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Dihydrotetracyanodiphenoquinodimethane (H,TCNDQ) is a multifunctional molecule capable of behaving
both as a weak electron acceptor (E', = —1.50 V, vs. SCE, in CH5CN) and a dibasic Bronsted acid

(pKa1 = 4.92, pK,, = 6.46 in ethanol-water (3 : 1)). H,TCNDQ affords three kinds of molecular compounds
depending on the predominant intermolecular interactions; namely, 1) proton transfer (PT) complexes with
amines of strong basicity (pK, > 4.7), 2) neutral clathrate complexes with amines of weak basicity (pK, < 4.7)
or donors containing a TTF system without any charge transfer (CT) and PT interactions and 3) anion radical
salts with amines of intermediate basicity. The last is derived from the PT complexes containing dianion
TCNDQ?", which can be oxidized to monoanion radical TCNDQ ™" by air. In the neutral clathrate complexes,
C-H---X (X = N, O, n) hydrogen bonds with the dicyanomethyl proton of H,TCNDQ play an important role,

and construct a self-assembled structure.

1 Introduction

7,7,8,8-Tetracyano-p-quinodimethane (TCNQ; compounds in
the text are depicted in Fig. 1) and its derivatives have attracted
great interest as electron acceptor molecules in the field of
organic conductors of the charge transfer (CT) type. To extend
the m-electron system of TCNQ in order to reduce on-site
Coulomb repulsive interactions, the preparation of tetracya-
nodiphenoquinodimethane (TCNDQ)§ has been attempted
without any success and only polymeric material was formed.!
Although neutral TCNDQ has not yet been isolated, the
EPR and UV-Vis-NIR absorption spectra and -electric
conductivity of the stable monoanion of TCNDQ have been
reported.>* Among TCNDQ analogues, only the thiadiazole
substituted TCNDQs* and bithiazole TCNDQ analogues’
were synthesized as neutral forms, and octafluoro-TCNDQ
was obtained only as a dianion form.® Among extended
n-system derivatives of TCNQ containing the TCNDQ
skeleton,  13,13,14,14-tetracyano-4,5,9,10-tetrahydropyrene-
2,7-quinodimethane (TCNTP)” and 13,13,14,14-tetracyano-
pyrene-2,7-quinodimethane (TCNP)® were synthesized in the
neutral form, and tetracyanopyrimido[4,5,6-gh]perimidinequi-
none (TCQQ)’ was obtained only as a dianion form.

Here we report the structure and physical properties of
dihydrotetracyanodiphenoquinodimethane (H,TCNDQ); o,o/'-
dicyanobiphenyl-4,4'-diacetonitrile), which is the precursor of
TCNDQ. Having two dicyanomethyl groups in a molecule,
H,TCNDQ is expected to have both electron acceptor and
proton donor abilities, which provide CT complexes and
proton transfer (PT) ones. The hydrogen atoms of the
dicyanomethyl groups of an H,TCNDQ molecule are expected

tElectronic supplementary information (ESI) available: elemental
analysis results for H,TCNDQ complexes. See http://www.rsc.org/
suppdata/jm/b1/b109503;/

iPresent address: Institute of Solid State Physics RAS, 142432
Chernogolovka, Moscow District, Russian Federation.

§The TUPAC name for tetracyanodiphenoquinodimethane is tetra-
cyanobiphenylquinodimethane.

DOI: 10.1039/b109503;

to provide intermolecular hydrogen bonds, which construct a
novel molecular arrangement in the CT and PT complexes of
H,TCNDQ. With this in mind, we have prepared the
H,TCNDQ complexes not only with TTF series donors but
also with aromatic amines, which would act as electron donors
as well as proton acceptors, and we discuss the physical
properties and structures of these complexes.

2 Experimental
2.1 Preparation of H,TCNDQ and its complexes

H,TCNDQ was prepared from 4,4'-diiodobiphenyl according
to the method by Uno et. al.'® The crude product was purified
by Soxhlet extraction with benzene then recrystallized from
benzene to give a white—gray powder (yield 46.1%, mp 180—
182 °C (dec.). lit.:? 172-179 °C, IR(KBr) 2876 ((NC),C-H),
2263 (C=N)cm ™!, "H NMR(CDCl3) 6 5.14 (s, 2H), 7.68 (q, 8H),
lit.: 0 5.1 (s, 2H), 7.6 (s, 8H)). A small amount of single crystals
for crystal structure analysis was obtainable by gradient subli-
mation, however most of the H,TCNDQ was decomposed on
heating.

The H,TCNDQ complexes were prepared by gradual
concentration of directly mixed solutions of H,TCNDQ and
opponent molecules dissolved separately in an appropriate
solvent (benzene, ethanol or pyridine), and their characteristics
are summarized in Table 1.

