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Ionicity Phase Diagram of Trifluoromethyl-TCNQ (CF;TCNQ)
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A series of charge-transfer (CT) solids of trifftuoromethyl-7,7,8,8-tetracyanoquinodimethane (CF;TCNQ) with
various electron donor molecules were prepared and their IR and UV—vis—near-IR spectra and electrical conductivity were
measured. The information was applied to produce an ionicity phase diagram of CF;TCNQ CT solids. A boundary for
ionicity of CF;TCNQ was found in combination with donor molecules of dibenzo[c,d]phenothiazine, diaminodurene, or
dibenzotetrathiafulvalene (DBTTF). With stronger donors than DBTTF, the CF;TCNQ molecules were fully ionized and
acted as a counter anion. No conductors with partially charged CF;TCNQ species were obtained. Besides the
conventional 1:1 fully ionic insulators with segregated stacks, tetramethyl-TTF.CF;TCNQ.CH;CN and bis(methyl-
thio)ethylenedithio-TTF-CF;TCNQ had fully ionic alternating stacks of DDAA units and showed Frenkel triplet
excitons. (BEDO-TTF),(CF;TCNQ) [BEDO-TTF: bis(ethylenedioxy)-TTF] consisted of a mixed-valence segregated
stack of donor molecules and completely ionized acceptor molecules, and showed metallic behavior down to 1.8 K even
in a compressed pellet sample. Langmuir—Blodgett films composed of (BEDO-TTF),(CF;TCNQ) and matrix (arachidic
acid) showed a conductivity of 3-6 Scm™! at room temperature and a nearly temperature-independent conductivity down
to 80K. Semiconducting (TMTSF),(CF;TCNQ) (TMTSF: tetramethyltetraselenafulvalene) had one-dimensional
segregated stacks of dimerized TMTSF molecules separated by completely ionized CF;TCNQ, the molecular plane of
which was arranged parallel to the TMTSF column. The ionicity phase diagram of the CF;TCNQ CT solids, i.e., a plot of
the first CT transition energy vs. donor strength, clearly discriminated these different kinds of CT solids and will be
utilized for the prediction and design of the functional CT solids.
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Numerous organic functional charge-transfer (CT) solids
have been developed based on 7,7,8,8-tetracyanoquinodi-
methane (TCNQ) and its derivatives, such as metals (e.g., TTF-
TCNQ"), superconductors (e.g., (BEDT-TSF)(CLTCNQ)?),
field-effect transistors (FETs),” metallic Langmuir—Blodgett
(LB) films (e.g., BEDO-TTF-C;(TCNQ* and BEDO-TTF-
(MeO),TCNQ*), ferroelectrics by neutral-ionic (N-I) phase
transition and order—disorder phenomenon (e.g., 3,3",5,5'-
tetramethylbenzidine- TCNQ,** TTC;-TTF-2,5-FMe-TCNQ,®
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and Me,P-Me,TCNQ*®), condensers,® switching and memory
systems (e.g., Cu-TCNQ’® and TTeC;-TTF-TCNQ">’®), mo-
lecular rectifiers,® nonlinear optical materials (e.g., peryl-
ene-TCNQ® and zwitterionic molecules'?), and spin-Peierls
systems!! (main molecules discussed in this paper are shown in
Scheme 1). For organic electronics such as metals, (super)-
conductors and FETs, fine tuning of the Fermi level is
crucial,>'? and therefore, it is essential to obtain a variety of
TCNQ derivatives to cover a wide range of electron-accepting
abilities. A trifluoromethyl-TCNQ (CF;TCNQ) molecule has a
stronger electron accepting ability [E'; 2 =+0.44V vs. SCE
(saturated calomel electrode)]'® and a lower symmetry than
those of TCNQ (Ell/z =40.22V vs. SCE). One of the
consequences of the use of low symmetric and strong acceptor
molecules is that, in general, they can afford dimerized units of
the anion radical molecules in order to cancel both net dipole
moments and degree of spin freedom and hence form
(D*t),(A""), alternating stacks resulting in the formation of
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Scheme 1. Main molecu

triplet excitons, where D and A are donor and acceptor
molecules, respectively. Another consequence is that they can
afford mixed valent cation radical salts [(D),]T(A*™) in which
D'/"* molecules form segregated assemblies and A'~ mole-
cules act as counter anions. Therefore, the low symmetric and
strong acceptor CF3TCNQ afforded amphiphilic conductors
[(D),]"(CFsTCNQ"™) which can be transformed into LB films
by the aid of hydrophobic CF; group. With these properties in
mind, we prepared CT solids of CF;TCNQ with a variety of
donor and cation molecules and made an ionicity phase
diagram which imparts deep insight into the ionicity, stacking
manner, and functionalities.

This paper consists of the following sections to reveal the
ionicity diagram of title acceptor molecule after “Experimen-
tal” section: “Formation of CT Solids of CF;TCNQ” overviews
the CT complexes, “lonicity Phase Diagram and Classification

les discussed in text.

of CT Solids” provides the general information to understand
the ionicity diagram, “Classification and Characterization of
CF3TCNQ CT Solids” describes the title complexes in the
order of our classification, and “Ionicity Diagram for
CF3TCNQ CT Solids” concludes the title phase diagram.

Experimental

All of the components were purified by recrystallization
and/or sublimation after preparation in our laboratory or
purchased commercially. The optical measurements were
performed on a Perkin-Elmer 1600 Series FT-IR spectrometer
(resolution 4 cm™") for the IR and near-IR (NIR) regions (400—
7800 cm™!) in KBr, and on a Shimadzu UV-3100 spectrometer
for the UV-vis—NIR region (3800-42000cm™") in KBr or in
solution. The dc conductivities were measured by a standard
four- or two-probe technique attaching gold wires (15 um ¢) to
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lonicity Phase Diagram of CF;TCNQ CT Solids

Table 1. Stoichiometry, Optical (IR, UV-vis—NIR) and Conductivity Data, and Type (lonicity and Stacking Mode, See Text) of

CF;TCNQ CT Solids with Alkali and Onium Ions

-1 0. 1, — -1 - Ep—— -
Do D:Assolvent IR ve=n/em™ (CF3TCNQ™: vy =2223cm™) UV—v1s—NIbR/10 cm Conductlvitly Typed
v, V) V3 V4 Vs Vs B’ c D" orr/Scm
1Li 1:1:3/4H,0 2217 2205 2193 2179 2132 9.7 11.3 15.9 <1078 IuS
2 Na 1:1 2208 2180 8.5 11.3 15.4 <1078 TuS
3K 1:1 2201 2191 2178 2137 8.6 11.3 15.9 <1078 IuS
4 NH, 1:1 2202 2193 2179 2137 8.7 11.3 15.7 <1078 IuS
5 Rb 1:1 2199 2193 2178 2137 9.5 11.3 15.6 <1078 TuSn
6 Cs 1:1 2194 2175 2135 10.5 11.3 15.3 <1078 TuSn
7 N-MeQ  1:1:1/4H,0 2190 2181 2166 2125 8.7 11.4 15.6 <1078 TuSn

a) N-MeQ: N-methylquinolinium. b) C (or C’) -band is further classified into Cp, C,, and Cy-band according to their origins, see text.
¢) D- and D’-bands are ascribed to intramolecular second HOMO — HOMO transition of cation or donor species and intramolecular
LUMO — second LUMO transition of CF;TCNQ species, respectively. d) See text, to classify the CT solids, ionicity and stacking are
labeled as: I (fully ionic, 6 = 1), M (mixed valence, 1 > § > 0.5), M’ (mixed valence, 0.5 > § > §.), N (neutral, §. > § > 0), A
(alternating stacks), A2 (DDAA alternating stacks), and S (segregated stacks or layers).

