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The Crystal Structure of N-Methylphenazinium Tetracyanoquinodimethanide*

By CHARLES J. FRITCHIE, JR.T

Central Research Department Experimental Station E. I. Du Pont de Nemours and Company,
Wilmington, Delaware, U.S.A.

(Received 5 October 1965)

N-Methylphenazinium 7,7,8,8-tetracyanoquinodimethanide, the best known organic electrical conductor,
crystallizes with triclinic symmetry P1, and with a lattice having constants a=3-8682(4), b="7-7807(8),
c=15-735Q2) A, a=91-67(1)°, f=92-67(1)°, y=95-38(1)°, at 23°C; and Z=1. The tetracyanoquino-
dimethan anion-radicals form a charge-resonance-bonded column parallel to a with interplanar spacing
326 A. The van der Waals spacing in the similar column of phenazinium cations is 3-36 A.

Introduction

Salts of the stable anion-radical, C;;H,N; (1),
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derived from 7,7,8,8-tetracyanoquinodimethan include
some of the best electrically conductive organic com-
pounds known. Furthermore, the range of conductance

* Contribution No.1147.
1 Present address: Department of Chemistry, Tulane Uni-
versity, New Orleans, Louisiana, U.S.A.

in these salts is quite large, including values from
about 100 ohm~lem~! to 10712 ohm~lcm~! at room
temperature (Acker, Harder, Hertler, Mahler, Melby,
Benson & Mochel, 1960; Melby, Harder, Hertler,
Mahler, Benson & Mochel, 1962). With few excep-
tions the more conductive salts are ‘complex’, contain-
ing both formally neutral and formally negative tetra-
cyanoquinodimethan (hereafter TCNQ). Arthur (1964)
has shown that the moderately conductive Cs,(TCNQ);
salt has a structure based on somewhat irregular col-
umns of TCNQ units stacked face-to-face, in which
two-thirds of the interplanar spacings are as short as
321 A. As an aid in understanding the electronic prop-
erties of these salts, the crystal structure of one of the
exceptional simple salts, N-methylphenazinium TCNQ,
(Ci3HiN2)H(C2HyN,)~ (IT) has been determined. This
salt has a room temperature specific conductivity of
100 ohm~!cm™1, the highest value known for an or-
ganic compound (Melby, 1965).

The experimental data

A sample of glistening black, lath-like crystals of N-
methylphenazinium TCNQ was kindly supplied by Dr
L.R.Melby. Several approximately equidimensional
specimens were mounted about different axes for
Weissenberg photography and the crystal lattice was
shown to be triclinic with the shortest translation
paralleling the lath axis. Zones [100], [010], and [111]
were photographed in an especially accurate Strau-
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manis-type Weissenberg camera, using crystals about
0-2 mm in average cross-section and Ni-filtered Cu Ko
radiation. This camera has been described previously
(Fritchie, 1966). The Straumanis design eliminates cali-
bration errors; careful construction (checked with sili-
con powder from the IUCr lattice-constant project)
and careful use eliminates eccentricity errors; and
least-squares fitting to sin? @ values of many reflections
minimizes small reading errors. Absorption errors can
be detected by the trend of fit in the least-squares cal-
culations. Finally, there is a fairly independent check
of accuracy if, as is usually the case, several crystals
are used in different mountings. For N-methylphena-
zinjum TCNQ the lattice constants at 23+ 1°C were
determined to be a=23-8682+0-0004, b=7-7807 +
00008, ¢c=15-735+0-002 A, x=91-67 +0-01°, =92-67
+0-01°, and y=95-38 £0-01°. The density of 1-:4090
g.cm~3 calculated by assuming Z=1 agrees fairly well
with a value of 1-43 g.cm~3 measured by flotation
(Melby, 1965). Although the presence of only one asym-
metric molecule per unit cell would seem to indicate
that P1 (C)) is the correct space group, a disordered
structure in space-group P1(C;) is favored. A piezo-
electric test, made with an instrument in which hexa-
methylenetetramine gives an easily detectable effect,
was negative.