2.2 Measurement

Melting points were not corrected. Cyclic voltammetry was
performed in 0.1 mol L™! solutions of tetrabutylammonium
tetrafluoroborate (TBA-BF4) in CH3CN with Pt electrodes
vs. SCE at a scan speed of 100 mV s~ ' on an ALS/chi
Electrochemical Analyzer Model 650A at 20-22 °C. Optical
measurements were carried out with a KBr disk on a Perkin-
Elmer Paragon 1000 spectrometer for the IR and NIR regions
(4007800 cm ") and on a Shimadzu UV-3100 spectrometer
for the NIR, Vis and UV region (3800-42000 cm !). A
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Fig. 1 Chemical structures of molecules in the text.

HORIBA 9620-10D glass electrode was used for pH measure-
ments. The stoichiometries of the complexes were determined
based on crystal structure analysis and/or elemental analysis
(C, H, N, O, halogens) as given in the supplementary table.}

The intensity data of the structural analysis were collected
on an automatic four circle diffractometer (MAC Science
MXC¥*) or oscillator type X-ray imaging plate (MAC Science
DIP-2020K) with monochromated MoKa radiation at room
temperature. The structures were solved by direct methods
using SHELXS-86, 97 or SIR 92 programs.!! The refinements
of structures were performed by full matrix least squares
methods (CRYSTAN 6.3 or SHELXL-97)."" The parameters
were refined adopting anisotropic temperature factors for
non-hydrogen atoms and isotropic ones for hydrogen atoms.
The positions of hydrogen atoms were calculated by assuming
a C—H bond length of 0.96 A and sp> or sp? conformation of
the carbon atoms, except for 1 and 3, in which the positions
of the hydrogen atoms were determined by D-synthesis and
the coordinates were refined. The temperature factors of the
hydrogen atoms were refined isotropically. The crystal data of
the compounds in the text are shown in Table 2. The overlap
integral calculation was performed by the extended Hiickel
method and single {-parameter including d-orbitals of sulfur
atoms.'? D¢ conductivities were measured based on a standard
two-probe technique attaching gold wires (25 pm diameter) on
compressed pellet samples by gold paste (Tokuriki 8560-1A).
EPR measurements were performed on a continuous wave X
band EPR spectrometer (JEOL JES-TE200).

3 Results and discussion

3.1 Structure and electron accepting and proton donating ability
of H,TCNDQ

H,TCNDAQ crystallizes in the monoclinic system. The dihedral
angle between two phenyl rings is 25°, and there are two kinds
of intermolecular short C-H---N=C contacts, which are shorter
than the sum of the van der Waals (vdW) radii of hydrogen and
nitrogen atoms (2.75 A). Two kinds of C-H---N=C contacts
are found, of which one (contact A: dashed lines in Fig. 2a) is
extended perpendicular to the molecular plane and the other
(contact B: dotted lines in Figs. 2b and 2c¢) is extended to the
long axis of the H,TCNDQ molecule. The distances and angles
of these hydrogen bonds are summarized in Table 3. The
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contacts A form a zigzag network along the direction of ¢. The
hatched areas in Figs. 2b and 2c¢ also indicate these zigzag
networks. The contacts B form a two-dimensional network in
the direction of b and a + 2¢. Therefore, the three-dimensional
weak hydrogen bond network is formed in the whole
H,TCNDQ crystal. This type of short C-H:-N=C contacts
has been reported in benzene-p-dicarbonitrile,'* 3-cyano- or
4-cyano-cinnamic acid'* and 1,3,5-tricyanobenzene,15 with
H--N distances in the range from 2.45 A to 2.58 A. The
details of the C-H---N=C hydrogen bond will be discussed in
section 3.2.

In the cyclic voltammetry measurement in an aprotic solvent,
there is only one irreversible reduction process of EYYp =
—1.50 V, which is much lower than those of conventional
weak electron acceptors under the same measuring conditions
such as Cgy (E'}p = —0.44 V) or p-benzoquinone (E' )y =
—0.48 V), indicating the very weak electron accepting ability of
H,TCNDQ. The linear relationships between the CT transition
energy (hver(D-A)) and the difference of the redox potential
(AE' ), = E' (D) — E'y5(A)) were reported in several donor—
acceptor systems.'®!7 The H,TCNDQ system with relatively
strong electron donors exhibits the relation between E'i/(D)
(in V units) and Aver(D-H,TCNDQ) in the chloroform
solution (Fig. 3) as shown in eqn. (1) where y is the correlation
coefficient. The observed values of hvcr(D-H,TCNDQ) are
rather higher than those of the 1,3,5-trinitrobenzene (Ell/z =
—0.55 V) system with donors shown in Fig. 3 (13.7-15.0 x
10> cm™!), being consistent with the very weak electron
accepting ability of the H,TCNDQ molecule.

hver(D-H, TCNDQ) =31.9E] (D)
(1
+9.8 (y=0.950 for 6 donors)

The values of the equilibrium constant (pK,) in the processes

of H,TCNDQ z:> H* +HTCNDQ™ =2H" +TCNDQ?*~

ethanol-water (3 : 1) are pK,; = 4.92 and pK,, = 6.46. We
compare these values with those of the conventional dihydro-
TCNQs. The pK, values of some dihydro-TCNQs were
previously measured not in ethanol-water (3 1) but in
N,N-dimethylformamide (DMF)-water (7 : 3);18 pKa = 4.01,
7.10 and 7.60, pK,> = 7.20, 10.30 and 11.30 for H,-F,TCNQ,
H,-TCNQ and H,-Me,TCNQ, respectively. The adjustment of
pK, values in different solvents is achieved as follows. In two
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Table 2 The crystal data and structure refinement data of H,TCNDQ complexes*”CCDC reference numbers 172685-172691. See http://
www.rsc.org/suppdata/jm/b1/b109503j/ for crystallographic files in .cif or other electronic format.