samples with gold paste (Tokuriki 8560-1A). The electron
paramagnetic resonance measurements were performed with an
EPR X-band spectrometer (JEOL-TE200X). X-ray diffraction
data for C;TET-TTF.CF;TCNQ (25) and TMTTF-CF;TCNQ-
MeCN (35) were collected on a CCD diffractometer (Bruker
SMART APEX II) with graphite monochromated MoK«
radiation at 300K. The empirical absorption correction was
carried out using the program SADABS in Bruker APEX2
software by a multi-scan method. The crystal structures were
solved by a direct method of SHELXS'* and refined by full
matrix least-squares of 72 by means of SHELXL.!> All non-
hydrogen atoms were refined anisotropically. The positional
parameters of the hydrogen atoms were calculated under a fixed
C-H bond length of 1.00 A with sp? or sp’ configuration of the
bonding carbon atoms. In the refinement procedures, isotropic
temperature factors with the magnitudes of 1.5 fold for
methylene groups and 1.2 times for others to those of the
equivalent temperature factors of the bonding carbon atoms
were applied for hydrogen atoms. Crystallographic data have
been deposited with Cambridge Crystallographic Data Centre:
Deposition numbers CCDC-767692 for 25 and CCDC-767693
for 35. Copies of the data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge, CB2 1EZ, U.K.; Fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk). A conventional Langmuir trough
(LAUDA film balance) was used for the deposition of
multilayers. X-Type LB films were deposited by horizontal
lifting. The arachidic acid was added as a matrix molecule to
increase the quality of LB films.

Formation of CT Solids of CF;TCNQ

A variety of organic and inorganic species afforded CT
solids with CF3;TCNQ. The considerably high solubility of
CF;TCNQ in conventional organic solvents, e.g., 0.1 gmL™!
in acetonitrile (MeCN), rendered difficult the isolation of CT
solids. This propensity may be caused by the low-symmetry
and highly polarizable nature of CF;TCNQ. Tables 1-3
summarize the donor molecules used, stoichiometry deter-
mined by elemental analyses (see Supporting Information:
Table S1), multiple C=N stretching frequencies (Ve=n: V1—Vg

in the order of frequency), UV—-vis—NIR absorption energies
for bands A-D ascribable to donor molecules and bands B’-D’
ascribable to the acceptor molecule, room-temperature (RT)
conductivity (orr), and the activation energy (&,) of con-
duction for the CT solids with alkali metals and ammonium
derivatives (Table 1), aromatic hydrocarbons, amines, and
azines (Table 2), and TTF derivatives (Table 3). The donor
molecules (D) in Tables 2 and 3 are arranged according to the
donor strength evaluated from the CT transition energies
of the s-trinitrobenzene (TNB) complexes (hvcr(D-TNB) in
CHCI;), which are presented in brackets in the first column.
CT solids 1, 7, 10, 13-18, 21, 22, 26, 30-32, and 34-36
include solvent molecules during crystallization. It is notable
that many kinds of TTF derivatives produced more than one
modifications of complexes with CF;TCNQ showing different
physical and/or structural properties; 21-24, 30 and 31, 32
and 33, and 35 and 36.

The ionicity of CT solids (§) was estimated mainly by IR and
UV-vis—NIR spectra, with the aid of electrical conductivity,
magnetic properties, and stoichiometries of the solids as has
been done in other CT systems'® based on TTF deriva-
tives, 00164160 16k-16m 161 4o matic amines, 616¢ 168160 ¢ 16h
2,2-biimidazole,'*"'% and a few proton donors.'®>!%® The
analyses provided molecular packing pattern information even
without crystal structure analysis by diffraction methods. In the
last column of Tables 1-3, the classification of the CT solids
based on their ionicity and stacking mode is summarized. Such
classification is one of the most essential strategies for
exploration of functional CT solids and has been elucidated
by several researchers.!”?

The ionicity is classified into fully ionic (8 = 1, I), mixed
valence (1 > § > 0; in this paper, the ionicity of 1 > & > 0.5 is
represented by M and that of 0.5 > § > §. by M’), and neutral
(6. > § > 0, N), where &, is the critical degree of ionicity for
mixed valence that depends on the electronic dimensionality
(6.=0.5 for one-dimensional TTF.TCNQ system and
0.5 > 8. > 0 for 2- and 3-dimensional conductors). Since the
CF3;TCNQ molecules in CT solids tend to be fully ionized (vide
infra), the symbols for ionicity in Tables 2 and 3 are derived
from the donor component. The alternating and segregated
stacks are denoted as A and S, respectively. When the uniform
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Table 2. Stoichiometry, Optical (IR, UV-vis—NIR) and Conductivity Data, and Type (lonicity and Stacking Mode, See Text) of
CF;TCNQ CT Solids with Aromatic Hydrocarbons, Amines and Azines

IR Veoy/cm™! UV-vis-NIR /103 cm™! Conductivity
D? [hver/10° em™] D:A:solvent® N , C9 D9 ORT e, Type?
vy vV, V3 V4 Vs ve hverr A B ) OV /Sem~! /meV
8 triphenylene [27.5] 1:1 2220 16.6 <1078 NuA
9 pyrene [22.2] 1:1 2220 12.3 <1078 NuA
10 HMTP [21.0] 1:1:4/3CHCl; 2217 9.7 <1078 NuA
11 perylene [20.8] 1:1 2218 9.0 <1078 NuA
12 PT [19.0] 1:1 2212 6.7 <1078 NuA
13 DBPT [17.4] 1:1:3/5PhMe 2175 2126 100 113 148 <1073 IuSn
14 diaminodurene [17.1] 1:1:1/2PhH 2200 2185 11.6 144 <1078 TuA2
15 Fe(Cp), [16.0] 6:5:2MeCN 2189 2180 2166 33 92 113 159 3.6x10" 52 MS
. 11.5 146 3
16 TMPD [15.7] 1:1:1/2PhH 2187 2136 9.8 (13.4) (153) <10 IuSn
17 Me,P [14.2] 1:1:1/3PhH 2189 2162 92 113 153 <107% IuSn
. 11.3 _3 IuS or
18 TDAP [14.0] 1:2:1H,0 2184 2163 8.5 (12.8) 139 <10 TuA
19 Fe(CsMes), [13.8] 1:1 2187 2169 105 113 142 <1078 IuSn

a) PT: phenothiazine, HMTP: hexamethoxytriphenylene. For other abbreviations of donors, see Scheme 1. b) PhH: benzene, PhMe:
toluene. c¢) C (or C’)-band is further classified into Cp, C,, and Cy-band according to their origins, see text. d) D- and D’-bands are
ascribed to intramolecular second HOMO — HOMO transition of cation or donor species and intramolecular LUMO — second
LUMO transition of CF;TCNQ species, respectively. e) See text, to classify the CT solids, ionicity and stacking are labeled as: I (fully
ionic, § = 1), M (mixed valence, 1 > § > 0.5), M’ (mixed valence, 0.5 > § > §.), N (neutral, §. > & > 0), A (alternating stacks), A2
(DDAA alternating stacks), and S (segregated stacks or layers).

