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AbstracGThe magnetic susceptibility and proton magnetic resonance spectra 
of complexes with composition (dibenzenchromium)+(TCNQ) (I), (ditoluen- 
chromium)+, TCNQ- (11), (dibenzenchromium)+(TCNQ) *(III), and (ditoluen- 
chromium)+(TCNQ) %(IV) have been measured in the temperature range from 
1.5 to 300°K. The magnetic susceptibility of complexes I and I1 at room 
temperature corresponds to the presence of one electron with S = f on a 
molecule of complex. The lack of the paramagnetic shifts of those nmr-lines 
which are due to the protons of TCNQ indicates that the paramagnetism of 
these complexes is connected solely with the unpaired spins of arenchromium 
cations. In complex I, the existence of two inequivalent groups of cations 
has been discovered, whereas in complex 11, all cations are presumably 
equivalent. 

The temperature dependence of susceptibility of complexes I11 and IV 
t,estifies to the presence of small nearly temperature-independent contribution, 
typical for all highly conducting complexes of TCNQ and connected with the 
TCNQ-chains. The constants of hyperfhe interaction between the unpaired 
electron and protons of arenchromiiim cations have been determined by 
combining the data on the temperature dependence of susceptibilities with 
the data on the paramagnetic shifts of nmr-lines. 

1. Introduction 

I n  the previous paper,(l) the preparation and some properties of new 
complexes of TCNQ with arenchromium compounds were briefly 
reported. Formally, in these complexes there are two unpaired spins 
on a molecule, one on the anion-radical TCNQ: and the other on the 
paramagnetic arenchromium cation, in distinction to the most TCNQ- 
complexes known which contain a diamagnetic cation. The presence 
of two unpaired spins on a molecule of complexes is confirmed by the 
existence of two epr-lines in a solution of acetonitrile. One of these 
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218 M O L E C U L A R  CRYSTALS A N D  L I Q U I D  C R Y S T A L S  

lines with g = 2.002 i 0.003 is due to  the spins of TCNQ, and one 
other with g = 1.987 0.003 is connected with the spins of cations. 
The existence of second unpaired spin in these complexes gives an 
additional possibility for investigation of their physical properties. 

Two types of complexes were prepared: the simple salts with 
composition D+(TCNQ :), and complex salts with composition 
D+(TCNQ)T~, where Df is the paramagnetic cation-radical of aren- 
chromium. At room temperature, the conductivity of complex salts 
is by 6-7 orders higher than the conductivity of simple salts.(') In  
this paper the results of detailed investigations of (dibenzen- 
chromium)+TCNQ:(I), (ditoluenchromium)+TCNQ:(II), (dibenzen- 
chromium)+(TCNQ) : 2(111) and (ditoluenchromium)+(TCNQ):,(IV) 
are reported. 

The magnetic susceptibility was measured on a Faraday-type 
microbalance(2) in the temperature range from 1.6"K t o  300°K. 
The susceptibility of each specimen was determined in three different 
fields: 1.7, 4.26 and 8.1 kOe. The diamagnetic susceptibility of the 
lattice was calculated from Pascal's constants. The spectra of 
proton magnetic resonance were studied in the temperature range 
from 1.5 to  300°K employing a Ponnd-Knight type spectrometer 
with operating frequency of 31 Mc/sec. 

2. Simple Salts 
As has been mentioned, each molecule of the complexes should 

contain two unpaired spins. However, the molar paramagnetic 
susceptibility of both simple salts is 12.6 cgsm/mole, which 
corresponds exactly to the presence of one spin on a molecule. The 
temperature dependence of susceptibility is shown in Fig. 1 (upper 
solid line) and Fig. 2 for complexes I and 11, respectively. At high 
temperatures (up to 100 OK) the susceptibility follows the Curie- 
law; below this temperature it begins to deviate from the Curie- 
law and passes through a maximum at 2.4 "K for complex 11. 

The proton magnetic resonance spectra a t  T = 4.2"K for both 
simple salts are given in Fig. 3. Each spectrum consists of three 
lines. For complex I, the position of the narrow line corresponds 
to  the resonance field of protons in a diamagnetic compound (H,,). 
Two others are shifted towards lower fields. The displacement of 
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MAGNETIC P R O P E R T I E S  O F  C O M P L E X E S  O F  TCNQ 219 

Figure 1. Temperature dependence of susceptibility of dibenzenchromium 
(TCNQ). 0--susceptibility of dibenzenchromium (TCNQ) measured on 
microbalance; X and .-paramagnetic shifts of the centres of gravity of 
two shifted lines of PMR of the same compound. Dashed lines are drawn 
according to Eqs. (4) and ( 5 ) .  The scale 
of the ordinate axis is chosen to fit best to the solid curve with the measured 
susceptibility. 