1 2 3 4 10 12
(BO) (EOET) (DBTTF), (HDAD™), (3,3,5,5-TMB) (Phenazine)
H,TCNDQ (H,TCNDQ) (H,TCNDQ) (H,TCNDQ) (TCNDQ”*")* (H,TCNDQ), (H,TCNDQ)
Formula CisHoNy CrsH sN4O4S,4 CsH sN405S6 Cy3H3N,S, C3sH4oNg Cs;HyoNy C30HsNg
Formula weight 282.30 602.74 634.82 445.64 610.80 804.94 462.50
Crystal system Monoclinic Triclinic Triclinic Triclinic Orthorhombic Triclinic Triclinic
Space group C2le Pl Pi P1 P2,22, P1 P1
alA 25.255(5) 5.4345(7) 5.4850(5) 6.650(4) 14.208(2) 7.520(2) 7.073(1)
blA 7.084(1) 8.718(1) 9.056(1) 11.626(2) 16.706(2) 10.638(2) 7.338(1)
c/A 8.260(2) 14.358(1) 14.437(2) 14.366(3) 21.054(1) 14.505(3) 12.674(3)
of° 79.531(8) 80.614(6) 108.72(1) 111.52(1) 74.47(1)
pre 98.64(1) 88.090(9) 87.995(6) 91.70(3) 97.68(1) 89.59(1)
y/l° 84.89(1) 84.202(6) 105.80(3) 92.77(1) 65.92(1)
VIA3 1461.0(5) 666.2(1) 703.8(1) 1003.7(7) 4997.409) 1063.9(4) 574.7(2)
Z 4 1 1 2 6 1 1
Temperature RT RT RT RT RT RT RT
(Mo Ko)/mm ™! 0.069 0.384 0.521 0.493 0.074 0.077 0.082
No. of reflections 1441 2391 2668 3631 5157 3853 2147
used refinement
No. of refinement 108 217 181 314 625 288 163
parameters
R (|F,| > 40(|F,)) 0.0589 0.0382 0.0593 0.0409 0.0880 0.0542 0.0568

“HDAD™: monoprotonated diaminodurene.

different solvents (solvent I and II with their relative permit-
tivities ¢; and eqy, respectively), the change 1(<)f pK. (ApK, =
pK,(II) — pK,(I)) in the process of HA= H" +A~ at a
temperature T can be described as eqn. (2),"

ApK, =0.217(Ne* /RT)(1/ru +24” /ra —zua’ /rua)(1 /en —1/e1) (2)

where N, r, z, e and R are the Avogadro constant, the radius
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Fig. 2 Crystal structure of H,TCNDQ The dashed and dotted lines
represent contacts A and B (see text), respectively. The hatched areas
indicate zigzag networks in Fig. 2a. (a) The projection along the long
axis of H; TCNDQ molecule. (b) The c-axis projection. (c) The b-axis
projection.
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and the charge of the respective chemical species, the charge of
an electron and the gas constant, respectively. By using the ¢
values of water, ethanol-water (3 : 1) and DMF-water (7 : 3)
as 78.4, 38.0 and 49.2, respectively,?’ the ApK, value between
ethanol-water (3 : 1) and water and that of DMF-water (7 : 3)
and water are evaluated as +1.34 and +0.75, respectively, at
T = 298 K assuming rg = 1.4 A and 1o = rua = 10 A.
Consequently, the pK, values of H,TCNDQ in DMF-water
(7 : 3) are estimated as pK,; = 4.33 and pK,, = 5.87
indicating that the proton donating ability of H,TCNDQ is
much stronger than that of H,-TCNQ and a little weaker than
that of Hz-F4TCNQ

3.2 Complexes of TTF systems

With the donors of the TTF system, three kinds of complex,
namely (BO)(H,TCNDQ) (1), (EOET)(H,TCNDQ) (2) and
(DBTTF),(H, TCNDQ) (3), were obtained by gradual con-
centration of directly mixed solutions. However, the complexes
with other donors containing TTF systems such as ET and
TMTSF were not obtained, due to precipitation of each
component.

The IR spectra of these complexes can be represented as the
superposition of each neutral component, indicating the
ground states of these complexes to be neutral. Based on
eqn. (1), the values of hver(D-H,TCNDQ) are estimated as
23.5 x 10% 24.6 x 10’ and 29.7 x 10’ em ™' for 1, 2 and 3,
respectively. Since the expected positions of the CT bands are
too high to be comparable to those of intramolecular
absorption bands, the CT bands can not be observed in
practice, if they exist.