Table 3. Stoichiometry, Optical (IR, UV-vis—NIR) and Conductivity Data, and Type (lonicity and Stacking Mode, See Text) of
CF5;TCNQ CT Solids with TTF Derivatives

IR ve=y/cm™! UV-vis-NIR/10? cm™! Conductivity

a) 3 a1 A b) €)
D¥ [hver/10°em™']  D:A:solvent " v, Vs Ve Vs A B B C° 0 D9 DI /sac]grl /ni‘zv Type
20 DBTTF [17.3] 3:2 2205 2198 hverN = 6.8, 17.1 <10-% NuA
21 BEDT-TTF [16.1] 5:3:1PhCl 2186 2179 2163 3.4 10.3 15.7 103 3.0 x 1072 68 MS
22 5:3:4/3PhCN 2186 2178 2166 2.9 10.2 159 102 1.4 58 MS
230 5:3 (CSy) 2184 2168 3.3 11.2 155 112 2.0 57 MS
249 2:1 (TCE) 2188 2163 3.1 7.7 11.0 15.1 11.0 4.2 32 MS
25 C,TET-TTF [16.0] 1:1 2185 2164 10.8 14.3 1.0 x 107° 282M TuA2
[zfsil]":DO'DBTTF 2:1:1/3PhCl 2189 2166 33 83 11.5 142 132 3.3 x 107! 92 MS
27 HMTTeF [15.8] 43 2206 2185 2162 ca.3 58 115 14.1 129 4.1 32 MS
28 EDT-TTF [15.7] 2:1 2188 2180 2165 4.7 8.6 11.5 145 133 44 x 1073 156 MS
29 EOET [15.5] ca.2:1 2185 2165 36 13 113 151 113 5.8 metal >252K MuS$
30 TTF [15.4] 10:9:4THF 2189 2169 4.1 8-10 11.3 12,9 15.7 193 1.0 140 MSn
31 1:1:2/3PhMe 2193 2183 2169 82 9.8 113 157 194 1.5x10°¢ 181 IuSn
329 TMTSF [15.0]  1:1:1/2PhCl 2180 2164 8.5 11.5 151 13.1 1.2 x107° 354 TuSn
330 2:1 (PhCl) 2181 2.6 11.5 14.4 5.0 x 107! 100 MuSn
34 BEDO-TTF [15.0] 2:1:1/2H,0 2190 2171 28 72 11.6 149 133 1.7 x 10> metal >1.8K MuSn
35 TMTTF [13.9] 1:1:1MeCN 2185 2166 113 12.8 14.1 172 <1078M TuA2
36 1:1:1/4PhMe 2186 2167 11.5 12.8 13.8 16.8 TuA2
37 OMTTF [13.8]  1:1 2181 2159 11.1 12.6 153 <1078 TuA2
38 HMTTF [13.7]  1:1 2186 2164 11.3 12.6 14.8 16.0 <1077 TuA2

a) Abbreviations of donors, see Scheme 1. b) PhMe: toluene, PhCl: chlorobenzene, PhCN: benzonitrile, TCE: 1,1,2-trichloroethane,
THEF: tetrahydrofuran. ¢) C (or C’)-band is further classified into Cp, C,, and Cy;-band according to their origins, see text. d) D- and D’-
bands are ascribed to intramolecular second HOMO — HOMO transition of cation or donor species and intramolecular
LUMO — second LUMO transition of CF;TCNQ species, respectively. e) See text, to classify the CT solids, ionicity and stacking
are labeled as: I (fully ionic, § = 1), M (mixed valence, 1 > § > 0.5), M’ (mixed valence, 0.5 > § > 4.), N (neutral, §. > § > 0), A
(alternating stacks), A2 (DDAA alternating stacks), and S (segregated stacks or layers). f) 23, 24, and 33 were prepared from CS,, TCE,
and PhCl, respectively, without solvent inclusion. g) Contaminated with 33. h) Data on single crystals.
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ionicity and/or stacking manner are confirmed, a small
character of u is added (n for non-uniformity). For example,
a 2:1 solid with § = 0.5 and a dimerized segregated stack is
labeled as MuSn.

Tonicity Phase Diagram and Classification of CT Solids

Precautions Making Ionicity Phase Diagram. Several
classifications of CT solids have been proposed to understand
their perspectives.'”'® However, all earlier studies'’ were
incomplete for understanding the whole picture of CT solids,
since they lacked 1) neutral segregated stacks (Type
NS),3d:160:20.21 ) metallic alternating stacks (Type MnAu),'o™
3) metallic segregated layers with charge disproportionation
(Type MnSu),”? and 4) 1:1 metallic segregated stacks with
fully ionized CT solids (Type ISu) composed of molecules of
small on-site Coulomb repulsive energy (U).?

One has to seek an appropriate DA combination to have
appropriate ranges of /p — Ea (I: ionization potential of an
electron donor molecule, E4: electron affinity of an electron
acceptor molecule), which can be conventionally replaced
by the solution redox difference AE(DA) = E|(D) — E|(A)
(Ey: first redox potential) to obtain particular functional
materials, e.g., organic metals with mixed valence states.
Besides that, it is strongly recommended to include component
molecules with similar sizes and shapes for an ionicity phase
diagram!'®*?* to have common Madelung energy (M), self-
assembling ability, and dimensionality in a particular DA
system. Otherwise, for example, the combination with the
components with very different size needs careful examination
concerning these parameters to obtain correct information for
the functionalities.

Ionicity Phase Diagram and Its Utility. Figure 1 shows
the relationship between two kinds of ionicity phase dia-
grams.'®®2° Figure 1a is a plot of electrical conductivity data of
1:1 low-dimensional TTF.TCNQ system, vs. redox potentials.
The component molecules have weak self-assembling ability
but sufficient to form segregated stacks. The basic concept of
this figure is derived from similar plots for CT solids of
aromatic diamine systems,'®®?* where the much weaker self-
assembling ability of the constituents results in non-segregated
but mainly alternating stacks, and therefore, the correlation
between the conductivity and ionicity was not clear.

The two lines a and b in Figure 1a are related to the equation
expressing the relationship among Ip, E, and the Madelung
energy M(5) between partially charged component molecules
(eq 1).2° The mixed valence region (M) is located between
fully ionic (I) and neutral (N) regions. In the region M, the CT
solids are either highly conductive (O) or metallic (®) when
they have segregated stacks. The solids in the regions I and N
are insulators (A), in general.

Ip — Ex = M(S) (D

Figure la was made by rotating the original figure in
Ref. 16b so as to have two borderlines a and b vertical. Then,
every CT solid allocated on the horizontal line in Figure 1a has
the same chemical potential (/p + Ex = constant).”” As an
application of this diagram, the organic metals in the region M
residing on the varied horizontal lines in Figure la were
employed as the source and drain electrodes to control the
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Figure 1. (a) Ionicity diagram for TTF.TCNQ system

plotted as E;(A) vs. E(D) after modification of the
original diagram in Ref. 16b. Open triangle: insulators or
semiconductors; yellow circle: highly conducting in
compaction studies; red circle: organic metals. The
representative components are A: tetrathionaphthacene,
B: TMTTE, D: TTF, E: HMTTF, F: HMTSF, G: TMTSF,
H: TSF, J: TTC,-TTF, K: BEDT-TTF, L: DBTTEF, a: 2,5-
(CN),TCNQ, b: F,TCNQ, e: 2,5-I,TCNQ, f: F,TCNQ,
i: FTCNQ, m: TCNQ, n: MeTCNQ, p: 2,5-Et,TCNQ.
E|(A) and E|(D) in this figure are the peak values vs. SCE.
Region N: neutral, M: mixed valence, I: fully ionic. Line a:
AE(DA) = —0.02V, b: AE(DA) = 0.34V. Organic metals
on the blue dotted line have the same chemical potential
(I, + E5 = constant). (b) Schematic phase diagram of
ionicity, conductivity and stacking of DA CT solids. The
first transition energy in solid (hvcy) is plotted against the
AE(DA) value. Left- and right-hand sides of the V-shaped
line correspond to eqs 2 and 3, respectively. IA: ionic
alternating, MA: mixed-valence alternating, NA: neutral
alternating, NS: neutral segregated, MS: mixed-valence
segregated (MS-1: non 1:1 (one component is fully ionic),
MS-2: 1:1 low-dimensional, M’S: 1:1 high-dimensional).
An appropriate V-shaped line for the TCNQ system was
obtained by a parallel shift of the V-shaped line for the
p-quinone system toward the lower side by 0.13-0.16 V.

Fermi level alignment between electrodes and channel for
FETs making the injection of carriers smooth and giving varied
FET polarity.

