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THOMAS J. KISTENMACHER 

Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 2 12 18. 

(Receiiied July 7 ,  1980) 

Solution and solid state studies of TCNQF4 are reported. The electron affinity of TCNQF4 
has been derived from spectral observations of the visible-near IR charge-transfer band for the 
pyrene complex and compared to that derived from the half-wave potentials used to characterize 
its reactivity in solution. It is demonstrated that the series, TCNQ, TCNQF to TCNQF4 
shows a monotonic increase in reactivity with increasing fluorine substitution. Crystals of 
TCNQF4, grown from acetonitrile, are orthorhombic: space group Pbca, with the following 
crystal data: a = 14.678(7)A, b = 9.337(5)A, c = 8.174(2)A, V = 1 120.0(6)A3, Z = 4 [based on a 
molecular weight for CI2N,F, = 276.223, Dmeasd = 1.65(1) g Dcalcd = 1.64 g ~ m - ~ .  
Full matrix least-squares retinement (including anisotropic thermal parameters for all atoms) 
using 1763 counter-collected Fa's led to a final R value of 0.067 and a final weighted R value of 
0.036. The observed molecular geometry of TCNQF4 is compared to that of its parent molecule 
TCNQ and to its monoanion found in some charge-transfer complexes. Crystal packing of 
TCNQF4 affords two interesting types of intermolecular acid/base (or donor/acceptor) inter- 
actions utilizing the cyano nitrogen atoms and the fluorinated carbon atoms of the quininoid 
ring. This subtle amphoterism exhibited by TCNQF4 leads to reduced dimensionality for the 
crystalline motif and is compared to similar solid state interactions found in several other 
molecules with n-bonded ring systems containing highly-electronegative substituents. 
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I62 T. J. EMGE e t a / .  

INTRO DU CTl ON 

The synthesis’ of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyano-p-quinodimethane, 
TCNQF4, like that of other halo- and alkyl-substituted derivatives’ of the 
parent molecule TCNQ, has been completed in an effort to find new electron 
acceptor molecules for organic charge-transfer complexes. Donor-TCNQF4 
complexes studied to date are mainly insulators, possibly having complete 
or nearly complete charge t r an~fe r .~  A particularly interesting example is 
the segregated-stack complex HMTSF (hexamethylenetetraselenafulva1ene)- 
TCNQF4, a Mott-Hubbard insulator,” which is isostructural with HMTSF- 
TCNQ, a quasi one-dimensional conductor.’ The degree of charge transfer 
is of central importance to electron mobility and crystal cohesion in com- 
plexes containing segregated donor and acceptor chains. A theory of mole- 
cular Coulomb repulsion proposed by Bloch6 appears to rationalize the 
degree of charge transfer in many donor-acceptor complexes and is entirely 
described by a set of chemical potentials analogous to electron affinities 
(EA’s). The theory6 predicts that combinations of donors and acceptors with 
large IP (donor)-EA (acceptor) differences (spanning hundreds of meV) 
will all have essentially unit charge transfer. 

The electron affinity of TCNQF4 reported here and measured el~ewhere,~ 
in relation to other fluorinated TCNQ’s and TCNQ itself, is so high that the 
critical IP-EA difference is small for virtually all donors examined to date.3 
In order to accurately discuss the relationship of charge transfer to electrical 
conductivity and crystal cohesion, it is essential to have evidence, in the solid 
state, for actual charge transfer for both conducting and insulating materials. 
Among the various schemess that have been employed to measure the degree 
of charge transfer in donor-TCNQ complexes, one methods-” makes use 
of the coherent change in molecular geometry for the donor and acceptor 
components with charge transfer. Thus, we have undertaken a detailed 
analysis of the molecular geometry of neutral TCNQF4 by X-ray diffraction 
methods in order to provide a zero charge-transfer limit geometry. 