3.2.1 BO and EOET complexes with C-H:--X (X = O, N)
contact. The crystal structure of (BO)(H,TCNDQ) (1) is
shown in Fig.4. The characteristic feature is the two-
dimensional hydrogen-bonded network in the ab-plane.
Short C-H:--O contacts are found between BO and
H,TCNDQ molecules as depicted by thick dotted lines.
Among the H,TCNDQ molecules short C-H:--N contacts
(thin dotted lines) are found, and the distances and angles of
these contacts are summarized in Table 3. The C-H:--O
type hydrogen bonds are generally weak but significant as a
directional intermolecular force.”! It is known that most
conductive BO complexes have a two-dimensional layer of BO
molecules, in which short C-H---O and S---S intermolecular



Table 3 The distances and angles of hydrogen bonds in the crystals of H,TCNDQ complexes

Method to determine

Hydrogen bond type ) . the position of
Complex (X-H---Y-Z dX---H)YA  dX--Y)/A /(X-H---Y)/degree  hydrogen atom®
H,TCNDQ C-H---N=C? 2.58(3) 3.374(3) 138(2) 2
C-H---N=C*¢ 2.57(3) 3.187(4) 120(2)
1 (BO)(H,TCNDQ) C-H---O-C 2.55(2) 3.196(3) 128(2) 2
C-H---N=C 2.52(2) 3.244(4) 136(2)
2 (EOET)(H,TCNDQ) C-H---O-C 2.64 3.319(4) 128 1
C-H---N=C 2.52 3.276(5) 136
3 (DBTTF)y(H,TCNDQ) C-H-n 2.61 3.55 1557 2
4 (HDAD " ),(TCNDQ?")* H,N*-H---NH,-C — 2.908(6)-2.924(7) —
10 (3,3.5,5-TMB)H,TCNDQ), N-H---N=C 2.47(2) 3.363(3) 167(2) 2
C-H---N=C 2.49 3.367(3) 153 1
12 (Phenazine)(H,TCNDQ) C-H=n 2.62 347 1639 1

“HDAD": monoprotonated diaminodurene. *“Contact A” in section 3.1. ““Contact B” in section 3.1. “The position of the Y atom is assumed
as the intersecting point of the n-system least-square plane and the perpendicular line from the hydrogen atom. “Method 1: calculated with
C-H bond length of 0.96 A and sp> conformation. Method 2: determined by D-synthesis.

N
(&)}

hn o(D*H,TCNDQ) / 10° cm”*
N
(=]

0.2 03 04
E%2D) /V (vs. SCE)

Fig. 3 CT transition energies of H,TCNDQ complexes in chloroform
solution (hver(D-H,TCNDQ)) vs. redox potentials (E';,,(D)) of several
strong electron donors; a: N,N-dimethyldihydrophenazine, b: TMTTF,
c: OMTTF, d: HMTTF, e: TTF, f: BO. The solid line is obtained by the
least squares method.
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Py s &
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pe; 5
Fig. 4 The c-axis projection of (BO)(H,TCNDQ) (1). The atoms of
H,TCNDQ molecules are shaded. The thick and thin dotted lines

represent the short C-H---O and C-H---N=C contacts, respectively.
The values of intermolecular overlap integrals (x 10™) are also shown.

contacts contribute to form such specific molecular packing
by themselves.!” However, no such C-H---O contact among
BO molecules is observed in the H,TCNDQ complex.

Alternatively, the oxygen atoms of BO molecules have contact
with the hydrogen atoms of the dicyanomethyl groups. It
means that the H;,TCNDQ molecule is a better proton donor
for hydrogen-bonding than BO, consistent with the strength of
the carbon acidity for sterically unhindered proton donors,?
since it is obvious that the acidity of H,TCNDQ is much
stronger than that of BO. Consequently, the C-H---N=C
short contacts among H,TCNDQ molecules (|lz) and the
short C-H---O contacts cause the BO molecules to form
one-dimensional chains along the g-axis rather than two-
dimensional layers.

Recently, the atomic contacts of C-H--*N have been
investigated and are concluded to be weak hydrogen bonds
like C-H---O from the crystallographic evidence.”®> A4b initio
calculation of the C—H---N interactions also showed that the
interaction energy is comparable to that of the C-H---O
hydrogen bond.** Therefore, the C—H---N interaction can be
regarded as an analogue of the C-H---O one. As shown in
Table 3, the C-H---N=C angles of the compounds examined in
this paper are in the range of 120-153°, which is similar to that
of C-H:--O-C hydrogen bonds with a mean angle 137° which is
a considerably smaller angle than that of O-H---O bonds that
prefer a linear conformation.”® The calculated interaction
energies both of F,HCH---NH; and F,HCH:--OH,, which are
similar to the hydrogen bond of dicyanomethyl groups, were
about a half of those of conventional hydrogen bonds.***
Since the values of the intermolecular m-electron overlap
integrals (Fig. 4) are quite small and the charge transfer
degree between BO and H,TCNDQ is almost zero, the static
electronic interactions by n-electron overlap can be neglected in
1. Therefore, the main force of crystal formation is concluded
to be the intermolecular C-H---O-C and C-H:--N=C hydro-
gen bonds. Neglecting very weak CT interactions, 1 is classified
as a neutral clathrate complex with hydrogen bonds.