Intensity data were derived from films prepared by
the multiple-film equi-inclination technique. Layers Ok/
through 3k/ and 40/ through 46/ were photographed
with Ni-filtered Cu Ko radiation, using crystals about
02 mm in average diameter. No absorption correc-
tions were made. After application of the Lorentz-
polarization factors, F, data were reduced to a com-
mon scale with a computer program that finds self-
consistent values of the individual scale factors K; in
the equations

Ki=(1/n) § (| Ful/ Fay 1)

subject to the condition that the sum of X; is constant.
In this equation, |Fy,| is an estimate, within set (or
film) i, of reflection H; |Fy| is the average of all meas-
ures of |Fyl|; and #»; is the number of terms in the ith
summation. The summation is taken over all reflec-
tions for which estimates are present in the ith set and
at least one other. This scale determining procedure,
which was pointed out to the author several years ago
by Dr B.D.Sharma and whose origin is uncertain in
recollection, has the intuitive appeal that it gives each
film a scaling factor which is the average of all those
obtainable from reflections on the film. Because each
reflection must be compared with its ‘best value’ or
average, the procedure is necessarily iterative, at least
in direct formulation. In the present case, convergence
was fairly slow and of an asymptotic sort. The twenty
or so required cycles used only one or two minutes of
time on an IBM 7040 computer, however.

The volume of reciprocal space photographed con-
tains 1919 reflections. The intensities of 865 of these are
greater than the background intensity.

1.Edtomic parameters

Standard deviations are in parentheses. Temperature factors are of the form exp [— (Bj1h2+ Bok2+ B33l2 + Bishk + Byshl+ Baskl)). All hydrogen atoms were given a

Table
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thermal exponent of 3-0

B3
—0:0013 (7)
—0-0014 (7)

0-0007 (7)
—0-0002 (7)
0-0004 (7)
0-0000 (7)
0-0022 (9)
—0-:0013 (10)
—0-0015 (9)
—0-0009 (8)
—0-0004 (8)
0-0033 (9)
—0-0014 (8)
0-0000 (8)
0-0003 (7)
—0-0004 (24)

B3
0-0009 (14)
0-0002 (14)

—0-0006 (13)
-0-0022 (14)
—0-0012 (14)
-0-0011 (14)
—0-0006 (16)
—0-0015 (17)
0-0038 (17)
0-0020 (15)
0-0019 (14)
0-0026 (16)
—0-0086 (16)
—0-0072 (16)
—0-0007 (13)
0-0189 (64)

B>
0-0144 (28)
0-0122 (28)
0-0095 (28)
0-0101 (29)
0-0087 (29)
0-0110 (29)
0-0086 (37)
0-0050 (41)
0-0060 (35)
0-0110 (31)
0-0059 (31)
0-0077 (36)
0-0029 (33)
0-0193 (31)
0-0119 (28)
0-0217 (104)

B33
0-0042 (22)
0-0037 (20)
0-0037 (19)
0-0040 (20)
0-0038 (20)
0-0039 (20)
0-0043 (23)
0-0044 (24)
0-0050 (24)
0-0038 (20)
0-0038 (20)
0-0047 (24)
0-0050 (21)
0-0052 (21)
0-0042 (18)
0-0088 (85)

By,
0-0148 (8)
0-0167 (9)
0-0187 (9)
0-0175 (9)
0-0170 (9)
0-:0179 (9)
0-0294 (12)
0-0302 (13)
0-0215 (10)
0-0220 (10)
0-0211 (10)
0-0249 (11)
0-0232 (9)
0-0214 (9)
0-0208 (8)
0-0159 (23)

By
0-0652 (32)
0-0607 (32)
0-0514 (28)
0-0589 (31)
0-0706 (33)
0-0714 (33)
0-0722 (37)
0-0817 (41)
0-0778 (37)
0-0612 (33)
0-0625 (31)
0-0730 (36)
0-1089 (39)
0-1081 (38)
0-0831 (32)
0-2149 (169)

z
0-0137 (3)
0-0722 (3)
0-0626 (3)
0-1228 (3)
0-1996 (3)
0-1144 (3)
0-3029 (3)
0-2948 (3)
0-3574 (3)
0-4304 (3)
0-4372 (3)
0-3720 (3)
0:2624 (3)
0-1102 (3)
0-5069 (3)
0-5145 (10)
0-0268
0-1220
0-2553
0-2363

y
1-1743 (6)
1-0943 (6)
0-9163 (6)
0-8328 (6)
0-9154 (6)
0-6561 (6)
0-5726 (8)
0-3936 (8)
0-3118 (7)
0-4034 (7)
0-5855 (7)
0-6658 (7)
0-9800 (6)
0-5127 (6)
0-6786 (5)
0-8750 (15)
1-2991
1-1635
06263
0-3220