In addition, there has been considerable  peculation'^-'^ about the 
relationship between the mode of intermolecular interaction observed in 
neutral donor and acceptor molecules and that observed in their charge- 
transfer salts. For example, the mode of intermolecular interaction for the 
donor TTF (tetrathiafulvalene) as a neutral solidI4 is very similar to that 
observed in its charge-transfer salt with TCNQ.I5 In contrast, the mode of 
intermolecular interaction in solid TCNQ16 is quite different from that found 
in TTF-TCNQ.IS In general, these interactions can be described as acid/base 
(or donor/acceptor) in character.17-18 and range from ionic, as probably in 
alkali metal salts, to weakly covalent, as in HMTSF-TCNQ and HMTSF- 
TCNQF4, to dipolar, as exhibited by many n-bonded molecules with highly 
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TCNQF4 163 

electronegative substituents ( e g  chloranil).' 9-21 Accordingly, the molecular 
packing motif and intermolecular interactions in solid TCNQF4 are of 
themselves important and, particularly, in comparison to that displayed by its 
charge-transfer complexes. 

We wish then to report here on the determination of the molecular 
geometry and crystalline motif for TCNQF4, as well as the experimental 
determination of its electron affinity by solution spectroscopic and cyclic- 
voltammetric methods. 

EXPERIMENTAL 

Preparation 

The TCNQF4 employed in this study was synthesized according to the 
procedure of Wheland and Martin.' Repeated recrystallization from dry 
acetonitrile, followed by gradient sublimation, gave crystals of adequate 
purity. 

Solution and spectral studies 

The visible-near IR charge-transfer spectra were obtained for pyrene com- 
plexes of TCNQF4 and other acceptors in methylene chloride. From the 
A,,, of these spectra, the energy of the charge-transfer band (ECT) was 
obtained and used to derive the electron affinities of the various acceptor 
molecules. Independent measures of the electron affinities were obtained 
by cyclicvoltammetry from half-wave reduction potentials versus Ag/AgNO, 
and saturated calomel electrodes in 0.1 M tetrabutyl-ammonium tetra- 
fluoroborate in butylonitrile at 22°C. 

Diffraction studies 

Large, single crystals of TCNQF4 were obtained after complete evaporation 
of the acetonitrile solvent at room temperature. The data crystal employed in 
our study had well-developed natural faces and was free from observable 
imperfections. Subsequent grinding of this crystal gave a symmetrically- 
shaped ellipsoid 0.402 mm long by 0.350 mm in radial cross-section. Mount- 
ing along the principal axis resulted in an orientation approximately about 
the crystallographic c axis. 

The crystal density was measured by the neutral buoyancy method in a 
mixture of carbon tetrachloride and bromoform. Preliminary photographic 
recording of the intensity-weighted reciprocal lattice indicated that the 
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164 T. J. EMGE ef a/ .  

crystal system was orthorhombic, and the observed systematic absences 
(Okl, k = 2n + 1 ; h01,l = 2n + 1 ; hkO, h = 2n + 1) were consistent with the 
space group Pbca. The measured density allowed the presence of four mole- 
cules per cell, requiring that the TCNQF4 molecule display at least T(Ci) 
molecular symmetry. 

Unit-cell dimensions and their associated standard deviations were 
obtained from a least-square fit to the setting angles of 15 carefully-centered 
reflections measured on a Syntex P i  automated diffractometer. Standard 
crystallographic data are as follows: a = 14.678(7)A, b = 9.337(5)A, 
C = 8.174(2)A, v = 1120.0(6)A3, z = 4, Dmeard = 1.65(1) g Cm-3, Dcalcd = 
1.64 g ~ m - ~ .  The 7237 reflections in the fh-hemisphere to 28 = 62" were 
surveyed on the diffractometer, employing graphite-monochromatized 
MoKZ radiation and the 8/28 scan mode. A constant scan rate of 1.5 degrees 
(28) per minute was maintained for each diffraction peak. Three standards 
were monitored after every 100 reflections, and their intensities showed no 
unusual variation throughout the course of the experiment. A symmetry- 
averaged set of 1763 non-zero reflections was used as the basis of the struc- 
tural solution and refinement. The R value on averaging over the four octants 
of data was 0.016 [R,,, = &, IF!j - FfI/xr==l F:, where N = 
the total number of unique observations and n = the number of independent 
times each observation was measured]. An approximate scale factor was 
derived by the method of Wilson.22 

Positional parameters for all atoms were obtained by a combination of 
unsharpened and sharpened ( E 2  - 1) Patterson methods followed by 
Fourier and difference-Fourier syntheses. Full-matrix least-squares re- 
finement (all atoms treated anisotropically and minimizing the quantity 
1 w( I F ,  I - IF, where w = 4Fi/a2(F3 led to a final R value [c llFo I - 
lFcl l /~ l F o l ]  of 0.067 and a final weighted R value [{x w(IF,/-IF,~)~/ 
w I F ,  12}"' of 0.036. The derived value for the goodness of fit [{I w( IF, I 

- IF,I)2/(NO-NV)}"2, where NO = 1763 observations and NV = 91 
variables] was 2.56. A final difference-Fourier map was essentially feature- 
less (residual density peaks lying between k0.25 e/A3), restricting attempts 
to resolve deformation density information. 