The crystal structure of (EOET)(H,TCNDQ) (2) is very close
to that of 1. The sulfur and oxygen atoms in the outer six-
membered ring of an EOET molecule are disordered. The short
C-H---O and C-H"*N contacts are also observed in the same
manner as those of 1. Their distances and angles are shown in
Table 3. In 2, the EOET molecules play the same role as the BO
molecules in 1. 2 is also classified as a neutral clathrate complex
with hydrogen bonds like 1.

3.2.2 DBTTF complex with C—-H:-*rt contacts. The crystal
structure of (DBTTF)(H,TCNDQ) (3) is shown in Fig. 5. The
DBTTF molecules are almost parallel to one another, though
the H,TCNDQ molecules are slightly inclined, and the dihedral
angle between DBTTF and H,TCNDQ molecules is 10°.
The most interesting and peculiar structural point is that short
C-H:--m contacts are observed in 3, and the distance between

J. Mater. Chem., 2002, 12, 1693-1702 1697
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Fig. 5 The a-axis projection of (DBTTF),(H,TCNDQ) (3). The atoms
of the H,TCNDQ molecules are shaded. Short C-H---n contacts are
indicated by dotted lines. The shaded area is the unit DBTTF:--
H,TCNDQ---DBTTF. The values of intermolecular overlap integrals
(x 1073 are also shown.

the hydrogen atoms and the m-plane is 2.61 A as depicted by
dotted lines in Fig. 5. The intermolecular C-H-- ‘7 interaction
has been discussed from the viewpoint of molecular recogni-
tion.”” Based on the crystallographic database study of
C-H'-n contacts,”® the mean distance between hydrogen
atoms and n-plane is 2.65 A in the case of CI,HCH: - =&, which is
a structural analogue of H,TCNDQ. Ab initio calculations
have been carried out to evaluate the interactions between
hydrocarbons and benzene,?’ and the C-H- - interaction was
proved to be attractive but considerably weaker than that of
O-H---O. The major source of the C-H---m attraction is
dispersion interaction, while the electrostatic interaction
contributes to this attraction in the case of acidic protons,
such as in acetylene. It is, therefore, anticipated that the strong
proton donating ability of the H,TCNDQ molecule affords
crystal cohesion. In this crystal, the C-H---m contacts
contribute to the cohesion since one H,TCNDQ molecule
is bonded by a C-H--'m contact to the two neighboring
DBTTF molecules to form a repeating unit: DBTTF:--
H,TCNDQ:---DBTTF (shaded area in Fig. 5). Similarly to 1,
3 is classified as a neutral clathrate complex considering none
of the intermolecular m-electron overlap integrals between
H,TCNDQ and DBTTF molecules (Fig. 5).

3.3 Complexes of aromatic amine systems

With aromatic amines, 9 kinds of complexes, which are listed in
Table 1 (4-12) according to the basicity of the amines, were
obtained by gradual concentration of directly mixed solutions,
with the exception of the pyridine (6) complex (see the footnote
to Table 1). The pK, values of amines taken from ref. 30 are
used as the acid dissociation constants of protonated amines.
These complexes can be classified into three categories (groups
A, B and C in the last column of Table 1) based on the IR and
UV-Vis spectra.

3.3.1 Group A: proton transfer (PT) complexes with ami-
nes. Strong bases in Table 1 afforded proton transferred ionic
salts containing protonated amines and deprotonated dianion
TCNDQ?". The complex of p-phenylenediamine (5) contains
neutral H,TCNDQ in addition. In Fig. 6 the IR spectrum of
the diaminodurene complex (durene = 1,2,4,5-tetramethyl-
benzene) (4, curve ¢), as an example, is compared with those of
neutral H,TCNDQ (curve a), (TBA™),TCNDQ?" (curve b)
and neutral diaminodurene (curve d) in KBr. The C=N
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Fig. 6 IR spectra in KBr of c¢) diaminodurene (4), e) 3,3,5,5-
tetramethylbenzidine (10) and g) phenazine (12) complexes of
H,TCNDQ are compared with those of a) neutral H,TCNDQ, b)
(TBA),(TCNDQ?"), d) neutral diaminodurene, f) neutral 3,3,5,5-
tetramethylbenzidine.

stretching modes (Fig. 6, right) of 4 are similar to those of
dianion salt (TBA™),TCNDQ?", and the C=N stretching at
2263 cm™! observed in neutral H,TCNDQ is missing. The
dicyanomethyl C—H stretching mode (Fig. 6, left) at 2876 cm ™!
disappeared in 4. Consequently it is concluded that the
H,TCNDQ molecules in 4 are changed to the dianion
TCNDQ?™ by losing two protons. The broad band around
3000 cm~! and sharp peaks at around 3400 cm ™! are also
observed in 4, and are assigned to the absorptions of
ammonium and free amino groups, respectively. Therefore,
the formula of 4 is represented as either (HoN—¢—NH;"),-
(TCNDQ?*") or (H;N*—¢-NH;") (H,N-¢-NH,) (TCNDQ?"),
where ¢ corresponds to the aromatic moiety, and the following
structural analysis showed that the former is the real formula.