Solid curve represents their sum. 

the centre of gravity of the absorption line is determined by the 
isotropic coupling constant u and the magnetic susceptibility x 

H,- H ,  = aXH,/hN, (1)  

where N is Avogadro’s number, and h is Planck’s constant. 
The form of the most shifted line is typical for a polycristalline 

for the case where there is an axial-symmetric hyperfine interaction. 
The anisotropic coupling constant b determines here how the 
resonance fields are shifted relative to  the centre of gravity with 
parallel and perpendicular orientations of the axes of symmetry 
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220 MOlhECULAR CRYSTALS A N D  L I Q U I D  CRYSTALS 

Figure 2. Temperature dependence of the susceptibility of ditoluenchromium 
(TCNQ). 

relative to  the external field: 

N u  - H ,  = - 2bxH0/hN ( 2 )  
H L -  H ,  = bXH&N (3)  

The ratio of the intensities of nmr-line is 2 : 3 : 3 for complex 1. 
The unshifted line, with the intensity 2, does not change when the 
temperature increases, whereas the shift and the width of two others 
depends on the temperature (Fig. 4). At low temperatures, these 
lines are well resolved, while at high temperatures they merge into 
one line. As can be seen in Fig. 1, the shifts of the centre of gravity 
of these lines do not follow the temperature variation of susceptibility. 

For complex 11, a line shifted towards lower fields is observed as 
well. Its shape is typical for the axial-symmetric hyperfine inter- 
action. The shift of the centre of gravity and the width of this line 
are proportional to the susceptibility, in accordance with Eqs. (1-3). 
In this case, the unshifted line and the one shifted towards higher fields 
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Figure 3. 
(b) Proton absorption spectra of ditoluenchromium (TCNQ). 

(a) Proton absorption spectra of dibenzenchromium (TCNQ), 
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222 MOLECULAR CRYSTALS A N D  L I Q U I D  CRYSTALS 

T-2.70"K 

T - 4 6 5 ° K  

T'- 15.50 "K 

T -31.7 "K 

Figttre 4. Records of PMR spectra's derivatives of dibenzenchroniium 
(TCNQ) at different temperature. 

are resolved rather poorly which makes impossible the determination 
of their form and relative intensities. 

One can explain the above results by assuming that the spins of 
anion-radicals are coupled by a strong interaction, which gives rise 
to the complete pairing of them. Thus, the paramagnetism of the 
simple salts is connected solely with the unpaired spins of aren- 
chromium cations. 

The unshifted line observed in the nmr-spectra is due to the 
protons of TCNQ, and the lack of the shift from the resonance field 
H ,  points to the absence of the spin density on the TCNQ-anions. 
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Besides the unshifted line, there are two others in the nmr-spectra 
of complex I. Since all 12 protons of dibenzenchromium are equiva- 
lent, and the shifts of each line do not follow the paramagnetic 
susceptibility of the complex, i t  should be assumed that there are 
two non-equivalent groups of cations with different temperatnre 
dependence of the susceptibility. From the data on the temperature 
dependence of paramagnetic shifts, one can ascertain that the 
Susceptibility of one half of cations varies with the temperature 
following the Curie-Weiss law : 

with 

x1 = N g 2 p / 8 k ( T -  0) 
6' = - 0.5"K 

(4) 

The susceptibility of the other part of cations can be fitted to  the law 
of pair coupling : 

x 2  = Ng2p2/2kT(1 + 3expI/kT) 

with Ilk = 11.9"K ( 5 )  
The dashed lines in Fig. 1 are the plots of x1 and xz vs temperature. 
As can be seen, the summary susceptibility (solid line) is in good 
agreement with the data obtained from the microbalance measure- 
ments. Using the obtained values of x1 and xz, the Eqs. (1-3) allow 
the determination of the coupling constants between the unpaired 
electron and the protons. For the cations of both types, this gives : 
a = 3.1 i 0.2 Oe, b = 1.1  i 0.1 Oe, which agrees well with the 
constants reported early for dibenzenchrominm iodide.@) It should 
be noted that the existence of two non-equivalent cations in the unit 
cell of the complex I has also been shown by direct X-ray ana1y~is.c~) 

The 
nmr-line shifted towa.rds lower fields is due to  the protons of benzene 
rings. The coupling const'ants between these protons and the 
unpaired electron are a = 3.1 i 0.2 Oe, b = 1 .1  i 0.1 Oe. The 
line shifted towards higher fields is due to the protons of CH,-groups. 
It is impossible to determine the coupling constants for these protons 
in view of the poor resolution of lines. 

I n  complex 11, all cations are, presumably, equivalent. 

3. Complex Salts 
The temperature dependences of the susceptibility of complexes 
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I11 and IV are shown in Figs. 5 and 6, respectively. At room 
temperature its values for both salts are smaller by a' factor of 
approximately 1.5 than those obtained from the Curie-law. The 
extrapolation of the plots of x YS 1/T on the x-axis represented in 
Figs. 5 and 6 show that a t  high temperatures there is a paramagnetic 
contribution xm, which is higher than diamagnetic susceptibility of 
the lattice. For the complex 111, xm = 4.9 - 1 0 - 4  cgsm/mole, and 
for the complex IV, x m  = 4.2 10-4  cgsm/rnole. It should be noted 
that, for simple salts discussed in previous section there is no 
additional paramagnetic contribution of this kind, and the extra- 
polation of the plot of x vs 1/T on the x-axis yields just Xdia. 