Neutral scattering factors for all atoms were taken from the compilation 
of Hanson, Herman, Lea and Skillman.23 The scattering curves were cor- 
rected for anomalous dispersion effectsz4 Final atomic positional and 
thermal parameters (Vij's) are given in Table I, where we also include the 
differences in U i j  between the final least-squares values and those calculated 
from a rigid-body treatment of the tetrafluoroquininoid framework utilizing 
the method of Schomaker and T r u e b l o ~ d . ~ ~  The RMS difference between 
least-squares and the rigid-body Uij's is 0.0017A2, indicating that the tetra- 
fluoroquininoid framework can be effectively treated as a rigid body." We 
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TCNQF4 165 

have employed the librational tensor obtained from the rigid-body analysis 
to obtain corrected positional coordinates and derived bond lengths and 
angles (vide infr~).’~ 

TABLE I 

Final atomic parameters for TCNQF4 

Estimated standard deviations are enclosed in parentheses. The fractional coor- 
dinates and anisotropic thermal parametersa have been multiplied by lo4 

x 

809(1) 
- 292( 1) 

570(1) 
1120(1) 
1982(l) 
884(1) 

2663(1) 
729(1) 

1582( I )  
- 58O( 1) 

u,  I uz2 
478(6) 461(6) 

563(7) 436(6) 
I-5ib c01 

134j c22j ‘ 

c-61 (4) 

c-81 r-281 

530(7) 484(7) 

560(X) 701(9) 

C(6) 61 l(8) 

N(l)  651(8) 
c01 

N(2) 880(8) 
I - 551 

F(1) 629(4) 
C281 

F(2) 741(5) 
C541 

c-981 

Y 
740(1) 

-797(1) 
-81(1) 
- l76(1) 

536(2) 
-982(1) 
1077( 1 )  

-1565(1) 
1492( 1) 

- 1585(1) 

u33 u12 

636(7) -69(5) 

567(6) - 54(6) 
[-591 1-35] 

[-391 [-I71 

c-91 i-361 

575(7) 19(5) 

628(8) 46(6) 

722(9) 27(7) 
c-201 c-11 

r-381 c651 

2 

27(1) 
13 13( I )  
1452(1) 
2805(2) 
2962(2) 
4245(2) 
3212(2) 
5441(1) 

68(1) 
2578(1) 

L’, 3 u2 3 

112(6) - 39(6) 
c-51 1-28] 
146(6) lX(6) 
c211 c191 

11~1 c231 

119(6) -48(5) 

87(6) - 20( 6) 
roi r-61 

7(7) 22(7) 
c41 C5 71 

561(8) 690(9) 
1-201 C351 
1123(12) 1059(10) 

794(8) 747(7) 

749(5) 763(5) 

691(4) 631(4) 

1421 c 1461 

r6i c581 

c01 I - 641 

1-25] [ - I l l  

38(6) - 3(7) 

c781 c121 

1-21 1-34] 

[ - 331 11 I 1  

151 [ - 401 
-111(8) -74(7) 

- 60(7) -41(7) 

- 257(4) 70(4) 

- 174(4) 107(4) 
r-61 cl51 

- 3(7) 
I - 221 
32(9) 

127(7) 

13(4) 
[ - 651 

c251 

171 

c-91 
lOX(4) 

~~ 

a The anisotropic thermal ellipsoid is defincd by the equation: 

exp[- 2nz{U, ,(u * h)’ + U,,(b * k)’ -t U,,(C * /)’ f 2U,,(a * b * hk)  
+ 2U,,(a * c * hl )  + 2U,,(b * c * k l ) ) ] .  

Differences in U j j  between final least-square refinement values and libration- 
corrected values are included in square brackets. 
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166 T. J. EMGE ei al. 