The crystal structure of 4 is presented in Fig. 7.3! The
diaminodurene or TCNDQ? ™ molecules form two-dimensional
segregated sheets along the bc-plane, which are alternately
piled on top of each other along the a-axis (Fig. 7a). The
monoprotonated diaminodurene molecules form hydrogen
bond chains by themselves along the c-axis (Fig. 7b), of
which the distances between nitrogen atoms are 2.91-2.92 A
and are consistent with those of N-H---N type hydrogen
bonds. This hydrogen bond chain is very similar to those of
dabco-X (dabco = 1,4-diazabicyclo[2.2.2]octane, X = HCIO,,
HBF,),*> which undergoes ferroelectric phase transitions.*?
In Fig. 7c, two independent TCNDQ?™ molecules are repre-
sented, of which the dihedral angles between the benzene
rings are 19° and 12°, respectively. Contrary to the neutral
H,TCNDQ molecule, the dicyanomethyl groups are in the
same plane as the benzene ring, and the distances of each atom
to the least square plane are within 0.10 A. The flat structure
of the dicyanomethyl groups agrees with the change from sp®
to sp> conformation by losing acidic dicyanomethyl protons.

With p-anisidine (7) and 1,10-phenanthroline (8), 2 : 1
complexes were obtained and these complexes consist of
monoprotonated amine cation molecules and TCNDQ?~
dianions based on their IR spectra, which exhibit both
absorption bands of protonated amine and deprotonated
dicyanomethyl groups but no free ones. The peak from the
dicyanomethyl C-H vibration remains in the p-phenylenedia-
mine complex (5, 2 : 3 stoichiometry) indicating the presence
of excess H,TCNDQ species besides diprotonated amines
and dianion TCNDQ? . The strong optical absorption at
around 25 x 1072 em ™! in KBr disks is observed in these PT
complexes. This absorption is assigned to that of dianion
TCNDQ?™ based on that of (TBA™"),(TCNDQ?"), consistent
with the IR spectra.



a) Diaminodurene layer  b)

TCNDQ? layer

Fig.7 Crystal structure of (monoprotonated diaminodurene),(TCNDQ? ") (4) (a) The b-axis projection. The atoms of the diaminodurene molecules
are shaded. (b) The diaminodurene molecule layer (a-axis projection). The hydrogen bonding between the nitrogen atoms is enclosed by the shaded
area. (c) Two twisted TCNDQ?~ molecules, which are crystallographically independent of each other.

3.3.2 Group: non-PT and CT clathrate complexes with
amines. Four kinds of amines with weak basicity (pK,, <
4.7) afforded colorless or pale-colored complexes in which
neither PT nor CT was detected between component molecules.
In Fig. 6 the IR spectra of the 3,3,5,5-TMB (3,3,5,5-
tetramethylbenzidine) complex (10, curve e), as an example,
and neutral 3,3',5,5-TMB (curve f) in KBr are presented. The
dicyanomethyl C-H stretching mode peak is clearly observed
at 2857 cm ™~ ! and no broad bands ascribable to the protonated
3,3.,5,5-TMB were observed at around 3000 cm™ ' in 10
indicating that neutral H,TCNDQ and 3,3.5,5-TMB mole-
cules exist in this complex. However, the observation of three
peaks with almost the same intensity at 2255, 2176 and
2116 cm ™! simultaneously indicates the presence of TCNDQ?~
species. Since the peak intensity of the C=N stretching mode
of TCNDQ?™ is much higher than that of neutral H,TCNDQ,
the ratio of TCNDQ?™ to H,TCNDQ is assumed to be quite
small, therefore the main components of this complex are
concluded to be neutral H,TCNDQ and 3,3’,5,5-TMB.

The crystal structure of 10 is shown in Fig. 8. Short
C-H(dicyanomethyl)---N(amino) (indicated by thick dotted
lines) and C=N---H-N (indicated by thin dotted lines) contacts
are found between H,TCNDQ and 3,3',5,5-TMB molecules.
For the former one, the H---N and C---N distances are 2.49 A
and 3.368(3) A, respectively, and for the latter one, the H---N
and N---N distances are 2.45(3) A and 3.362(3) A, respectively.
The distance between nitrogen atoms for the C=N---H-N
contact in 10 is rather larger than the average one for known
N---H-N contacts of 2.98 A,** indicating that the hydrogen
bond between the nitrogen atoms is weak. Two crystal-
lographically independent H,TCNDQ molecules exist in this
crystal, which form zigzag segregated stacking along the a-axis
to avoid the bulky dicyanomethyl groups twisting from the
benzene rings. The biphenyl rings of the H,TCNDQ molecules
are almost parallel to each other, the dihedral angle being 5°
and the interplanar distance is 3.75 A. The 3,3,5,5-TMB
molecules also stack along the a-axis, of which dihedral angles
to the two kinds of H,TCNDQ molecules are 74° and 70°. This

