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and 
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The title compound NEP-TCNQ crystallizes with 0-bonded (TCNQ--TCNQ-)-dimers. We 
show by model calculations and ESR spectroscopy, that these bonds can be broken by thermal 
activation. The reverse reaction occurs spontaneously. The excited states are characterized as 
quasi immobilized triplet spin excitons (TSE) localized on the two "parts" of the former 
TCNQ-dimer. Additional weaker TSE and doublet signals are observed. 
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180 D. NOTHE P I  a/ 

1 INTRODUCTION 

We report the electron paramagnetic resonance (EPR) study of triplet spin 
excitons (TSE) in an ionic crystal containing a-bonded TCNQ - dimers, 
(NEP+),(TCNQ--TCNQ-), where NEP’ is the diamagnetic cation 5- 
Ethylphenasinium, or N-Ethylphenazinium, and TCNQ is the potent electron 
acceptor 7,7,8,8-Tetracyanoquinodimethane (TCNQ). 

Since the first synthesis of TCNQ in 1960,’ TCNQ complexes have received 
widespread attention and thorough-going investigation’ because of their 
unusual anisotropic optical and transport properties. TSE have been known 
in TCNQ salts since 19613: these are thermal S = 1 excitations with orienta- 
tion-dependent fine-structure splittings of the EPR signal, which occur in 
an underlying diamagnetic lattice of n-71 overlapping TCNQ- (S = 1/2) 
radical anions; their EPR spectrum exhibits extreme line narrowing, and 
only residual hyperfine effects on the exciton signal linewidth, because of the 
fast diffusional or hopping nature of the paramagnetic excitation, which is 
most pronounced along the linear chain of TCNQ-  anion^.^ This behaviour 
is not limited to TCNQ salts.4 

In polar solvents TCNQ- radicals can form an S = 0 dimerized complex 
with an enthalpy of formation of -44 kJ/mole of dimer (or 0.46 eV), which 
has been usually described as a n-n c o m p l e ~ . ~  

In the solid state most TCNQ crystals2” can form segregated linear stacks 
of TCNQ- anions (n-n overlap), sometimes interspersed with neutral 
TCNQ” molecules, and sometimes mixed-valent TCNQ-Y units, such as in 
the quasi-one-dimensional metal TTF-TCNQ. In other cases, mixed-stack 
charge-transfer (CT) solids are formed, as in TMPD-TCNQ, where TMPD 
is N,N,N’,N’-Tetramethyl-p-phenylenediamine. There is n-n overlap between 
the partly ionic6 TCNQ-Y and its S = 1/2 counterion TMPD+Y. Mixed 
stacking is generally found in neutral complexes with weaker donors. 

In two recently reported crystal structures, however, a rather long aliphatic 
sigma bond has formed between two neighboring TCNQ- anions. in the 
crystal: in [bis(2,2’-dipyridyl)platinum(II)]’+ (TCNQ--TCNQ-),7 this 
bond is 1.65(2) A long, and in (NEP+),(TCNQ--TCNQ-) it is 1.631(1) A 
long.s Such unusually long sigma bonds have been observed also in other 
 system^.^.'^ 

We have undertaken an EPR study of (NEP’)’ (TCNQ--TCNQ-) as 
part of a larger study’ ’ of several N-alkylphenazinium(NRP)-TCNQ and 
N-alkylphenazinium-TCNQF, salts, (NRP),(TCNQX,), where: R = CH,, 
C2H, n-C,H,, n-C4H9 and X = H, F. 

As discussed below, the crystals of (NEP’)’ (TCNQ--TCNQ-) exhibit 
four diFerent EPR signals: 

a) Thermally activated TSE lines which show an orientation-dependent 
fine structure splitting that can be identified with an S = 1 excitation of the 
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TRIPLET SPIN EXCITONS 181 

TCNQ--TCNQ- dianion, and assigned to a transition to an excited state 
where the long sigma bond is “broken.” This excitation shows no hyperfine 
structure. 

b) Other smaller S = 1 signals with much smaller fine structure splittings 
and nearly Curie behaviour. 

c) An S = 1/2 “impurity” line. (Curie behaviour). 
d) A narrow, thermally activated S = 1/2 line. 