Figure 1b is based on the CT transition energies of neutral
(hver™, eq 2) and ionic (hver!, eq 3) solids instead of con-
ductivity, to discriminate between the neutral and ionic solids
with alternating stacks (V-shaped line in Figure 1b),% and
therefore this ionicity phase diagram can be made more readily
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than Figure la since the conductivity measurements are time
consuming.

hvert™ = Ip — Ex — C 2

hver' = —Ip + Ex + Qe — 1)C A3)
where C and «C are the Coulomb attractive energy between
D't and A*~ and the Madelung energy, respectively. The N-I
phase boundary condition (hver™ = hver!) gives the same
criterion as eq 1. In the neutral region near the bottom of the V-
shaped line, an enantiotropic phase transition system (N-I
transition) is allocated, since the contraction by lowering
temperature favors ionic species by enhancing M.2%

The CT solids that have Avcr bands below 5 x 103 cm™
(horizontal green dotted line) belong to a different class (region
MS) from those residing on the V-shaped line. Region MS that
usually includes (super)conductors!?!6k-16m16¢,18.28-31 anq par.
row-gap semiconductors has mixed valence segregated stacks
or layers.

Among the region MS, MS-1 is for non 1:1 CT solids in
which the minor component is fully ionized and thus the major
one has a mixed valence state.>*>33 MS-2 is for low-dimen-
sional 1:1 CT solids in which both component molecules are in
mixed-valence states.'®®!%9 When highly conductive 1:1 CT
solids are located in this region exclusively, it is safely
concluded that the system has a low-dimensional electronic
structure.'°>1%4 M'S is for high-dimensional 1:1 CT solids,
which usually extend their metallic regime toward lower §
values (higher AE(DA) values) like the HMTTeF!6™!%° and
BEDO-TTF!% systems owing to their strong self-assembling
ability. Even with § = 1/3, some BEDO-TTF complexes have
segregated stack and show metallic behavior. 0%

Figure 1 gives us a prediction on the modes of molecular
stacking: A and S, and information on the chemical potentials
and other functionalities as described below.

Near the borderline b in Figure 1a, the bistability concerning
the ionicity between the neutral and partial CT states is realized,
i.e., the monotropic complex isomers G-m,>* H-.p,¢ and
K-m.'0®1637 Even though K.m (BEDT-TTF-TCNQ) is
expected to afford a neutral insulator based on its AE(DA)
value, a highly conductive complex isomer has been prepar-
ed.’® This indicates that the BEDT-TTF molecule has a
significant self-assembling ability to form a segregated column
with increased dimensionality, which is the nature of the solids
in the region M’S in Figure 1b and leads to the formation of 2-
dimensional conductors and superconductors.'?!%3® The insu-
lating CT solids residing near the borderline a or b have the
potential to exhibit a phase transition into a highly conducting
phase induced by external stimuli (electric field, photo, etc.)
with smaller threshold than those allocating far from the
borderlines.”>

The fully ionic solids (region I) afforded band insulators, 1:1
Mott insulators with ground states of antiferromagnets (E-b
and F-b)* or spin-Peierls,!*! ferroelectrics,*” ferromagnets,*
spin-ladders,** and nonlinear transport materials (switching and
memory).”*°

The mixed valence (region M in Figure 1a, and MA, MS-1,
MS-2, and M'S in Figure 1b) afforded (super)conductors
and the following various insulators: 1) a (nearly) uniform
segregated stack having spin density wave, and anion or charge
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ordered (=charge disproportionation) state,!'*!82943 2 a non-
uniform segregated stack showing Peierls-type distortion,?82°
spin-Peierls distortion,!'*® and dimer-type Mott insulators'®
including antiferromagnets,*’ spin-liquid*® and spin-ladders,*’
and 3) an alternating stack including N-I systems, ferro-
electrics,’® and highly-conductive semiconductors.!®™>! There
are hybrids by the combination of ferro-, ferri-, or paramagnetic
species based on transition-metal compound as one component
and mixed valence counterpart to form magnetic CT con-
ductors.>?

The neutral solids (N and NA + NS), in general, exhibit
a CT band represented by eq 2 regardless of the stacking
modes.'®2%® Since most CT solids in the region N prefer
alternating stacks with a few exceptions,>®16120a21,53653¢ they
are band insulators with low ionicity. Hydrogen bond and
proton transfer between the components manifest many
interesting functions; switching, ferroelectrics, etc.”

Figure 1b does not include fully ionic CT solids of both
Type IS and Type IA2 (alternating stack of fully ionic
dimerized D and A: D™DTA~A") since they exhibit CT bands
with different energies and will be described below.

Classification of CT Solids by Optical Bands hvcr?,
hver', and A—-C.  Here we briefly describe the relationship
between the optical bands measured on a KBr disk in the UV—
vis-NIR and IR regions (hver, Aver!, A-D, A’-D’-bands), and
ionicity and stacking modes of the CT solids. The details are
described in Ref. 19.

hver and hver':  For alternating stacks, the solids exhibit
either hver™ for Type NA or hver' for Types IA and MA.
Segregated neutral solids (Type NS) also exhibit CT bands
expressed by eq 2. In some solids of Type IA, however, an
optical transition between D** or A'~ species (B- or B’-band,
respectively, eq 4) appears and there is no back CT transition
(hver') from A'™ to D'+

B-band B’-band
e g “
D'D'D'D'—= D'D*D'D; ATATATAT > ATA'ATAT

B-Band: Except for the above-mentioned case, the
appearance of B- (B’-) band is a typical phenomenon for
solids with segregated stacks with § > 0.5 (Type IS, MS). The
intensity of B-band decreases with decreasing ionicity and
becomes nearly zero-intensity at § = 0.5°° It is easy to
discriminate between Types IS and MS, since the latter
exhibits additional low-energy band below 5 x 103cm™!
(A-band). The B- (B’-) band usually appears at 5-13 x
103 cm™! for TTF and TCNQ systems in solids and disappears
in dilute solutions.

C-Band: In the case of fully ionic and non-uniform
segregated column (Type ISn), an extra band appears at higher
energy than the B-band. For a dimerized system, intra- and
interdimer bands are observed as B- (B’-) and Cp- (Cp’-) bands
(D denotes distortion), respectively (eq 5).

B-band B’-band

any 'Y

DD’ DD’ ATAT ATAT (9
L4 (4
Cp-band Cp’-band
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The Cp'-band appears at around 11 x 10°cm™' for the TCNQ
system. Since the Cp- (Cp’-) band grows rapidly with lattice
distortion, it can be used as an index for lattice distortion
provided the simultaneous appearance of IR inactive a, mode
in the IR spectrum. When a solid contains isolated radical
molecules of TCNQ derivatives, it shows a sharp peak with fine
structures, labeled as Cy-band (M denotes monomer), in the
10-11 x 103 cm™! region, similar to that of radical anions in
solution. Cy-band also appears weakly for metallic solids with
uniform segregated columns on the compressed KBr pellet
measurement.

Several fully ionic complexes with DDAA stack are known
(Type TA2, where 2 stands for dimerized unit).’®*>%! They
show characteristic optical bands (C,- or C,’-band) ascribable
to the optical process eq 6, but no hver! (CT transition from
A'~ to D'") usually.

C,-band C,’-band
ny ay (6)

D"D"ATA > D*D'ATAT;  D'DATAT—S DDA’AT
The C,- (or C,’-) band appears at higher energy than the B- (or
B’-) band.

A-Band: In the IR region, ionic and neutral complexes
show the vibrational absorption spectra of component ions
(molecules). In the case of metallic solids, however, these
bands are difficult to observe due to the intraband transition,
which appears below 5 x 10°cm™' on KBr pellet measure-
ments (A- or A’-band). A CT band below 5 x 10°cm™! is also
observed for narrow gap semiconductors and assigned as A- or
A’-band since it is indistinguishable from the band of metallic
solids on KBr pellet measurements. The optical band arises
from the following process for charge-ordered CT solids.

