

Sulfur atoms of the DBTTF molecule form intermolecular 
contacts with fullerene ones and therefore their coordination 
should be discussed. Each DBTTF molecule has close van 
der Waals contacts with four fullerene molecules formed in 
two different ways (Fig. 4). The first way is that a sulfur 
atom S( 1 ) and its symmetry equivalent S ( I A )  (see Fig. 3) 
are coordinated with an ordered hexagonal ring of  the fuller- 
ene molecules; S. . .C distances are in the 3.47-3.72 ~, range 
which is close to the sum of the van der Waals radii of S and 
C atoms (3.55 ~, [ 18] ). The plane of four sulfur atoms is 
virtually perpendicular to the plane of this hexagonal ring. 
This coordination is assumed to be realized through the n-~: 
interaction of  DBTI 'F  sulfur atoms with the electron-poor 
C6o hexagonal ring. In the second mode, the plane of  sulfur 
atoms coordinates pentagonal rings of  fullerene molecules by 
the 7r-av interaction; the dihedral angle between these planes 

is 10.8 ° and is equal for both orientations of fullerene mole- 
cules. Benzene molecules are coordinated on pentagonal 
rings with 9.2 ° dihedral angles in one C6o orientation and on 
C6o electron-rich 6-6  bonds in the other orientation. The fact 
that the disorder of  fullerene molecules does not change the 
coordination type with DBTTF sulfur atoms indicates these 
interactions to be principal for the crystal packing formation. 

The reflection spectrum of DBTTF- C6o" C6H6 single crys- 
tals is presented in Fig. 5. The main absorption bands at 275 
nm (4.60 eV) and 345 nm (3.60 eV) are associated with 
allowed C6o electron transitions. The position of these bands 
are slightly shifted with respect to those of  C6u single crystals 
at 262 nm (4.45 eV) and 350 nm (3.54 eV), respectively 
[ 19]. The C6o absorption band at 450 nm (2.75 eV) [ 19] is 
practically not distinguished in the spectrum of 1. The absorp- 
tion bands of the DBTTF electron transition (below 220, 293, 
360 nm in individual donor) are closed by C6o absorption 
bands in the spectrum of 1. A very broad and weak band near 
900 nm is associated with CT from DBTTF to fullerene. 
Surprising is the very weak intensity of this band. It is known 
that CT proceeds from the HOMO orbital of the donor to 
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Fig. 4. Coordination of sulfur atoms on fullerene molecules. In the DBTTF 
molecule carbon atoms are omitted tbr simplicity. 

50000 

Fig. 6. Coordination of the DBTTF molecule on a fragment of the fullerene 
molecule. 

tetrathiafulvalene core ($4C2) and two outer phenyl rings. 
They are coordinated on the pentagonal and two hexagonal 
rings of C6o with the corresponding angles 10.8, 19.0 and 
28.8 ° for one C6o orientation, and 10.8, 28.8 and 19.0 ° for the 
other C6o orientation. In this case only the w-orbital partially 
localized on planar $4C 2 fragments is slightly overlapped 
with the C6o w* orbital of  the pentagonal ring due to the 
dihedral angle between them corresponding to the parallel 
arrangement ( 10.8 °) and the shortest S (DBTTF) . . .C  (C6o) 
distance (3.505 ,~) being a little less than the sum of the van 
der Waals radii of sulfur and carbon atoms (3.55 ,~) [22]. 
The transfer of electron density from the aT-orbital partially 

localized on phenyl rings of DBTTF to the C6o molecule is 
hindered by a large dihedral angle and a quite large 
C(DBTTF). . .C(C6o)  distance. It should be noted that the 
electron density transfer in the DBTTF molecule between 
phenyl rings and the $4C2 fragment is also hindered by a large 
dihedral angle (25.5 ° ) between these planar parts. Thus, the 
CT from the HOMO orbital of DBTTF to the LUMO orbital 

45000 

40000 

35000 

30O0O c- 
O 
~D_ 25000 

8 
.Q 20000 

15000 

\ 

10000 

5000 

LUMO orbitals of  the acceptor at their overlapping. Thus, 
favourable conditions for CT are short distances (less than 
the sum of van der Waals radii of  corresponding atoms) and 
the more or less parallel arrangement [ 20] of  the HOMO b~u 
~r molecular orbitals of  DBTTF delocalized over the whole 
conjugated molecule [21 ] and the tl,, w* molecular orbitals 
of C6o. 

The arrangement of  the DBTTF molecule relative to the 
C6o surface is shown in Fig. 6. The DBTTF molecule has a 
boat conformation with three planar fragments, namely, the 

0 I i I J ~ I i 

200 400 600 800 1000 1200 

wavelength, n m  

Fig. 5. Absorption spectrum of C~o. DB'I'I'F.C~M6 single crystals in the 250-1100 nm range. 
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of C60 is hindered by a small overlapping of these orbitals, 
obviously due to the discrepancy between the DBTTF and 

C60 molecule shapes. 

4. Conclusions 

New complexes of fullerenes C60 and C70 with dibenzo- 

tetrathiafulvalene (DBTTF) ,  DBTTF.  C60" C6H6, DBTTF.  
C6o'Py and DBTTF.  C7o'C6H6, were obtained. The small 
shifts of S(2p) peaks in the XPS spectra of 1 together with 
the small shift of the DBTTF central C=C bond frequency 

(only 2 c m -  ~) in the complexes show weak CT. It is attrib- 
uted to weak donor properties of DBTTF (vertical ionization 

potential is 6.81 eV [21] and Eox(1) = +0 .62  eV [22]) .  
The consideration of DBTTF-C6o coordination shows a small 
HOMO-LUMO orbital overlapping. The ~r-'rr* orbital over- 

lapping is realized only through a coordination of the $4C~_ 

fragment of DBTTF with the C6o pentagonal ring. It is obvi- 
ously also one of the reasons for the small CT rate and for a 
weak intensity in the CT band in the Vis-NIR range. The 

DBTTF.  C6o" C6H6 complex shows a unique arrangement of 
fullerene molecules which form approximately simple cubic 

packing with large distances between fullerene molecules. 
The electron state of these neutral complexes can be changed 

by doping with oxidant and reductant dopants. The doping 

of the DBTTF.  C6o" C6H6 complex by iodine was carried out. 
Iodine substitutes benzene molecules, and DBTTF- 

C6o.(C6H6)xI3. 5 and DBTTF-C6o.I9 compounds were 
formed [23]. The donor molecule is oxidized in doping. The 

study of the doping of the DBTTF.C6o. C6H6 complex by 
alkali metals is in progress. 
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