The crystal structure (Figure 1 )  shows that there is n-n overlap not between 
adjacent TCNQ--TCNQ- dianions, but rather between one NEP’ 
cation and the two TCNQ- “half molecules” belonging to different dianions 
between which the NEP+ is sandwiched. Accordingly, the usual explanation 
of the mobility of the TSE along the stacking direction by hopping between 
n-n overlapping sites in a linear chain does not apply here. We shall instead 
propose that “quasi-immobilized TSE” exist in (NEP’),(TCNQ-- 
TCNQ-). 

In Section 2 we present and discuss the TSE signals; in Section 3 we show 
the behaviour of the S = 1/2 signals at g = 2. In Section 4 we discuss the 
solid-state implications of our results. 

2 TRIPLET SPIN EXCITON SPECTRA 

2.1 

Crystals of (NEP+),(TCNQ- -TCNQ-) were grown by mixing hot solu- 
tions of NEP’C10, (1 mmol) in 60 ml absolute acetonitrile and LiTCNQ 
(1 mmol) in 30 ml absolute ethanol and slowly cooling to room temperature.’ 
A specimen suitable for EPR analysis was selected, of size 2 mm by 1 mm by 
I mm. Its growth habit was checked by X-ray oscillation and Weissenberg 
photographs and by optical microscopy, and the face indices and crystal 
axes are identified in Figure 2. Also defined in Figure 2 is a convenient 
orthogonal coordinate system [ ( X ,  Y, Z ) :  Yllb, Zllc* and X l Y ,  21. The 
X-axis is 5.76 degrees from the crystallographic a axis (the stack axis) and 
90.0 degrees from the b axis. The Y axis coincides with the crystallographic 
b axis. The Z axis coincides with the c* axis and is 4.36 degrees from the c 
axis. Figure 1 reproduces the projections along [l, 0,0] and [0, 1, 01 of the 
published crystal structure:’ the TCNQ--TCNQ- atoms are marked by 
solid circles. Figure 2 also shows the inferred orientation of the TCNQ-- 
TCNQ- dianions inside the specimen. 

Table 1 contains, in the orthogonal coordinate system of Figure 2, the 
direction angles of the normals to the least squares planes of the NEP’ ion 

Crystal preparation, habit, structure, and conductivity 
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182 D. NOTHE et al. 
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FIGURE I Projection of the (NEP+),(TCNQ--TCNQ-) structure and the principal axes 
(x, y ,  z )  of the fine structure tensor along [0, I ,  01 (Figure la) and [ I ,  0, 01 (Figure lb) from 
Ref. 8. For clarity the central TCNQ--TCNQ- atoms are given as solid circles. 

TABLE I 

Direction angles a x ,  a y ,  az (degrees) of the relevant molecular parts of the crystal 
structure of (NEP+),(TCNQ--TCNQ-) (Ref. 8) with respect to the Cartesian 

coordinate axes X, Y ,  Z respectively, of Figure 2 

~ 

Normal to least-squares plane of either six-membered 
ring of TCNQ-TCNQ dianion 24.37 91.69 65.10 

Normal to least-squares plane of all conjugated ring 
atoms of NEP cation 27.86 91.31 62.17 

Vector C22’ to C22 (long sigma bond) 40.00 78.25 52.44 
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TRIPLET SPIN EXCITONS 183 

FIGURE Ib 

and of the TCNQ subunit of the TCNQ--TCNQ- dianion, as well as the 
direction angles of the vector C 22-C 22', which describes the long sigma bond 
in the dianion. 

The conductivity of (NEP+),(TCNQ--TCNQ-) at room-temperature, 
measured by the four-probe method on a single crystal, is of the order of 
1 0 - 1 1  a-I cm-' 

2.2 Intense TSE spectrum 

S = 1 signals were observedI3 in the temperature range 190 -= T < 420 K, 
and their temperature dependence could be fit to the empirical equation: 

I ( T )  = Z(O)exp(-E,/kT) 
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FIGURE2 Habit of(NEP+),(TCNQ--TCNQ)crystals used forEPRstudies,and definition 
of Cartesian coordinates ( X ,  Y ,  Z). For clarity the TCNQ--TCNQ- dianion orientation in the 
samples as inferred by X-ray analysis and from Ref. 8, is also shown schematically. 

with El = 0.27 k 0.01 eV (measured in the range 190 < T < 370). In rough 
agreement with this fit, the triplet spin concentration in the sample at room 
temperature (measured by comparison with a sample of TEMPOL (4- 
Hydroxy-2,2,6,6-tetramethylpiperidine-l-oxyl (Lancaster Synthesis Ltd., 
England) and ruby (NBS)) was found to be 2.0 k 0.5 x l ow3  spins/formula 
unit. The S = 1 signals are related below to excitations that “break” the 
long o-bond in the TCNQ--TCNQ- dianion. Then El is a measure of the 
thermal activation of this bond. 