0-1371 (11)
0-1946 (11)
0-3854 (11)
0-5307 (12)
0-4466 (12)
0-0115 (13)
0-0334 (14)
0-2011 (13)
0-3558 (11)
0-3332 (12)
0-1610 (13)
0-6526 (12)
0-5007 (12)
0-4795 (11)
0-4672 (44)
—0-09500

x
—0-0469 (11)

cq)
()
Cc@3)
C(4)
C(5)
C(6)
(7
C(8)
C(9)
C(10)
C(11)
C(12)
N(13)
N(14)
N(15)
C(16)
H(17)

0-1885 0-3545
0-8007 0-3728

0-2207
—0-1302
—0-0702

0-2260

0-1324

H(18)
H(19)
H(20)
H(21)

893

H(22)



894 STRUCTURE OF N-METHYLPHENAZINIUM TETRACYANOQUINODIMETHANIDE

Trial structure and refinement

The short a axis requires that all atoms be resolved in
the [100] projection and that each ion lie at least ap-
proximately perpendicular to [100]. It was thus ex-
pected that comparison of the [100] Patterson function
with vector sets constructed from models of the two
ions would reveal their orientations and relative posi-
tions. This proved to be the case. In the [100] projec-
tion, the vector between the centers of the two ions,
excluding the N-methyl group, was indistinguishable
from (4, 1). It was concluded that this projection has at
least very nearly the symmetry of space group P1, and
this space group was tentatively chosen, subject to
confirmation by the behaviour of the non-hydrogen
thermal parameters.

Because of the need to use the thermal ellipsoids
as the basis of space-group assignment, it seems well
to review the logic of this procedure as applied to the
present case. In a structure which is at least very nearly
centrosymmetrical, one might ask what deviations
from centrosymmetry are likely. Because of the asym-
metry of packing forces that would be introduced by
requiring all methyl groups to fall on one side of the
phenazinium nucleus, it is expected that the nucleus
as a whole would be displaced away from the methyl
group. Ignoring such a displacement by use of a cen-
trosymmetric space group would result in thermal el-
lipsoids elongated in the direction of displacement.
Thus the absence of abnormally elongated ellipsoids
implies that the nuclear displacement is at most quite
small, that the potential energy of a methyl group
would be nearly the same on either side of the phena-
zine nucleus, and that there is no reason to expect or-
dering.

Refinement of the [100] projection, as well as of the
complete structure at a later stage, was accomplished
by the least-squares procedure described by Hughes
(1941), using a modified Gantzel-Sparks-Trueblood
block-diagonal program (Gantzel, Sparks & True-
blood, 1962). This least-squares program minimizes
Z w||Fol —|Fcl|% where }/w was first set equal to unity
and later to the function 1/(0-4 +0-05[F,|). Using only
the fifteen ordered non-hydrogen atoms, isotropic re-
finement proceeded fairly smoothly to R=18%. A dif-
ference function calculated at this stage showed no
anomalies near the ordered atoms, and did show the
N-methyl group as a broad, low peak. The thermal
parameters of the ordered atoms, ranging from 3-0 to
4-2 A2, seemed to confirm the centric nature of the [100]
projection. Addition of C(16), the methyl carbon, in
disorder between the two sites required by P1 permit-
ted reduction of R to 13:9%. In contrast to the moder-
ate temperature factors of the ordered atoms, the value
of B for C(16) was at this time 6-4 Az.

Initial x parameters for all atoms were obtained by
examining the foreshortening of the ions in the [100]
projection and by use of the [010] Patterson function.
Here also, no evidence was found to invalidate the

choice of P1 as space group. The three-dimensional
anhydrogenic model was isotropically refined in 10
least-squares cycles from R=31:2%; to R=16-3%. Ad-
dition of non-methyl hydrogen atoms in positions in-
dicated by a three-dimensional difference map lowered
R to 14:0%; one further cycle of refinement of the
carbon and nitrogen atoms reduced R to 13-2%;. Seven
cycles which the positions and anisotropic thermal pa-
rameters of the non-hydrogen atoms and the positions
of the hydrogen atoms were refined reduced R to its
final value of 9-8%;. Hydrogen atoms were given a
thermal exponent of 3-0 A2 throughout these calcula-
tions.

The final atomic parameters are given in Table 1;
the calculated and experimental values of the structure
factors are in Table 2. Fig.1 shows final interatomic
distances and angles. The average standard deviation
in a carbon—carbon or carbon-nitrogen distance [ex-
cluding C(16)] is 0-006 A ; angles involving these atoms
have standard deviations of about 0-6°. Uncertainty
in the position of C(16) is discussed below.