The crystallographic computations were carried out with a standard set 
of computer  program^.'^ Illustrations were prepared with the aid of 
ORTEP.28 

RESULTS AND DISCUSSION 

(a) 

Both uncorrected and libration-corrected intramolecular bond lengths and 
angles for TCNQF4, illustrated in Figure 1, are collected in Table 11. The 
correction to the molecular geometry for librational effects are small (on 
the order of 0.001A to 0.006A), although-as in the analysis of TCNQ16- 
the computed corrections to the terminal cyano group bond lengths are 
probably underestimated by about a factor of 2. A comparison of the mole- 
cular geometry of TCNQF4 and TCNQ completes Table 11. 

A detailed analysis of the bond lengths in TCNQF4 and TCNQ from 
Table I1 reveals dnly two minor differences. The formal ring double bond, 
C(l)-C(T), and one of the adjacent formal single bonds, C(2)-C(3), are 
about 0.01A shorter than in TCNQ. These differences are quite possibly 
related to the presence of the fluoro substituents in TCNQF4, but obviously 

Molecular geometry of the TCNQF4 molecule 

FIGURE 1 
at the 30"" probability level. 

An illustration of a single TCNQF4 molecule. The thermal ellipsoids are drawn 
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T C N Q M  

TABLE 11 

Comparison of the bond lengths and angles in 
TCNQF4 and TCNQ 

167 

~ ~ ~- 

(a) Bond lengths 

(b) Bond angles 

Angle 
C(3)-C( I)-C(2*) 

C(3)-C(2)-C( 1 *) 

C( I)--C(3)--C(2) 

C( I)-C(3)-C(4) 

C(2)-C(3)-C(4) 

C(3)-C(4)-C(5) 

C(3)-C(4)-C(6) 

C( 5) - C(4) - C( 6) 

N( I)-C(S)-C(4) 

N(2)-C(6)-C(4) 

F( I)-C( I)-C(3) 

TCNQF4 
1.334(2) 

[1.336] 
1.438(2) 

[ 1.4431 
1.436(2) 

[ 1.4421 
1.372(2) 

1.435(2) 

1.439(2) 

I .  139(2) 

1.141(2) 

c1.3741 

c1.4411 

[ 1.4451 

[ I .  1411 

c1.1451 
1.335( 1 )  

[1.336] 
I .338( 1) 

[ 1.34 1 1 

TCNQF4 
123.2( 1) 

123.2(1) 

113.5(1) 

I23.0( I )  

I23.5( 1) 

124. I (  1) 

123.5(1) 

[ 123.01 

c123.21 

[ I  13.71 

[I2231 

[123.5) 

[ 124.11 

C123.31 

[I 12.61 

[ 174.71 

C175.81 

112.4(1) 

174.7(1) 

175.8(1) 

117.9( I )  
[I 18.01 

TCNQ 

[ 1.3461 

[ I .446] 

[ 1.4501 

C1.3741 

[ 1.4411 

1.344(3) 

I .440(4) 

1.445(4) 

1.3730) 

1.436(4) 

1.435(4) 

1 . I  39(3) 

1.137(3) 

[ 1.4401 

[1.141] 

[ I  . I  391 

TCNQ 
I 2 I .  I(2) 

I20.8(2) 
[ 121.0] 

[I 20.71 

[118.3] 
118.1(2) 

121.1(2) 

120.8(2) 
[ 121.01 

[ 120.71 

[ 122.01 

[121.8] 

[116.1] 

[I  79.41 

[ 179.61 

122.1(2) 

121.9(2) 

1 15.9(2) 

179.4(2) 

179.6(2) 
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168 T. J. EMGE e t a / .  

TABLE 11 (continued) 

Comparison of the bond lengths and angles in 
TCNQF4 and TCNQ 

(b) Bond angles 

Anyle TCN QF4 T C N Q  
F(l)-C(l)-C(2*) 118.9(1) 

F(2)-C(2)--C(3) I18.3(1) 

F(2)-C(2)-C(I*) I18.5(1) 

[ I  18.91 

[ 1 18.43 

[I 18.41 

a An asterisk signifies the following transforma- 

Standard deviations of the least-significant digit 

' Libration-corrected values are given in square 

tion: S, j .  I .  

are given in parcntheses. 

brackets. 