The fine-structure Hamiltonian for any triplet ( S  = 1) state is given by:14 

A? = D(S,Z - 2/3) + E(S: - 3;) 
= -FxxS:  - F,,S; - F,,Sf 

(la) 
(1b) 

where D and E are unique parameters, (x, y, z )  is the principal axis coordinate 
system, and -F,,, - F y y  and -Fzz  are the eigenvalues of the traceless 
tensor. The fine structure splittings in Figure 3 were obtained in orthogonal 
crystal planes. The data were fit by a highfield approximation to Eq. I ,  
since D and E are small compared to gpBBo at B,, - 0.3T (X-band) for 
organic radicals. The experimental values of D and E at 300 K are D = 
- +0.0104(3) cm-’ and E = T0.0014(6) cm-’. The calculated values in 
Figure 3 are D = 0.0102 cm- ’, E = 0.0014 cm-’ for principal axes x, y ,  z 
oriented as shown in Figure 1. 

EPR spectra are shown in Figure 4 along the three principal-axis orienta- 
tions of the fine structure tensor at room temperature. Evident are also the 
S = 1/2 “impurity” signal, and the thermally activated narrow S = 1/2 
signal (Figure 4c), which are discussed in the next sections. The less intense 
TSE signals cannot be observed under these conditions. 

The temperature dependence of the fine structure parameter D has also 
been determined. The parameter Dihc decreases gradually from 0.0107 cm- 
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TRIPLET SPIN EXCITONS 185 

FIGURE 3 
strong TSE lines in orthogonal crystal planes. 

Comparison of the experimental and theoretical line-structure splittings for the 

at 240 K to 0.0094 cm-’ at 407 K. If the crystal is warmed up to 420 K, 
however, there is a rapid decrease of the fine structure splitting until only 
one broad featureless line is observed at 420 K. Upon cooling, the fine 
structure spectrum reappears reversibly. This collapse of the exciton lines is 
commonly observed in other 71-71 overlapping triplet TCNQ salts, and also 
in [bi~(2,2‘-dipyridyl)Pt(II)]~ ‘(TCNQ--TCNQ-), where a sharp phase 
transition occurs,’ but in (NEP+),(TCNQ--TCNQ - )  it occurs over a 
narrow temperature range from 410 to 420 K. This cannot be singly due to 
the temperature dependence of the triplet-exciton concentration. 

The orientation of the experimental F,, is fairly close to the orientation of 
the C22-C22’ vector, while F,, is precisely along the projection of the n- 
bond on the [loo] plane in Figure lb. What has clearly happened is that the 
triplet state forms, breaks the long sigma bond, and the spin densities re- 
arrange so that the maximum spin densities shift away from the C22 and C22’ 
atoms. The F,, orientation, instead of lying exactly along the C22-C22’ 
bond, moves towards a direction that points from one TCNQ ring to the 
other, There is probably some rehybridization of the sp3 C22 and C22’ 
atoms. 

In order to explain the magnitude and orientation of D and E ,  a theoretical 
calculation’6 of the fine-structure parameters was carried out. To the extent 
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D. NOTHE ef al. 