A-band A’-band
> a> 7
D'D’D'D'=D"D'D’'D’ ATA’ATA’ = A’ATAA°

Classification and Characterization of CF;TCNQ CT Solids

Essentially Neutral CT Solid (Type NA). Solids 8-12 and
20 belong to this group, since 1) the IR spectrum of the solid is
explained by the superimposition of spectra of neutral
component molecules, and 2) their CT absorption bands follow
eq 2. Only one C=N stretching band, which shifts to lower
frequency as the donor ability increases (v =2220-2212
cm™!), was observed except the DBTTF complex 20. For 20,
the CT band (6.8 x 103cm™!) and C=N stretching bands
(v =2205cm™!, v, =2198cm™') suggest that the solid is
much closer to the N-I boundary in comparison with those of
other complexes of Type NA. All of these solids have most
likely alternating stacks, since a neutral solid with segregated
stacks is rare and usually they are far from 1:1 stoichiometry.?
They have a ogr less than 1078 Scm™!.

1:1 Fully Ionic CT Solid with Segregated or Self-
Assembled Stack (Type IS). Solids 1-7, 13, 16-19, 31,
and 32 belong to this group. Both the strong electron-
donating ability of the donor species and the 1:1 or
1:1:x(solvent) stoichiometry are responsible for the fully
ionic nature of D*-CF;TCNQ "~ (D't when D° has a closed
shell electronic structure). All the solids in this group, except

lonicity Phase Diagram of CF;TCNQ CT Solids
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Figure 2. Optical absorption spectra of (a) 1:1 CF;TCNQ
complexes in KBr, with a) Na (2), b) K (3), ¢) NH, (4), d)
Li (1), e) Rb (5), f) Cs (6), g) TTF (33), h) Fe(CsMes),
(19), and i) TMPD (16), and (b) a) CFsTCNQ in MeCN,
b) CF;TCNQ in KBr and c¢) K-CF;TCNQ in MeCN.
Cym'-, D’-, and E’-bands are intramolecular transitions of
CF3;TCNQ"". The first transition in neutral CF;TCNQ is
close to E’-band of CF;TCNQ"~. For bands B’ and C’, see
text. The dotted and thick lines in Figure 2a are guides.

the TDAP complex 18 with a ratio of 1:2:H,O which will be
described below, were assigned based on UV-vis—NIR and IR
spectra as follows.

UV-vis-NIR Spectroscopy: In Figure 2, the UV-vis—NIR
spectra of several fully ionic solids (Figure 2a) are compared
with those of neutral CF;TCNQ in MeCN and in KBr, and
K.CF;TCNQ in MeCN (Figure 2b). The alkaline and ammoni-
um salts 1-6 show B’- and C’-bands at 8.5-10.5 x 10° and
11.3-11.5 x 103 cm™!, respectively. The B’-band tends to locate
at higher energy as the size of DT increases, as shown by a thick
dotted line. Since the energy of the B’-band is approximated
as hver(B'-band) ~ (U — V)/2 + [(U — V)?/4 + 42412 — 2,7
this is most likely caused by the increase of the interplanar
distance between CF;TCNQ™™ molecules resulting in the
decrease of both transfer interaction, ¢, and nearest site
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Table 4. The Vibrational Bands of Some CF;TCNQ Complexes in the Region of 1600-400 cm™! (Powdered Sample in

KBr, See Also Figure 12 for 1, 24, 29, 33, and 34)9

Lil TTEY 31 TMTTF® 35 BEDT-TTFY 24 EOET 29 BEDO-TTF® 34 TMTSE® 33
1590 1590 1595 1586 av, 1590 1596 agV, 1590 a,v;
1545 g3
1504 1501 1497 1502 1500 1500
1464 1463 1460
1436
1373 MeCN 1408
1370 1371 agvs 1390
1352 1356 a,vs 1356 azvy 1356 avs 1356
1338 a,v;
1300 av, 1300 1300 a,zvs 1290 azvy
(broad) (broad) (broad)
1286 1284 1286
1266 1266 1266
1200 1194 1192 1182 1182 agvg
1160 av,
1168 1166 1170
1130 1117 1122 1124 1128 1130 1132
1054 1054 1054
1016 1014 1012 1011 avg 1004 1004 a,v;
931 aglg 908 agVg
898 895 900 894
880 avyg
856 858 aglg
820 813 814 819 818
730 PhMe 756 MeCN
716 714 714 710
684 a,Vs
586 590 V1o
518 516 504 agvyo 520
484 a,v6 464 av|, 458 442 a4V,

a) The assignments for the bands assignable to the donor molecules are given according to the symmetry and mode
number in references. b) Ref. 58. ¢) Ref. 59. d) Refs. 60 and 61. ¢) Ref. 62.

Coulomb repulsion energy, V. The appearance of the B’-band at
high energy in 1 (9.7 x 10° cm™!) may indicate that the water
molecules included in the crystal effectively expand the
interplanar distance between CF;TCNQ™™ molecules.

A weak band at around 11 x 10°cm™' is ascribed to the
acceptor species (C’-band). The bands have a different shape
from the Cy’-band. The C’-band is very weakly observed in 2—
4 and faintly in 1, and the type of counterpart makes little
impact on the energy of the band (see thin dotted line). The
weak C’-band in 1-4 is indicative of a very weak dimerization
in the CF3TCNQ™~ segregated columns (Cp’-band), if any.
With increasing cation size, 5 and 6 exhibited a rather strong
C’-band implying that the lattice distortion exists definitely in
the CF;TCNQ'™ segregated columns. The similarity of the
UV-vis—NIR spectrum of 7 to those of 5 and 6 supports the
fully ionic and distorted segregated nature of the CF;TCNQ™™
columns. The strong donor molecules, such as those in 13, 16,
17, 19, 31, and 32, also afforded complexes of D:A = 1:1,
which exhibited B’-, Cp’-, D’-, and E’-bands (D’- and E’-bands
are intramolecular transitions of CF;TCNQ"™) in addition to the
bands originating from the D'* species. This confirms that
these solids consist of D** and A"~ species and have distorted
segregated stacks of A'". The relative intensity of C’- to B’-

bands is markedly enhanced in these solids compared with
those in 1-4. This behavior is well interpreted by the increase
of distortion in CF3TCNQ stacks with increasing the cation
size.

IR Spectroscopy:  Table 4 summarizes the vibrational
bands and the assignments for the donor species for some
CF;TCNQ salts in the region of 1600-400cm™!. In addition
to the peaks assignable to the CF;TCNQ'~ species, the IR
spectrum of TTF complex 31 exhibited an intense broad band
with peaks at 1371, 1356, and 1338 cm™!, indicating a strong
electron-molecular vibration (emv) coupling. This band orig-
inates from the a, mode of TTF, which was reported to appear
at 1420 cm™! (agVs3) for neutral TTF.®

It is emphasized here that the C=N stretching mode of the
fully ionized solids exhibited unexpectedly varied and com-
plicated features depending on the type and size of the
counterpart. Figure 3 compares the C=N stretching modes of
neutral CF;TCNQ molecules with those of some 1:1 fully ionic
and segregated solids. The neutral CF;TCNQ molecule
exhibited only one C=N stretching band at 2223 cm™" (vy),
which may consist of some C=N stretching modes. The
alkaline and ammonium salts 2—6 exhibited several bands
at around 2208-2199 (1,), 2194-2185 (v3), and 2181-2175
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Figure 3. IR spectra in the C=N stretching region in KBr:

a) neutral CF;TCNQ, and fully ionic 1:1 CF;TCNQ
complexes with b) Li (1), ¢c) K (3), d) Cs (6), e¢) TMPD
(16), f) DBPT (13), g) Fe(CsMes), (19), h) TMTTF (35),
and i) C,TET-TTF (25) complexes. For vy—V¢ bands, see
text. Dotted lines are guides.