L , 
10 20 30 40 50 6o lW/r,'K-l 

Figure 5. Temperature dependence of the susceptibility of dibenzenchromium 
(TCNQ),. 
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Figure 6. Temperature dependence of the susceptibility of ditoliienchromium 
(TCNQ)z* 

The lines of proton magnetic resonance of complexes I11 and I V  
are drawn in Figs. 7a and 7b, respectively. The nmr-spectrum of 
the complex I11 consists of two lines. One of them, shifted towards 
lower fields relative to the field H o ,  has the form which is typical for 
a polycrystalline specimen in the case when there is an axial-sym- 
metric hyperfine interaction; this line is due to the protons of 
benzene ring of cations.@) Another line whose position corresponds 
to the resonance field H ,  of protons in a diamagnetic substance is to 
be ascribed to the protons of TCNQ. The ratio of intensities of these 
lines is 3 : 2, as could be expected. 

~ The spectrum of complex I V  consists of three lines. Here, the 
unshifted symmetric line is again to be ascribed to the protons of 
TCNQ, while the others shifted towards lower and higher fields are 
due to  the protons of benzene rings and to the protons of CH,-group 
of cations, respectively [,3]. The ratio of int,ensities of these lines, 
6 : 3 : 4, confirms this conformity. 
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0 8 .  

n -  

The above described results can be interpreted as follows. It is 
known that at suffciently high temperatures (say, > 50°K) the 
susceptibility of the highly-conducting complexes of TCNQ depends 
rather slightly on the temperature.(5.6) Such a behavior of the 
susceptibility reveals a strong interaction between spins of TCNQ- 
molecules, and is related, presumably, to the high conductivity of 

0 6. 

0 4. 
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these complexes. Therefore, i t  can be naturally suggested that the 
paramagnetic contribution xm has in our case the same origin and is 
connected with the system of TCNQ-spins. I t s  value, as well as that 
for other highly-conducting complexes of TCNQ,(5es) is smaller by a 
factor of 2.5 to 3 than the room-temperature susceptibility calculated 
from the Curie law, 

If one subtracts this temperature-independent susceptibility (at 
very low temperatures, it can vary of course, but here its contribu- 
tion to the total susceptibility is small) from the total susceptibility, 
the value xpara = x - xm is obtained which, for both complexes in 
the wide range of temperatures, is described rather well by the 
Curie-Weiss law xpara = C/(T  + e )  with constant C which corre- 
sponds to one spin on a molecule of the complex and with 9 = 1 "K 
and 0.5 OK for complexes 111 and IV, respectively. It is natural to 
ascribe this contribution to the total susceptibility to the spins of 
arenchromiiim cations. 

For complex IV, the above Curie-Weiss law holds true for the 
whole temperature range, revealing the weakness of the interaction 
between the spins of ditoluenchromium cations. Using these values 
of susceptibility, one can determine the constants of hyperfine inter- 
action for the protons of the benzene rings: a = 3.4 + 0.3 Oe, 
b = 1.0 f 0.1 Oe. They agree well with the values obtained for simpIe 
salts. We cannot determine the hyperfine coupling constants for the 
protons of CH,-groups because of the poor resolution of the corre- 
sponding lines. 

For complex 111, the considerable deviations of xpara from the 
above Curie-Weiss law begin a t  temperatures below 20°K. As can 
be seen in Fig. 5 ,  the susceptibility achieves the maximum value a t  
5 "K, and then passes through a slight minimum a t  2.9 OK. At much 
lower temperatures, the susceptibility again increases approximately 
following the Curie-law. 

The increase of the susceptibility a t  the lowest temperatures is 
also typical for other highly-conducting complexes of TCNQ, and is 
connected, presumably, with the presence of small amount (of order 
of few percent) of localized spins in the specimens. If one subtracts 
this susceptibility connected with localized spins from the measured 
susceptibility, then a plot is obtained which corresponds to the 
susceptibility of linear chain of spins with exchange integral 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 0

8:
17

 2
3 

Fe
br

ua
ry

 2
01

3 



228 MOLECULAR CRYSTALS A N D  L I Q U I D  CRYSTALS 

Ilk = (8 1) "K. The displacement of centre of gravity of shifted 
line in the iimr-spectrum agrees well with the obtained values of 
susceptibility up to 5 O K .  A t  lower temperatures, this line exhibits 
strong broadening, and the determination of position of its centre 
of gravity becomes very difficult. However, such broadening is 
again characteristic of the behavior of the linear chain of spins. 

The constants of hyperfine interaction between the unpaired 
electron and the protons of benzene rings calculated by using the 
values of susceptibility obtained in this way, are a = 3.0 i 0.3 Oe, 
b = 1.1 + 0.1 Oe. 

Note in conclusion that the lack of the observable shifts for the 
nmr-lines connected with the spin-system of TCNQ testifies to the 
very small interaction between this spin-system and the spins of 
arenchromium cations. 
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