3,2 383 3,b 3,5 . lo-’ 

MAGNETIC FIELD B./ TESLA 

FIGURE 4 Fine-structure splittings along the principal axis directions x, y ,  z whose oriqta- 
tion relative to the ( X ,  Y ,  Z )  Cartesian system of Figure 2 is given in the last column of Table 11. 
In Figures 4b, 4c, the ”narrow” S= 1/2 signal can be seen in addition to the impurity signal. 

that we are dealing with non-interacting molecular units, the dipole-dipole 
interaction ,gd, if due to ion radicals A and B of known geometry, can be 
described by a 3 x 3 matrix,” 

(2) 

where p ,  q = x, y, z ,  and the ions are described by a set of spin densities p i ,  
p,j? localized at atom positions (atoms i in radical A,  a tomsj  in radical B )  
with interatomic distances r i j  = (x; + y$ + z ; ) ~ ” .  The eigenvalues of F,, 
are the -FIX, -F,,, -F,, of Eq. (lb). From these the theoretical estimates 
of D = (1/2) (Fxx + F y y )  - F,, and E = - (1/2) ( F ,  - FyJ  can be obtained. 
The approximation of point spin densities in Eq. (2) must eventually fail at 

F,, = i g 2 p i  2 pipj(r$ - 3 p . . q . . ) r T 5  V I J  I J  
i c A  
i ell 
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TRIPLET SPIN EXCITONS 187 

TABLE 11 

Eigenvalues F,, , F,, and F,, (cm-') and directional angles of eigenvectors (degrees) relative to 
the Cartesian coordinate system of Figure 2 from experiment (at 300K) and for four theoretical 
calculations (Eq. 2) of the TCNQ--TCNQ- S = 1 dianion using atom positions from Ref. 8 
and the spin densities of Table 111. In column (d) the spin densities of Table I11 (c) were used, 

but the spin densities of atoms C22 and C23, N27 and N30, etc. were interchanged 

F,, k 0.00487(6) 80" 0.01207 79" 0.01201 79" 
31" 34" 33" 

119" 121" 121" 
F,, & 0.00207(6) 39" 0.00846 39" 0.00899 42" 

115" 117" 118" 
118" 116" 119" 

73" 71" 73" 
42" 54" 45" 

F,, F 0.00693(6) 53" -0.02035 43" -0.02100 49" - 

0.02945 80" 
33" 

121" 
0.02579 48" 

120" 
124" 

-0.05524 44" 
77" 
50" 

0.00566 79" 
34" 

122" 
0.00349 35" 

115" 
113" 

69" 
41" 

-0.00915 57" 

small separations, where the spatial extent of the atomic orbitals must be 
considered. 

The crystal structure yields the ground state, or singlet, geometry which 
presumably relaxes on breaking the long o-bond. The results in Table I1 
support this conclusion, that the singlet geometry overestimates D and E 
for the TSE. Three different sets of theoretical spin densities were used 
(Table 111) for the TCNQ--TCNQ- diradical. One (a) is a minimum-basis set 
ab initio calculation for TCNQ- with DZh symmetry, as used for D and E 
values in RbTCNQ(I).'7a'18 The next two sets involve open-shell INDO 
calculations:16 set (b) is obtained for the TCNQ- ion in RbTCNQ(1) (C, 
symmetry); the spin densities were DZh symmetrized before use on TCNQ-- 
TCNQ-. The last set (c) is from an INDO calculation on the TCNQ- ion, 
with atomic coordinates from the (NEP+),(TCNQ--TCNQ-) crystal 
structure (that is, the distorted "half" of the dianion). A11 spin densities are 
rather close, but, as expected, for set (c), the spin density at C22, the sp3 
carbon participating in the long sigma bond, is much larger than in the more 
conventional TCNQ- geometries. The calculated fine-structure parameters 
F,,, FYY,  and F,,,  with their orientation relative to the Cartesian coordinate 
system of Figure 2, are compared with experiment in Table 11. There is close 
agreement in orientation of the theoretical and experimental fine structure 
tensors, but strong disagreement in the magnitudes of the principal values. The 
large spin densities at C22 and C22' are just too close together. The strong 
r - 3  dependence in Eq. (2) indicates that even a modest lengthening on break- 
ing the bond would significantly reduce F,,, F,,, and F,, without greatly 
affecting the principal axes of the dimer. 
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188 D. NOTHE et al. 