(v9)em™'. The Li salt 1 exhibited a weak band at 2132
(Vg)em™!, in addition to v;—v,. The Vg band appeared weakly
for 3—7. Using a very large molecule as a counterpart, the shape
of the C=N stretching bands was appreciably modified; that is,
13, 16, and 19 exhibited vs, V4, Vs, and/or Vg modes. Therefore,
the shift of the C=N stretching modes cannot be used to
estimate quantitatively the degree of CT in the CF;TCNQ
complexes, unlike the TCNQ complexes.®® Instead, the total
shape in the C=N stretching region in spectra b—i in Figure 3 is
utilized to identify the fully ionic state of CF;TCNQ. The
origin of the multiple C=N stretching is discussed below.
Fully Ionic Complex with DDAA Stack (Type IA2) and
Triplet Exciton. C,TET-TTF.CF;TCNQ (25) and TMTTF -
CF3TCNQ-MeCN (35) belong to this group and their D:A ratio
is 1:1. They exhibited nearly the same C=N stretching
frequencies (Figure 3). The other IR bands ascribable to the
acceptor are very similar to those of 1 as seen in Table 4 for 35,
indicating that the acceptor moiety is completely ionized and
the average charge on the donor moiety is +1 in these 1:1
complexes. Both complexes form (D*tD*t)(A'~A'") alternat-
ing stacks (vide infra). The packing essentially originates from
both the low symmetry and strong electron accepting ability of
the CF;TCNQ molecule, since the radical anions are able to
cancel both the net dipole moments and degree of spin freedom
by forming a dimer with an inversion center at the midpoint of
the dimer. Therefore, the crystal packing is entropy driven.
Type 1A2 solids are featured by the characteristic IR and UV-
vis—NIR spectra and triplet excitons (vide infra). Other CT
solids most probably classified in this group are 14 and 36-38.

lonicity Phase Diagram of CF;TCNQ CT Solids

Crystal Structures of 25 and 35: The crystallographic data
of solids 25 and 35 are summarized in Table 5. The geometry,
interatomic distances, and bond angles of the CF;TCNQ mole-
cules are shown in Table 6. The molecular and crystal structures
of 35 and 25 are shown in Figures 4 and 5, respectively.

On the ionization, bond lengths al-a2, b1-b4, and cl—2 of
CF5;TCNQ (see the figures in Table 6) in 35 and 25 showed a
reasonable change from quinoid to benzenoid skeleton. In the
case of 35, the molecular length at the side of the CF; group
(d2) elongated from 8.77-8.86 to 8.98 A on ionization, while
the molecular width el shortened slightly. The bond angles o2
and y1 showed a slight change from those of the neutral
molecules. For 25, the molecular widths el and e2 elongated,
and differences in bond angles a1, yl, 81, and 62 were
observed upon complexation. Therefore, very diverse confor-
mational change of CF;TCNQ'™, especially around the di-
cyanomethylene groups, is expected by changing the size and
shape of the donor even among the fully ionized CT solids, and
that will be the origin of the multiple appearance of the C=N
stretching modes for the CF;TCNQ'™ species. The bond
lengths and angles of the TMTTF molecules in 35 are in good
agreement with those of the cation state of TMTTF.% Although
no data have been reported concerning the monocationic state
of C{TET-TTF, the molecular conformation in 25 is similar to
that of the partially ionized states (§ = 0.5-0.25) rather than the
considerably deformed neutral state.®> The carbon atom of the
CF; group is located out of the plane of the TCNQ moiety by
0.25-0.46 A in the neutral CF;TCNQ,!? while it is located on
the plane of the TCNQ moiety on complex formation. Two
fluorine atoms close to the dicyanomethylene group are located
above and below the plane of the TCNQ moiety to diminish the
steric hindrance between the CF3; and dicyanomethylene
groups.

The donor and acceptor molecules stack in an alternating
manner of DDAA along the (¢ + a — b) direction for 35
(Figure 4a) and (¢ — a) direction for 25 (Figure 5a), resulting
in poor conductivity. The inversion centers are located at the
midpoint of a donor dimer as well as the midpoint of an
acceptor dimer.

Figures 4b and 5b show the molecular packing of 35 and 25,
respectively, viewed perpendicular to the molecular plane.
Even though both solids have a similar Type IA2 arrangement
along the stacking direction, they have quite different arrange-
ment perpendicular to the stacking direction.

The overlap patterns within a donor dimer and an acceptor
dimer, and between donor and acceptor molecules are summa-
rized in Table 7 and in Figure 6, and the schematic views are
shown in Figure 7. The CF;TCNQ dimer exhibited an almost
eclipsed overlap of the TCNQ moiety, and the TMTTF dimer
also showed an eclipsed overlap. On the other hand, the
C,TET-TTF dimer showed a head-to-tail overlap. The quinoid
ring of CF3TCNQ is nearly on one of the fulvalene rings of
TMTTF in 35, while it is nearly on the central C=C bond of
C,TET-TTF in 25. In both complexes, the overlap integrals
within DD and AA are much larger than those between D and
A along the stacking axis. It is noticeable that the overlap
integral within a donor dimer is more than twice that within an
acceptor dimer. The overlap integrals between the columns are
very small.
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Table 5. Crystallographic Data of TMTTF-CF;TCNQ-MeCN (35) and C,TET-TTF.CF;TCNQ (25)

TMTTF-CF;TCNQ-MeCN (35) C,TET-TTF-CF;TCNQ (25)

Formula C25H13N5F3S4 C23H13N4F3Sg
Formula weight 573.69 658.88
Crystal dimension/mm?> 0.90 x 0.60 x 0.40 0.40 x 0.20 x 0.20
Crystal system triclinic triclinic
Space group Pl Pl

a/A 13.1654(7) 11.321(5)
b/A 13.1498(7) 12.837(5)
c/A 8.9105(5) 9.864(4)
o/deg 77.604(1) 79.725(5)
B/deg 88.716(1) 82.509(6)
y/deg 61.067(1) 71.445(5)
VA3 1312.6(1) 1333.0(10)
Z 2 2
Deyiea/gem™ 1.452 1.642
Radiation Mo Ko Mo Ko
(Mo Ka)/em™! 4.08 7.14

T/K 300 300
Independent obsd reflections 5951 6089
Reflections with 7 > 20(/) 4929 4846
Refined parameters 339 364

wR2 (for all data) 0.1109 0.1132

Ry (for 1> 20(1)) 0.0370 0.0364
GOF 1.026 1.070

Table 6. Interatomic Distances (A) and Angles (°) of CF;TCNQ Molecules in Neutral CF;TCNQ,'> TMTTF-CF;TCNQ-MeCN (35),

and C, TET-TTF-CF;TCNQ (25)