Fig. 8 Crystal structure of (3,3',5,5-TMB)(H,TCNDQ), (10). The 3,3,5,5-TMB molecules are shaded. (a) The a-axis projection. The thick dotted
lines are hydrogen bonds, and expansion of circled area is drawn in the right. (b) The b-axis projection.
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Fig. 9 The c-axis projection of (phenazine)(H,TCNDQ) (12). The
H,TCNDQ molecules are shaded. Short C-H:-'m contacts are
indicated by dotted lines.

structure resembles that of the clathrate complex (benzi-
dine)(4,4'-dinitrobiphenyl),.**> By comparison with the crystal
of the diaminodurene complex (4), the conformation of the
dicyanomethyl carbon in 3,3,5,5-TMB complex is sp’, which
agrees with conjecture based on the IR spectrum that the main
components of this complex are neutral H,TCNDQ and
3,3,5,5-TMB.

A 1 : 1 complex is afforded with phenazine (12), which
obviously consists of neutral phenazine and H,TCNDQ based
on the IR spectrum (curve g in Fig. 6). The crystal structure of
12 is shown in Fig. 9. Short C-H--w contacts (indicated by
dotted lines) of 2.61 A between phenazine and H,TCNDQ
molecule are found, which is the same intermolecular attraction
as that in (DBTTF),(H,TCNDQ) (3). An alternating column is
formed along the a—b direction, connected by the C-H--'n
contacts. Flat molecules having conjugated m-systems such as
DBTTF and phenazine seem to be excellent hydrogen bond
acceptors.

The complexes with benzidine (9) and N,N'-diphenyl-p-
phenylenediamine (11) were found to be neutral based on their
IR spectra. It is worth mentioning again that the complexes in
this group are colorless or pale-colored (Table 1) suggesting
that CT interactions are not involved. Based on eqn. (1),
the values of hver(D-H,TCNDQ) are estimated as over 24 X
10> em™! for 9-12. Actually, no optical absorption band
characteristic of a CT interaction appears in KBr disk spectra
for the complexes in group B, indicating that these complexes
are classified as clathrate complexes without PT and CT
interactions, the same as the complexes 1-3.

3.3.3 Group C: radical salts with amines. Pyridine (6)
afforded black complexes, of 2 : 1 stoichiometries. In a DMF
solution of 6, the characteristic absorption band at 542 nm
of anion radical TCNDQ ™" was observed. The EPR spectra
of 6 in DMF solution showed the same pattern as the
characteristic hyperfine structure of TCNDQ™ .2 The mono-
anion TCNDQ ™" is probably produced by air oxidation of
dianion TCNDQ27, which was derived from proton transfer
of H,TCNDQ. The reported redox potential values for

the process of TCNDQ?~ - TCNDQ!~ = poly-TCNDQ"
(E?, = —031 V and E"?, = —0.15 V vs. AglAgClO, in
DMF)? indicate that the dianion TCNDQ?" is easily oxidized
in solution. Broad absorption bands at around 6-9 x 10> cm™!
in spectra taken on KBr disks were observed in 6. The rela-
tively low energy absorption band suggests the existence of
segregated columns with radical anion TCNDQ™". 6 is a poorly
conductive semiconductor (ort = 4 x 1077 Sem™ !, E, =
260 meV), similar to (N-methylphenazinium)(TCNDQ ™ ") and
(N-methylquinolinium)(TCNDQ ~*).? The chemical formula of
6 can be represented as (pyridine)(pyridinium *)(TCNDQ ™)
based on its stoichiometry. Oxidation of the PT complex is
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found in the picric acid complex of 3,3'-dibromo-o-tolidine,®
where the radical cation salt of 3,3'-dibromo-o-tolidine is
formed by air oxidation. In this case, novel complex isomerism
is observed, ie., the transformation from PT salt to radical
anion salt.