it is in the intramolecular bond angles that the effects of the fluoro sub- 
stituents are predominantly displayed. The endocylic ring angles about the 
carbon atoms C(1) and C(2) and the exocyclic bond angles about atom C(3) 
have all expanded by -2" on going from TCNQ on TCNQF4. In contrast, 
the endocyclic bond angle about atom C(3) has contracted by -5". These 
bond angle changes are in the same direction but considerably larger in 
magnitude than ReesZ9 has observed in the series p-benzequinone, chloro- 
p-benzoquinone, dichloro-p-benzoquinone through tetrachloro-p-benzo- 
quinone(chlorani1). We attribute the increased influence of the fluoro over 
the chloro substituents to the considerably shorter C-F versus the C-CI 
bond length (1.34A and 1.71A, respectively) and the concomitant increase 
in the intramolecular steric repulsion. Consistent with this interpretation 
are the increase in the C(3)-C(4)-C(5) and C(3)-C(4)-C(6) bond 
angles by -2" and the concurrent decrease in the C(5)-C(4)-C(6) bond 
angle by 3.5", each of these effects being attributed to intramolecular repul- 
sion between the malonitrile moiety and the fluoro substituents. Thus, 
TCNQF4 can be added to the ranks of "crowded" organic molecules. 

The average C-F bond length in TCNQF4 of 1.336( l)A agrees well with 
the typical value of 1.35A determined by Yokozeki and Bauer3' from a 
variety of compounds containing C(sp2)-F bonds. In particular, the ob- 
served C-F distance in TCNQF4 lies, as expected, between those found for 
mono- and di-fluorobenzene (1.35 and 1.31A, r e ~ p e c t i v e l y ) . ~ ~ - ~ ~  

The TCNQF4 molecule is moderately planar, displaying nearly mmm(D,,) 
molecular symmetry although only T(C,) symmetry is crystallographically 
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TCNQF4 169 

required. In Table IT1 we present a least-square analysis of the benzenoid 
ring of the TCNQF4 and note the deviations of all atoms from this plane. 
Qualitatively, the deviations from planarity of the TCNQF4 molecule are 
five to ten times larger than for the TCNQ molecule.’6 The increased non- 
planarity in TCNQF4 is again probably a direct result of minimizing 
intramolecular repulsive interactions in this “crowded” molecule. 

TABLE I11 

Planarity of the benzenoid ring in 
TCNQF4 and deviations (A) of indivi- 

dual atoms from this plane 

In the equation of the plane below, X, Y ,  
and 2 are coordinates (A) referred to the 
orthogonal axes X along a, Y along h, 
and Z along c. Atoms indicated by an 
asterisk were given zero weight in cal- 
culating the plane; all other atoms were 

equally weighted 

(0.4671X - 0.8007 Y -0.37512 = 0.OOoOA) 
C(l) f0.007 C(4)* t0.040 
C(2) f0.007 C(5)* I0.050 
C(3) +0.006 C(6)* F0.039 
N(I)* i0.036 F(1)* f0.052 
N(2)* rt0.002 F(2)* F0.003 

Finally, the observed geometry of neutral TCNQF4 can be compared to 
that of its anion in some charge-transfer complexes. We have examined in 
detail the structures of HMTSF-TCNQF433 and DBTTF(dibenz0tetrathia- 
f~lvalene)-TCNQF4.~~ In comparing the TCNQF4 bond lengths in these 
charge-transfer complexes to those in TCNQF4 reported here, we find (in 
accord with theoretical considerations and experimental observations of 
TCNQ systems)8 that the most effected bond length is the exocyclic C=C 
bond of the quininoid ring. The charge-transfer complexes exhibit values 
for this bond [1.405(5)A for the HMTSF complex33 and 1.412(6)A for the 
DBTTF complex]34 which are about 0.04A longer than in neutral TCNQF4 
[ 1.372(2)A]. As in the TCNQ complexes, this elongation arises probably 
from the population of the frontier LUMO which is antibonding in charac- 
ter for the C(3)-C(4) double bond.35 If a similar bond length change versus 
charge transfer correlation exists for TCNQF4 complexes as for TCNQ 
complexes,8 then the bond length elongations in HMTSF-TCNQF4 and 
DBTTF-TCNQF4 are suggestive of nearly unit charge transfer. This 
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170 T. J. EMGE et al. 

deduction from molecular geometry considerations is in excellent agreement 
with the degree of charge transfer obtained from other physical properties 
of these TCNQF4 c ~ m p l e x e s . ~ . ~ ~  