Neutral CFsTCNQY

Neutral CFsTCNQY

Distance® 35 25 Angle? 35 25
@ an @ axn
al 1.341(6) 1.344(8) 1.359(2) 1.362(3) al 116.7(4) 117.2(5) 117.1(2) 116.0(2)
a2 1.345(7) 1.348(8) 1.372(2) 1.368(3) o2 122.83(4) 122.4(5) 121.7(1) 122.4(2)
bl 1.454(7)  1.449(8) 1.425(2) 1.428(3) Bl 117.5(5)  116.4(5)  117.0Q)  117.4Q2)
b2 1.461(7) 1.456(8) 1.434(2) 1.422(3) B2 127.3(5) 127.6(5) 127.9(2) 127.6(2)
b3 1.431(7) 1.426(8) 1.407(2) 1.404(3) y1 120.2(5) 120.3(5) 119.2(2) 118.9(2)
b4 1.448(7)  1.445(8) 1.413(2) 1.415(3) ) 1282(5)  1289(5)  129.62)  128.6(2)
cl 1.363(8) 1.390(8) 1.419(2) 1.422(3) 81 111.6(5) 110.9(5) 110.9(1) 112.5(2)
c2 1.366(7) 1.383(8) 1.424(2) 1.416(3) 82 116.8(5) 116.0(5) 116.9(2) 117.8(2)
d1 8.168(7)  8.006(7) 8.078 8.064
d2 8.771(7) 8.862(7) 8.982 8.820
el 4.165(7)  4.149(7) 4.124 4214
e2 4.339(7) 4.379(7) 4.364 4.420
a) Each distance and angle are shown in the figures below. b) Neutral CF;TCNQ has two crystallographically independent molecules
(1, 1.
d1
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The face-to-face dimerization of the same species, which
arises from the asymmetry of the CF;TCNQ molecule, is the
most significant aspect in the complexes. The DDAA stacking
is not common, but not so rare as reported for the radical salts
of 1,5-dimethylbenzimidazolium-TCNQ,>* 1,3,5-trimethylbenz-

imidazolium-TCNQ,*® NBP-F,TCNQ,’*® NBP.TCNQ,>*
3,3'-diethyloxacyanine- TCNQ,>® and 1-ethyl-2,3-dimethyl-
imidazolium-TCNQ,>*' and for the DA type CT solids of
phenothiazine-bis(trifluoromethylethylene-1,2-dithiolato)-nick-
el),’%¢  (TTF)(thiophene-fused TCNQ),**" dimethyl-TTF-
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Figure 4. Molecular and crystal structures of 35. (a) Side view of a donor—acceptor column. (b) Crystal structure viewed
perpendicular to the molecular plane. In both figures, acetonitrile molecule is omitted to simplify, and the atoms of CF;TCNQ are
shaded. In Figure 4a, the numbers correspond to the overlap integrals in Table 7.

(b)

Figure 5. Molecular and crystal structures of 25. (a) Side view of a donor—acceptor alternating column. (b) Crystal structure viewed
perpendicular to the molecular plane. Other comments are the same as those in Figure 4.

TCNE,>% [(£)Me; TTF-CH(Me)OH]- TCNQ,*% TTF. TCNE,>%
(TTF)(DCNQI  derivatives),® TTC,-TTF-TCNQ,**™ and
TSC;-TTF-TCNQ,**™*¢%° where NBP, TCNE, and DCNQI are
5-(1-butyl)phenazinium, tetracyanoethylene, and dicyanoqui-
nodiimine, respectively. Except for the last two neutral ones,
they have a fully ionic ground state (Type IA2), and all of them
are insulators. The characteristic feature of the complexes in
Refs. 56a-56e and 56j is that the asymmetry of the cation or
donor species led to the formation of the cation dimer with an
inversion center in the middle of the dimer and gave rise to the
(D**D'")(A'"A'™) alternating stacks. Triplet excitons have
been detected in the complexes in Refs. 56c—56¢ and 56;.

Optical Properties of 25 and 35: One of the consequences
of donor dimerization is the appearance of the IR inactive a,
mode of the donor molecules. For example, the a, modes
appeared at 1545, 1356, 931, and 504cm™! in the TMTTF
complex 35 (Table 4), which have been assigned as azV3, agVs,
agVs, and agV, respectively.”

The UV—vis—NIR spectra of the 1:1 complexes of Type [1A2
(25 and 35-38) have different features from those expected by

eq 4 and have a characteristic band in the region of 10-
20 x 103em™'. A typical example is that of 35 (c in Figure 8),
where a broad band with peaks at 11.3, 12.8, 14.1, and 17.2 x
103 cm™~! was observed.

The spectral comparison between CF;TCNQ™™ in Figure 2b
and TMTTF* in Figure 8 (a in solution and b in KBr) allows
the assignments of the spectrum of 35: The band at 11.3 x
103cm™! stems from the transition between the dimerized
CF;TCNQ™™ molecules (A~ 4+ A~ — A2~ 4+ A% C,’-band),
which located at a higher energy compared to the B’-band in
solid K+ CF;TCNQ. The band at 14.1 x 10°cm™" is ascribed to
the intramolecular transition of CF;TCNQ'~ (D’-band). Sim-
ilarly, the band at 12.8 x 103 cm™! is assigned to the intradimer
transition of the dimerized TMTTF cations (D't + D" —
D** 4+ D% C,-band), which shows a substantial blue-shift
compared to the B-band in solid TMTTF-Br (ca. 10 x 10°
cm™!). The CT transition from A"~ to D'* (so-called back CT;
eq 4), whose absorption band may weaken as the overlap
integral between D and A is reduced and is expected to appear
at 6.7-8.6 x 10°> cm™! based on the hVer(TMTTF-TNB) value,



G. Saito et al.

Bull. Chem. Soc. Jpn. Vol. 83, No. 12 (2010) 1473

Table 7. Interplanar Distances, Dihedral Angles, and Overlap Integrals of TMTTF.CF;TCNQ-MeCN (35) and C, TET-TTF.CF;TCNQ (25)

35 25
Distance/A Angle/° Overlap integral/10~>  Distance/A Angle/° Overlap integral /1073
(1) Donor—donor 3.5 0.0 51.5 3.5 0.0 42.6
(2) Acceptor—acceptor 34 0.0 —22.0 34 0.0 —20.4
(3) Donor—acceptor 3.5 ~6 -3.0 3.5 ~3 0.2

Figure 6. Overlap patterns of donor and acceptor molecules
viewed perpendicular to the molecular planes in TMTTF .
CF;TCNQ-MeCN (35, left) and in C,TET-TTF.CF;-
TCNQ (25, right). The donor—donor (top), acceptor—
acceptor (middle), and donor—acceptor (bottom) pairs
correspond to those denoted as 1, 2, and 3, respectively,
in Figures 4 and 5 and Table 7. The shaded molecules
represent the top ones.

LAl % (D]
LD —xy (D]
LD Jp LAl
LAl LAl
LAl (D]
D =y (D]
Figure 7. Schematic views of the packing pattern of DDAA
in 35 (left) and 25 (right). A vertical arrow indicates the
stacking axis. Red arrows in the C,TET-TTF complex

indicate the directions, where two EPR signals merge in
Figure 9.

was not observed in spectrum of 35. The absence of the back
CT band is a similar feature to the case of a BEDT-
TTF.F,TCNQ single crystal (fully ionic alternating stacks
with poor donor-acceptor interactions).>*

Since the donor molecule in 25, C,TET-TTF, has an
extended 7r-system (C4¢Sg analogs; Scheme 2), B-, C-, and D-

-

Absorbance / Arb. Unit

0 10 20 30 40
Wavenumber / 102 cm™

Figure 8. Optical absorption spectra of fully ionic com-
plexes: a) TMTTF-Br in MeOH, b) TMTTF-Br in KBr,
¢) TMTTF.CF;TCNQ-MeCN (35) in KBr, d) C,TET-
TTF.CF5;TCNQ (25) in KBr, and ¢) (TDAP)(CF;TCNQ), -
H,0 (18) in KBr. For bands B, B/, C,, C,’ and Cy/, see
text.

RS S--R RS_S S-SR
RIS>=<SIR RSISHSISR

CeS4 analogues CeSg analogues

Scheme 2. C¢S; and C¢Sg skeletons.

bands appear at a considerably lower energy compared to those
of TTF derivatives such as TTF, TMTTF, HMTTF, and
OMTTF, which contain no peripheral chalcogen atoms (CgSy
analogs).!®% 16566 Ag a result, C,- and D-bands overlap with C,'-
and D’-bands, respectively, in 25 as represented by spectrum d
in Figure 8.