Discussion

Space group

The choice of PT as space group is based primarily
upon the size and shape of the final thermal ellipsoids
of the ordered non-hydrogen atoms. Although not tab-
ulated explicitly, the sizes of the principal axes are
very reasonable, ranging from approximately 3-4 x 3-9
x 4-4 A2 for the inner atoms to about 4:2 x 5:0 x 6-5A2
for those near the ends of the ions. The TCNQ~ ion
vibrates nearly isotropically except for the two C-N
groups, which vibrate principally out-of-plane. The
phenazinium nucleus apparently undergoes librational
motion roughly inits plane, with average ellipsoid about
4-0 x 43 x 61 A2, The ellipsoid of the disordered C(16)
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Fig.1. Interatomic distances and angles. (a) N-methylphena-

zinium cation; (b) TCNQ anion. Heavy circles are nitrogen;
double circles are disorder sites of the N-methyl group.
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Table 2. Observed and calculated structure factors
Each group of three columns contains /, 10|Fo|, and 10F. respectively, and is headed by the values of 4 and £ common to the
group. A negative figure in the |Fo| column gives the observational threshold for an unobserved reflection. An asterisk following
the |Fo| column indicates that the

reflection was omitted from least-squares and R-value calculations.
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Table 2 (cont.)
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has principal axes of 3-8 x 7-2 x 14-3 A2, with the lar-
gest value out-of-plane and the second largest nearly
parallel to the » axis. The somewhat larger apparent
thermal motion of the phenazinium nucleus compared
with that of the anion could possibly be indicative of
an incorrect choice of space group, but seems more
likely to be due to the lesser van der Waals forces
holding the cations in place.

Packing

A major reason for studying this salt was determina-
tion of the mode of packing as a basis for interpreting
its unusual electrical behavior. Itis thus of great interest
to see that the TCNQ~ ions pack in a columnar manner
(Figs. 2 and 3) generally similar to that found in
Cs,(TCNQ); (Arthur, 1964), and that the interplanar
spacing within this column is a very short 3-26 + 0-01 A,
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paralleling the short spacing of 3-21 +0-01 A found
between two-thirds of the vicinal pairs in the cesium
salt. Also interestingly, the nearest-neighbor configura-
tion of a TCNQ- ion, shown in Fig.4, is very similar
to that within the closely-spaced triad of TCNQ units
of Csy(TCNQ);. In the latter case, a given ion is re-
lated to its more closely-spaced neighbors by a longitud-
inal displacement essentially identical with that shown
in Fig.4, but with a lateral displacement of about 0-35 A
as well. This distinctive symmetry, together with the
short interplanar spacing, seems characteristic of
charge-transfer bonding (Mulliken, 1952), in which a
‘charge-transfer’ or ‘supermolecular’ orbital is formed
between an electropositive ‘donor’ molecule D and an
electronegative ‘acceptor’ molecule 4 by overlap of
orbitals of similar energy from the two molecules — the
highest occupied orbital of D and the lowest unfilled
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orbital of 4. In the present case D and A4 are identical
and, in fact, every molecule in a given anionic column
must participate in formation of ‘supermolecular’ or-
bitals. In such a case of ‘selfcharge-transfer’ or ‘charge-
resonance’ involving identical radicals, the occupied
and the unfilled orbitals are identical and one would
expect the greatest interaction to occur when molecules
are directly superimposed. In the case of a pair of
TCNQ- ion-radicals, however, calculation of inter-
molecular pairing energy (Fritchie, Chesnut & Sim-
mons, 1966) by use of a Hoffman-like procedure (Hoff-
man, 1963) discloses a second energy minimum with
respect to longitudinal translation, This minimum oc-
curs when the center of one ring falls almost exactly
over the center of the quinomethan double bond of the
adjacent ion, exactly the geometry found in N-methyl-

Fig.2. (010] projection.
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phenazinium TCNQ and very similar to that found in
the closely-spaced triad in Cs)(TCNQ)s.

One might thus hazard the guess that one of these
two favorable configurations - either complete overlap
or longitudinal slipping of one-fourth the molecular
length — will approximately characterize most TCNQ-
salts. The choice and any distortions are presumably
dictated by intercolumnar packing needs. That dis-
tortion exists is shown by the potassium TCNQ struc-
ture (Anderson & Fritchie, 1964), in which more widely
spaced TCNQ- units (~3-4 A) are slipped diagonally
from direct superposition by about half the length and
in the direction of a quinoid single bond.