3.3.4 Criterion affording PT and clathrate complexes. The
diagram scaled by ApK = pK, — (14 — pK}), where pK, and
pKj, are the acid dissociation constant of the proton donor and
the base dissociation constant of the proton acceptor,
respectively, was proposed in the organic m-molecular com-
plexes between aniline derivatives and polynitrophenols
(Fig. 10).>” The boundary between PT and CT (or non-PT)
complex lies within —0.6 < ApK < 0.5. In the H,TCNDQ
system, as discussed in the earlier sections, the boundary exists
between 8 and 9 where the pK, of the amine, which is equal to
(14 — pKy), is 4.70-4.86. The pK, value of H,TCNDQ in water
is estimated to be 3.58 based on eqn.(2). Hence the value of
ApK at the boundary between PT and non-PT complexes is
evaluated to be —(1.12-1.28). The PT complexes (4, 5, 7, 8)
reside on the left side and the non-PT clathrate (9-12) ones on
the right side of the ApK boundary in Fig. 10. The neutral
clathrate complexes 1, 2 and 3 are reasonably located at the
right side far away from 12 since the pK, of TTF derivatives
is much smaller than that of aromatic amines. The boundary
of the H,TCNDQ complexes overwritten on the original
diagram taken from ref. 37 is represented in Fig. 10. Even
though the value of this boundary is slightly less than those
of polynitrophenol complexes, a step-like phase boundary is
clearly observed between the solid complex formation. The
complex formation near the boundary is sensitive to the
conditions of preparation; for example, complex isomerism is
observed in the complex with o-dibromotolidine and picric
acid, in which the neutral CT complex is obtained in
chloroform solution and the cation radical salt in ethanol
solution.*® Similar complex isomerism is also expected in the
H,TCNDQ complexes.

4 Concluding remarks

The dicyanomethyl protons of the H,TCNDQ molecule are
associated with the formation of a variety of complexes. Proton
transfer complexes are afforded with amines of strong basicity
(pK, > 4.7), in which the dicyanomethyl protons are
transferred to the amine molecules to form aminium salts of
deprotonated TCNDQ?~ dianions. The dianion TCNDQ?*~
can be oxidized by oxygen and turns into anion radical

5 6 8
A&
(4) 30 70 O ﬂs
(1) ] 1
@ et PT type
@) e
1 I | |
. . Lo ory . .
-4 3 -2 #1911 2 3
DPK=pKa-(14-pKe) | 1 ! |
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1
non-PT ! @
orCTtype | —0
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% 45 no12

Fig. 10 The diagram of PT and CT (including non-PT clathrate)
complex formation scaled by the value of ApK = pK, — (14 — pKy),
where the pK, of H,TCNDQ in water is estimated as 3.58. (1) picric
acid complexes, (2) 2,4-dinitrophenol complexes, (3) 2,6-dinitrophenol
complexes and (4) H,TCNDQ complexes. The boundary between PT
and CT complexes is indicated by dashed lines. Open circles, open
triangles and crosses show TCNDQ complexes classified to group A, B
and C in section 3.3, respectively.
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respectively. The species discussed in the text are enclosed by boxes, and the species in brackets have not been observed so far.

TCNDQ ™" in the formation of the pyridinium salt. According
to the results of this article and ref. 2, the transformation of
chemical species in the TCNDQ system can be represented as a
3 x 3 PT and CT diagram in Fig. 11, like the quinone—
hydroquinone  system® and the 2,2-bi-1H-imidazole
system.'®*° The PT-CT diagram of TCNQ was reported,*
and this diagram was applicable to, for example, the hydride
transfer in the TCNQ complexes with N-methylacridan
derivatives, in which TCNQ turned into H,TCNQ and
TCNQ™* via neutral radical HTCNQ".*' In this article, we
have reported the complexes of H,TCNDQ, TCNDQ™ " and
TCNDQ?", which are enclosed by boxes in Fig. 11. The
reaction of neutral amine with H, TCNQ and TCNQ was
reported, where the anion radical salts of aminium and TCNQ
were obtained;*> however, any other reactions using H,TCNQ
have not been reported, and only a few salts containing dianion
TCNQ?*™ in the solid state are known so far.** The study of
complex formation with H,TCNDQ and TCNDQ?~ would
open up a novel chemistry of TCNQ derivatives, since only
a limited number of reactions with H,TCNQ derivatives are
utilized in the formation of complexes.

Clathrate complexes are afforded with weak basic or non-
basic molecules, in which the hydrogen bond of the
dicyanomethyl proton plays an important role in the crystal
formation. In addition to the oxygen and nitrogen atoms, the
planar m-system works as a proton acceptor in C-H---X (X =
N, O, n) hydrogen bonds, which gives a hint for the structure
formation of novel n-system CT complexes. A large number of
self-assembled structures with hydrogen bonds have been
known for a long time and are a subject of supramolecular
chemistry research.** For example, anilic acids, which work as
both proton donor and electron acceptor like the H;TCNDQ
molecule, were used as novel supramolecular synthons forming
either segregated or mixed stacks between donor and acceptor
molecules, in which a self-assembled structure was formed by
conventional hydrogen bonds between oxygen and/or nitrogen
atoms.* The clathrate complexes with H,TCNDQ, in which a
less-common type of supramolecular synthon,*® namely, a
C-H---X hydrogen bond, is the main force of crystal forma-
tion, are different from most self-assembled structures with
hydrogen bonds.

Generally, the electronic state of organic solids depends on
the molecular arrangement and chemical species of each
molecule. In the H,TCNDQ-TCNDQ system, it is expected
that various chemical species produced by the PT and CT
interactions form novel molecular assemblies with hydrogen
bonding, and this leads to the formation of novel electronic

structures. Especially, the region near the boundary of ApK in
Fig. 10 would be interesting, where various types of transition
among PT and CT interactions are expected.
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