(b) 

The crystal structure of TCNQF4 displays two interesting short contacts 
between symmetry-related molecules. One of these contacts, N( 1)  
- - -  C(l)[j - x, -y, 4 + z ]  is observed at 3.18A and lies just short of the 
expected sum of the van der Walls radii (3.20-3.25A), Figure 2B. The other 
of these contacts, N(2) - - -  C(2), is found at 2.97A-less than the sum of the 
van der Walls radii by 0.23-0.28A, Figure 2A. Each TCNQF4 molecule in 
the solid partakes in a total of eight such acidbase interactions, four of 
which are shown for the central molecule in the unit-cell stereoview of the 
crystal structure presented in Figure 3. 

The weaker N(l) - - -  C(1) interaction is identical in magnitude to the 
3.18A N - - -  C contact observed in the structure of TCNQ.16 However, for 
TCNQ, the crystal packing is dominated by the parallel stacking of two 
molecules in a ring-over-cyano group rnotif,l6 Figure 2C. This stacking 
mode in TCNQ somewhat resembles the ring-over-quininoid double bond 
mode observed in many donor-acceptor complexes containing charged 
TCNQ  anion^.^' In the herringbone arrangement found in the structure of 
TCNQ,16 the dihedral angle between interacting dimers is 48.0". This small 
dihedral angle is comparable to that (44.1") between planes which show the 
similarly weak N(1) - - -  C(l) contact in the structure of TCNQF4. 

Certainly the most interesting feature of the structure of TCNQF4 is 
the strong N(2) - - -  C(2) interaction. Primarily on the basis of this contact, 
one may characterize the TCNQF4 molecule as being amphoteric-that is, 
it acts as both a base (donor) through its electron-rich cyano groups, and an 
acid (acceptor) through its electron-deficient fluorinated ring carbon atoms. 

Similar acid/base amphoterism has been studied extensively, including 
the carbonyl-oxygen-atom-to-carbonyl-carbon-atom interaction in para- 
bamic acid,38 barbituric acid39 and chloranil." Particularly, the inter- 
molecular interactions in the structure of chloranil' provide an excellent 
analogy for the acid/base interactions found in the structure of TCNQF4. 
There is a weak intermolecular contact at 3.06A between the electron-rich 
carbonyl oxygen atom and a chlorinated, electron-deficient, benzenoid 
carbon atom of a symmetry-related chloranil molecule. The strongest inter- 
molecular contact in chloranil, however, is that of 2.85A, which occurs 
between the carbonyl oxygen atom of one molecule and the carbonyl carbon 
atom of another molecule. Figure 2D. The two contacts in chloranil are rather 
short in comparison to the expected sum of the van der Waals radii (by 

Intermolecular interactions and crystal packing 
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TCNQF4 I71 

(A) 

CL CL 

0 
( D1 0 

FIGURE 2 Comparison of intermolecular interaction geometries for selected molecules. 
Tlic view direction is normal to the least-squarcs molecular plane of the shaded molecule in 
each case. (A) TCNQF4, N(2) --- C(2; x, 4 - y ,  f + z )  interaction (3.18A). (9) TCNQF4, 
N( l )  --- C(1; f - x, >F, $ + z )  interaction (2.97A). Projection view on the parallel overlap 
of two TCNQ moleculcs. (D) Chloranil. O( I )  --- C(3; $ - x, t y, 2) interaction (2.85A). 

about 0.04-0.09A for the weaker contact and by about 0.25-0.30A for the 
stronger contact-essentially the same ranges observed for the two contacts 
of interest in the structure of TCNQF4). 
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I72 T. J. EMGE rt a/. 

FIGURE 3 
All pertinent N - - -  t interactions arc shown for the central molecule. 

A stereoview (along c) of the packing in the unit cell for the TCNQF4 structure. 