In contrast with the closely packed TCNQ- units,
the phenazinium cations maintain a more nearly nor-
mal van der Waals interplanar separation of 3-36 A

Fig.3. [100] projection. The disordered N-methy! group is
shown in both of its alternate sites.

Table 3. Comparison of bond lengths

Bond Ci3H Nyt C2HgN*
C(H—C(8) 1-406 (6) 1-412 (13)
C(8)—C(9) 1-362 (5) 1-374 (9)
C(9)—C(10) 1-402 (5) 1-408 (9)
C(10)-C(11) 1-428 (6) 1-433 (13)
C(10)-N(15) 1-361 (5) 1345 (9)

Bond TCNQ- TCNQOt
C(1)-C(2) 1-341 (6) 1-346 (4)
C(2)-C(3) 1-434 (5) 1-448 (3)
C(3)-C(4) 1-388 (6) 1-374 (4)
C(4)-C(5) 1-420 (5) 1-440 (3)
C(5)-N(13) 1-156 (5) 1-140 (3)

* Herbstein & Schmidt (1955).
Tt Long, Sparks & Trueblood (1965).

AC20-13*
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(Pauling, 1960). It is thus likely that no unusual inter-
action is present among these ions and that the electri-
cal conductivity is a property solely of the TCNQ~
columns.

Molecular dimensions

The bond lengths in the cation and in the anion pro-
vide an interesting comparison with those found in the
corresponding neutral molecular species (phenazine:
Herbstein & Schmidt, 1955; TCNQ: Long, Sparks &
Trueblood, 1965). Averages of the bond lengths in the
two neutral materials and the two ions, assuming mmm
symmetry in all cases, are summarized in Table 3.
Differences between phenazine and the phenazinium
cation, both of which in valence bond theory are de-
scribed by many similar resonance structures, are negli-
gible. Comparison of TCNQ° with TCNQ-, however,
shows that the quinoid valence structure which ex-
plains fairly well the bond lengths of neutral TCNQ is
apparently only the predominant form in the anion,
where a number of canonical forms of similar energy
must be considered.

No great faith can be placed in the N-Cyetny1 bond
length of 1-53 A. This value is considerably greater than
the C—N average bond length of 1:48 A given by Sutton
(1957), but because of the disorder between two equiv-
alent sites and extreme thermal motion (or further
masked disorder) it should be considered only an order-
of-magnitude estimate. Final F, maps through the site
of C(16), in sections at constant x and at constant y,
showed no unusual features (i.e., no double maximum
or unusual shape). It is concluded either that the poten-
tial in which this methyl group moves is very broad, or
that close approaches between methyl groups which
happen to occupy adjacent cells force a variety of mean
positions upon these atoms.

Both the anion and the cation are planar, with a
maximum deviation from planarity for the non-hydro-
gen atoms of 0-010 A in the case of the phenazinium
plane and of 0-013 A in the case of the TCNQ- plane.

Fig.4. Nearest-neighbor packing within the TCNQ- column.
Direction of view is perpendicular to the molecular planes.

Equations of the least-squares planes (Blow, 1960) and
displacements of atoms from these planes are given
in Table 4.

Table 4. Least-squares planes

An orthonormal axial system {m, n, p} with n||b and pl|c* is
used to describe the planes. Contributing weights w and devia-
tions & are given.
Plane 1: 0-88112m+ 0-091891n— 0-46387p = — 1-9702 (phena-

zine)
1-5430 (TCNQ)
1-5095 (TCNQ)

Plane 2: 0-86461m +0-19829n —0-46166p =
Plane 3: 0-86164m+0-194011n—0-46898p =

Atom w; ;X 103(A) Atom w; J;X 103(A) w3 03X 103(A)
C(7) 6 —10 C(1) 6 6 6 —1
C(8) 6 1 C(2) 6 13 6 1
C9) 6 4 C(3) 6 3 6 )
C(0) 6 4 C4) 6 13 6 1
C(1) 6 4 C(5) 6 -2 —26
C(12) 6 6 C(6) 6 7 2
N(15) 7 3 N(13) 7 -9 —44
C(16) 41 N(14) 7 -4 —4
H(19) -~ 66 H17) —46 —58
H(20) 70 H(18) —28
H(21) 22

H(22) -1
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