TABLE 111 

Spin densities for the TCNQ- atoms in the TCNQ--TCNQ- dianiqn 
~ ~~ ~- 

(a) (c)  
Ab initio (b) INDO 

Atom name on D,, TCNQ- INDO on TCNQ- in 
(from Ref. 8) (from Ref. 18) on TCNQ- (NEP+),(TCNQ--TCNQ-) 

N25 
N27 
N28 
N30 
CI 5 
C16 
C17 
C18 
C19 
c20 
c22 
C23 
c 2  1 
C24 
C26 
C29 

0.039 
0.039 
0.039 
0.039 
0. I09 
0.059 
0.059 
0.059 
0.059 
0. I09 
0.191 
0.191 
0.002 
0.002 
0.002 
0.002 

0.05908 
0.05908 
0.05908 
0.05908 
0.07309 
0.05196 
0.05196 
0.05196 
0.05 196 
0.07309 
0.20147 
0.20147 
0.00 167 
0.00167 
0.00167 
0.00167 

0.0376 
0.0356 
0.0640 
0.0620 
0.0618 
0.0531 
0.0512 
0.0351 
0.0331 
0.0715 
0.3491 
0.1226 
0.0076 
0.0015 
0.0013 
0.0085 

A different method of separating the spin densities in the triplet state was 
assumed for column d in Table 11. Instead of changing the separation, the 
spin densities are “reorganized” so that the largest densities are at the ends of 
the TCNQ--TCNQ- dimer. The spin densities of Table IIIc were switched 
end for end, by interchanging C22 with C23, N27 with N30, etc. The principal 
axes remain in satisfactory agreement, while the magnitudes are far more 
satisfactory. Until the geometry of the “relaxed” TCNQ’-TCNQ- triplet 
is accurately known, there can be no quantitative computation of F,,, F Y Y ,  
and F,, in Eq. 1. The identification of the strong TSE signal with the 
TCNQ--TCNQ- dimer, on the other hand, is clear from the principal axes 
needed for the fit in Figure 3. 

The TSE linewidths are shown in Figures 5 and 6 as function of orientation 
and temperature. No hyperfine structure is observed. The profiles are ap- 
proximately Lorentzian. These lines are remarkably broad compared to 
other TSE salts.3a Furthermore, the strong correlation between linewidth 
and triplet-exciton density is not seen in Figure 6, since AB is weakly varying 
while I ( T )  changes by orders of magnitude for E, = 0.27 eV. 

At room temperature the TSE signals for (NEP+),(TCNQ--TCNQ-) 
are broadest (0.74 mT, Figure 5b) when the magnetic fieId is in the principal 
zy-plane, about 30” from z ,  i.e. between the crystallographic a-axis and the 
normal to the TCNQ- molecular plane. The narrowest linewidth (0.1 1 mT) 
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FIGURE 5 Orientation dependence of the linewidth (0000) (measured between points of 
maximum slope) and of the peak-to-peak amplitude of the first derivative (....) of the intense 
TSE fine structure lines in the Z.Y (Figure 5a) principal axis plane, in the TL' (Figure 5b) ptane, 
and i n  the .uy (Figure 5c) plane. 
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FIGURE 6 Temperature dependence of linewidth of the strong TSE signals with B, parallel 
to the principal axes x. v. 2 .  
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is observed in the xy-plane, about 6" from the x-direction (Figure 4a), i.e., the 
TSE lines are narrowest perpendicular to the stacking direction almost 
parallel to b. The isotropic (solution) hyperfine constant is only uH = 0.14 
mTI9 for each TCNQ- proton. Eight protons for a TCNQ--TCNQ- 
dimer, which no longer has D Z h  symmetry or equivalent protons, might 
possibly yield a partly resolved hyperfine pattern. The role of the nitrogen 
nuclei, the anisotropies of a H ,  the deviations from planarity etc. would have 
to be considered. Recent computations2' on cis(CH),, with a far larger aH of - 3 mT and a spin density spread over - 15 carbon atoms, yield a comparable 
linewidth of several 0.1 mT and illustrate the washing out of hyperfine 
structure for immobile but delocalized spins. The broad (NEP+),(TCNQ-- 
TCNQ-) lines certainly rule out the usual rapid TSE motion, but the present 
data does not distinguish between slow motion and complete immobiliza- 
tion. Additional relaxation mechanisms2' involving exchange through 
NEP' or between TCNQ--TCNQ- dimers in different stacks can readily 
be postulated by analogy with other systems, but these processes are not well 
understood. Without attempting quantitative linewidth analysis, we merely 
characterize the TSE as "quasi-immobile'' and not dominated by the usual 
relaxation mechanisms2 ' involving exciton-exciton collisions. 