An additional analysis of the strength of the interactions of TCNQF4 
may be made on the basis of specific dihedral angles between interacting 
planes and the angles about atoms involved in the contacts.”-” In Table IV, 
we compare several features of the 0 - - -  C intermolecular contacts for para- 
bamic chloranil (from both room temperature and 110K X-ray dif- 
fraction data),lg and barbituric acid39 as well as the N - - -  C contacts in 
TCNQF4 and TCNQ.16 An interesting trend, besides the consistent de- 
crease in the contact distance with increasing strength, is the opening of the 
dihedral angle between molecular planes to perhaps 90”. The dihedral 
angle between planes seems to be consistent in its sensitivity to the apparent 
strength of the interaction, even though this angle is affected by all aspects 
of the crystal packing. Similar observations have been made by Biirgi and 

TABLE IV 

Approaches and angles of selected compounds with interesting 
acid/base interactions 

Compound 

Parabanic acid 
Chloranil ( I I O K )  
Chloranil (298K) 
Barbituric acid 

TCNQF4 

0 - - -  C 0 - - -  C=O Dihedral 

disfance ( A )  ariyk (de,q) ungir ( d e g )  
2.11 90.8 10.9 
2.11 99.5 68.3 
2.85 99.4 61.1 
2.90 106.2 67.1 

N ... C-F- N --- C 

distunce ( A )  angle (dq) 
2.91 83.6 13.6 
3.18 12.1 44.1 

N - - -  C=C 

angle (deg) 
3.18 106.0 48.0 
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TCNQF4 I73 

co-workers18’21 in more elaborate tabulations. Also, the angles between the 
carbonyl oxygen atom and the contacted carbonyl group (similarly between 
the cyano nitrogen atom and the C-F group in TCNQF4) seem to in- 
dicate a preference for an interaction approach near right angles, advancing 
from the obtuse side for the 0 - - -  C=O contacts and from the acute side 
for the N - - -  C-F contacts. These angles may be better indicators of dipolar 
strength than the C E O  - - -  C angle or its counterpart in TCNQF4 the 
C-N - - -  C angle, which is inconsistent with the apparent trends observed for 
the carbonyl-containing compounds. 

Finally, we wish to emphasize the fact that the strong N(2) - - -  C(2) inter- 
action observed in TCNQF4 allows, qualitatively, a reduction in the di- 
mensionality of the crystal structure. In Figure 4, we present a projection 
of the TCNQF4 structure onto the ac crystallographic plane. It is clearly 
evident that the strong N(2) - ~ -  C(2) contacts lie within planes parallel to 
the bc plane. The weaker N(l) - - -  C(l) contacts serve to couple these 
planes of strongly interacting molecules. Thus, the structure of TCNQF4 
can be considered as composed of strongly-coupled, two-dimensional layers 

FIGURE 4 A projection of the structure of TCNQM onto the ac crystallographic plane. 
Note the presence of only interactions of the type N(2) _.. C(2) in the bc plane and the coupling 
of these planes through the weaker N(1) .-- C(1) interaction. 
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174 T. J.  EMGE et ul. 

weakly extended to three dimensions. Similar dimensionality effects are a 
common characteristic of many charge-transfer complexes containing 
TCNQ and TCNQF4.2*8737 

(c) Cyclicvoltammetry results 

The reactivity of acceptor and donor molecules is typically characterized 
by solution half-wave potentials whose values depend on reference electrode, 
electrolyte, solvent, and specific conditions of the cyclicvoltammetry. 
Although half-wave potentials for reversible one-electron transfers are 
convenient representations of electron affinity (EA), their reported values 
vary a great deal. In addition, the determination of absolute EA by thermal 
electron attachment4’ or magnetron41 techniques is not available to most 
researchers. 

We have adopted Eq. (1) from Chen and Wentworth7 for obtaining 

EA(C7‘) = IP + C - E,, (1) 

acceptor EA’s spectrophotometrically. Following the procedure of Merri- 
field and Phillips:’ charge-transfer bands in the absorption spectrum were 
recorded for methylene chloride solutions of pyrene complexes with TCNQ, 
TCNQF, and TCNQF4. Electron affinities calculated from Eq. (1) [where 
IP + C = 4.51 k 0.26 eV] are plotted in Figure 5 versus first half-wave 
potentials recorded under identical conditions. The resulting linear re- 
lationships with unit slope follow Eq. (2),  

EA(E, , , )  = E$ - AG,,1 - C,  ( 2 )  
where AGSo1 = 2.53 eV for butylronitrile and C = - 5.07 eV for the saturated 
calomel and -5.45 eV for the Ag/AgNO, electrode.43 The EA’s calculated 
from Eqs. (1) and (2) are listed in Table V. A monotonic variation in E A  
with the number of fluoro substituents is observed. This linear relationship 
for EA(CT)  and EA(E,,,) gives confidence to the EA(C7’) derived from 
Eq. (1). Similarly, the close agreement between the two sets of derived 
EA’s suggests that reliable EA’s for TCNQ-like molecules can be obtained 
from cyclicvoltammetry, once the constants in Eq. (2) are established for a 
specific set of conditions. We recommend that future studies characterize 
acceptors by EA’s as well as by half-wave potentials. 

Conclusions 

The rather symmetrical molecular structure of TCNQF4 presents no unusual 
differences from that of its unfluorinated parent TCNQ, outside of the angu- 
lar deformations induced by the steric demands of the fluoro substituents. 

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

3:
27

 2
3 

Fe
br

ua
ry

 2
01

3 



0.8- 

0.C - 
RED. 

$2 
E 

0.2- 

0.0 - 
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/. TCNQF 

2.8 3.0 3.2 

FIGURE 5 Plot of half-wave reduction potential versus electron affinity for TCNQ and 
some of its fluoro derivatives. Values indicated by 0 are versus the standard calomel electrode, 
while those indicated by are versus the Ag/AgNO, electrode. 
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I76 T. J. EMGE e t a / .  

TABLE V 

Electron affinities derived from charge transfer energies and half-wave reduction poten- 
tials for pyrene complexes of TCNQ and some of its fluoro derivatives 

EE$ vs SSCE” E;;d, vsAg/NgNO,” I ~ A ( E , , ~ ) ~  EA(CT)C E,,. 
Acceptor (volts) (volts) (L‘V) (eV) (eV) 

TCNQ + 0.30 - 0.09 2.84 2.84 1.67 

TCNQFZ (3.02145 
TCNQF4 +0.66 + 0.27 3.20 3.20 1.31 

TCNQF + 0.40 t 0.02 3.95 2.94 I .57 
(2.95)44 

The reported half-wave potential is the mcan value of the anodic current peak poten- 
tial and its corresponding cathodic current peak potential recorded for dilute solulioii of 
the acceptor in butylronitile with 0.1 M tetrabutyl-ammonium tctrafluoroborate at 22°C. 

The calculated E A ( E , , , ) ,  with esd of k0.01 eV. are based on the E:; obtained from 
AgiAgNO, electrode using Eq. (2) of the text. 
‘ The calculated EA(CT) ,  with esd of f 0.01 eV. are based on the charge-transfer band 

energy. Ec,  = h / ~ , , , ,  using Eq. ( 1 )  of the text. 

Contrary to a ring-over-bond stacking mode displayed in the structure 
of TCNQ and in many donor-acceptor complexes of TCNQ and TCNQF4, 
the crystal structure of TCNQF4 is dominated by dipolar (acid/base) 
interactions. The short N - - -  C-F contact of 2.97A and the dihedral angle 
between interacting molecules at  73.6” are both indicative of strong inter- 
molecular association. Similar molecular associations have been reported 
for a variety of n-ring system molecules containing electronegative substitut- 
ents, notably for carbonyl-containing species. For TCNQF4, the four 
strong acid/base contacts per molecule serve to produce a strongly-coupled, 
two-dimensional net, with extension to three-dimensions via four weaker 
acid/base contacts. The major difference between the TCNQF4 inter- 
actions and those observed in other systems is that the approach between 
interacting molecules does not take place along the direction of the polar 
axis of the n-bonded molecular orbital, as it does, for example, in chloranil. 
Otherwise, the crystal structure of chloranil provides an excellent comparison 
for both the weak and strong intermolecular interactions observed in the 
structure of TCNQF4. The strength of these interactions in each case is 
nearly identical, as judged by comparison of the distance of the interactions 
to their expected value based on sums of van der Waals radii. Particular 
trends of interaction strength are demonstrated for these intermolecular 
interactions, especially the interaction distance itself and the dihedral angle 
between molecular planes. 

Lastly, the series TCNQ, TCNQF, and TCNQF4 shows a monotonic 
increase in electron affinity with the number of fluoro substituents based on 
spectroscopic and cyclicvoltammetric measurements. A knowledge of the 
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TCNQF4 I77 

electron affinity variation in this series may provide critical information 
as to the choice of donor and acceptor components for organic charge- 
transfer complexes. 
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