2.3 The weak TSE signals 

The fine-structure splittings of the less intense TSE signals are shown as 
larger circles in Figure 7, together with the intense TSE(. . .). Their linewidths 
are comparable to those of the intense TSE signals. Additional weak signals 
have been o b ~ e r v e d ~ ~ . ~ '  in other TSE salts. They were tentatively associ- 
ated" with misfit TCNQ- dimers from adjacent stacks. Since their activa- 
tion energies are quite low, of the order of a few cm- ',they are only significant 

-30 0 30 60 90 120 1M 
ORIENTATION ANGLE/ D E G  ORIENTATION ANGLE/ DEG ORIENTATION ANGLE / DEG 

(a t  I b) l c )  

FlGURE 7 Orientation dependence of the intense (....) and weak (0000) TSE fine- 
structure splittings in the zx (Figure 7a) principal axis plane, in the zy (Figure 7b) plane, and in 
the xy (Figure 7c) plane. 
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TRIPLET SPIN EXCITONS 191 

at low temperatures relative to the strong TSE. The weak TSE in (NEP+), 
(TCNQ--TCNQ-) show smaller fine structure splittings and different 
principal axes than the strong ones (Figure 7) and a magnetic behaviour 
that roughly follows a Curie law down to 1.4 K. There are many candidates 
for additional paramagnetic centers : neutral NEP radicals via back charge- 
transfer, misfit TCNQ-, higher spin states, etc. The present data does not 
allow us to draw precise conclusions. 

3 THE S = 112 SPECTRA 

3.1 

As is common in all TSE salts, an exchange-narrowed S = 1/2 “impurity 
line” at g close to the free electron value (2.00232) is observed. Its linewidth 
(Figure 4) at room temperature varies between 0.1-1.2 mT as the crystal is 
rotated. It may arise from the various domain boundary effects, lattice 
stacking errors, and other usual lattice defects that are unavoidable even after 
careful purification in organic ion-radical salts. 

The broad S = 112 “ i m p u r i t y  signal” 

l o3  

v) 
k 5 lo2  
m a 
? z 
9 10’ 
0 

10 O 

TEMPERATURE TIK 

300 250 200 
I I I 

s =1/2 

Ewz = (0.13 20,02 1 eV 

1 1 1 1 1 1 1 1 1 1  

3.2 40 5.0 
INVERSE TEMPERATURE 103 KIT 

FIGURE 8 
perature Tfor the “narrow” S = 1/2 EPR signal. 

Arrhenius plot for the integrated EPR intensity I as a function of absolute tem- 
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I92 D. NOTHE e! al. 

3.2 

An additional thermally activated narrow signal is observable near g = 2 
(Figure 4b, 4c) in a narrow angular range where it is not obscured by the 
broader impurity signal. Its temperature dependence is shown in Figure 8. 
In the temperature range of 220 < T < 300 K the activation energy 
(expressed as log I (T)  = A - E, , , / kT)  is El,, = 0.13(2) eV. Its linewidth 
at room temperature is about 0.05 mT. Since 2 E , , ,  = El,  these S = 1/2 
species may be related to the strong TSE, but we do not have a specific 
model. This narrow, activated S = 1/2 resonance in (NEP+),(TCNQ-- 
TCNQ-) is quite different from the usual g = 2 features of TSE salts. 

The “narrow“ S = 1/2 signal 

4 CONCLUSIONS 

We have demonstrated a new type of TSE in a TCNQ-containing salt: Its 
thermally activated formation involves not the simple “spin flip” along a 
more or less regular linear chain of spin-paired TCNQ- anion radicals but 
the breaking of a rather long o-bond (1.631 A) that binds the two halves of 
the diamagnetic TCNQ--TCNQ- dianion in the ground state. This triplet 
state has an EPR linewidth about one order of magnitude greater than for 
previously studied TSE salts. Its roughly Lorentzian lineshape, lack of 
hyperfine structure, and orientation dependence suggest that it is “quasi- 
immobilized,” in contrast to the usual, mobile TSE in organic ion-radical 
solids. Further work will show how general this behaviour may be in the 
system of N-alkylphenazinium-TCNQ and N-alkylphenazinium-TCNQF, 
salts. 
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