Magnetic Properties: Triplet Exciton: The other
consequence of the dimerization of radical molecules is the
charge localization and pairwise antiferromagnetic coupling of
electron spins to show triplet excitons. Figure 9 shows the
angular dependence of the EPR signals of 25 at RT with the
external magnetic field H, residing in the largest crystal plane.

The crossing point, where two resonances merge, corre-
sponds to the direction inclined from the stacking axis by 50
degrees (Figure 7). The peak-to-peak linewidth AH is 2.0-
2.1mT when H, is parallel to the molecular plane, while it
increases along the stacking direction (2.7 mT), where moving
of the triplet exciton is forbidden due to the alternating column
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Intensity / a.u.

315 320 325 330 335
Magnetic field / mT
Figure 9. Angular dependence of room temperature EPR
spectrum of a single crystal of C,TET-TTF.CF;TCNQ
(25). The external field (Hy) is in the largest crystal plane.

Maximal splitting corresponds to Hy//long crystal axis
(stacking axis).

of acceptor and donor dimers (Figure 7). The g-factor is
minimal along the stacking axis (g = 2.0020) and increases
along the molecular plane (g = 2.0031-2.0032), and the values
are typical for TCNQ-based salts. The splitting of the signals is
20mT when H//stacking axis and 8-18 mT when H,//mo-
lecular plane. Judging by the orientation of the splitting and
the g-value, it is concluded that only a Frenkel triplet spin
exciton originating from the CF;TCNQ dimer is observed.
No appearance of the triplet signal originating from the
donor dimer is associated with a much larger overlap integral
within the donor dimer than that within the acceptor dimer
(Table 7).

The facts that the signals show no exchange narrowing and
no hyperfine splitting indicate that the exciton moves, but its
movement is slow, just enough to compensate the hyperfine
structure. This is the so-called quasi-immobile Frenkel ex-
citon,>*d and the spin concentration at RT is (1.0 & 0.5) x 1073
spins per formula unit. Using the triplet spin Hamiltonian

(eq 8),
H=D(S”—2/3) + E(S’ = S,°) (®)

and the principal values of the splitting, the fine structure
constants D and E, and the ratio D/E are determined as
—42.0mT, 5mT, and —8.4, respectively. These values are
comparable to those of NBP-F,;TCNQ (—38.6 mT, 6.8 mT, and
—5.7),°% NBP-TCNQ (—42.1mT, 6.4mT, and —6.6),>*¢ and
[()Me;TTF-CH(Me)OH]-TCNQ (—40.3mT, 5.5mT, and
—7.3).%9

The triplet signals decreased in intensity with decreasing
temperature, and extinguished below 200 K. Triplet excitons
are thermally activated following the empirical formula:

I(T) = (Io/T) exp(—E,/ksT) €))

where [ is the intensity, and E, is the activation energy which
was estimated to be 0.20-0.28 eV.

lonicity Phase Diagram of CF;TCNQ CT Solids

1:2 Fully Ionic Complex (Type IS or IA). The TDAP
molecule is a strong electron donor!®™%” and displays a
reversible two-electron redox wave at E%** =40.02V vs.
SCE in MeCN. This donor molecule afforded a 1:2 solid with
CF;TCNQ, i.e.,, (TDAP)(CF3;TCNQ),-H,O (18), as green
powder. The C=N stretching modes appeared at 2184 (v3)
and 2163 (vs)em™!, and the total shape in the C=N stretching
region is very similar to those of the 1:1 fully ionic complexes
of strong donor 19 and with DDAA stack (25 and 35)
(Figure 3). Therefore, the complex is concluded to be
composed of TDAP dications and CF;TCNQ radical anions.
The UV-vis—NIR spectrum, which is shown as spectrum e in
Figure 8, exhibited a C’-band with a fine structure similar to
that observed in K-CF;TCNQ in solution (¢ in Figure 2b).
These results indicate that 18 includes isolated monomers of
CF;TCNQ"™ (Cy/-band). The presence of a shoulder at around
8.5 x 103cm™! is indicative of either the presence of the
segregated column of CF;TCNQ'~ (B’-band) or backed CT
from CF;TCNQ'™ to TDAP?** (hver') within the alternating
D?**A'"A'" stack. The CF;TCNQ molecules in 18 may form
rather complicated stacks with both isolated and segregated
natures.

Mixed-Valence Solid with Deficient Acceptor Molecules.
Solids 15, 21-24, 26-30, 33, and 34 belong to this group and
exhibit A-bands. All of them consist of excess donors; that is,
in addition to the conventional 2:1, 5:3, and 4:3 ratios, some
have uncommon compositions of D:A = 6:5 (15) and 10:9
(30). The CF;TCNQ molecules in these complexes are fully
ionized. Thus, the acceptor deficiency (A/D = 0.5-0.9) results
in the formation of conductive DA solids with mixed valence
donor species, where acceptor species act as counter anions.

Mixed-Valence Solid with Segregated Stack (Type MS):
The UV-vis—NIR spectra of the 2:1 solids (26, 28, 29, and 34)
and 10:9 TTF complex (30) in Figure 10 show the A-band
indicating that the segregated stacks of mixed valence donor
molecules exist. The band weakly appearing 7-9 x 103 cm™' is
assignable mainly to the B’-band since the B-band should not
have appreciable intensity for 2:1 solids.’® The broad B’-band
in the TTF complex 30 may overlap with the B-band. The C’-
band was clearly seen as a peak at 11.5-11.6 x 103cm™" in 26,
28, and 34, indicating a lattice distortion in the CF;TCNQ
column (Cp’-band). In 29, the C’-band is rather broad due to the
overlap with C- and/or D-bands.

Figure 11 compares the UV—vis—NIR spectra of BEDT-TTF
complexes (5:3:1PhCl (21), 5:3 (23), and 2:1 (24)), 4:3
HMTTeF complex 27, and 2:1 TMTSF complex 33. For the
BEDT-TTF complexes, the sharp and narrow peak observed at
around 11 x 10°cm™! (C’-band) as seen in Figure 10 cannot be
identified. The broad band at 10-12 x 103 cm™! appearing for
the BEDT-TTF complexes is ascribed to the intramolecular
transition (D-band: second HOMO — HOMO).!6k-161.66 There-
fore, the narrow C’- and broad D-bands overlap with each other
to give a broad band at around 11 x 10°cm™!, resulting in the
different spectral feature from those of the other CF;TCNQ
complexes. Among the four BEDT-TTF complexes obtained in
this work, the significant difference in the spectra is seen by the
appearance of a very weak B’-band at ca. 7-8 x 10°cm~! in 24.

The sharp appearance of a fine structure in the C’-band along
with the lack of the B’-band in the HMTTeF complex 27
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Figure 10. Optical absorption spectra of mixed valence 2:1
CF;TCNQ complexes with a) BEDO-TTF (34), b) EOET
(29), ¢) EDT-TTF (28), and d) BEDO-DBTTF (26), in
addition to e) (TTF);o(CF;TCNQ)y-3THF (30). For bands
A, B/, C’, and D/, see text. Vertical lines are guides.
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Figure 11. Optical absorption spectra of mixed valence

complexes: a) 5:3 (23), b) 5:3:1PhCl (21), and ¢) 2:1 (24)
BEDT-TTF complexes, d) 4:3 HMTTeF complex (27), and
e) 2:1 TMTSF complex (33). For bands A, B’, C’, Cy/, D’,
and D, see text. Vertical lines are guides.

indicates the isolated nature of the anion molecules (Cy,’-band).
The weak absorption at around 5-8 x 103cm™! is ascribed to
the B-band. A similar isolated nature of anion molecules is
observed in the 2:1 TMTSF complex 33.

Figure 12 compares the vibrational spectra of 24, 29, and 34
together with those of 33 and 1 in the region of 1600—400
cm™!, and the assignments of the main signals are summarized
in Table 4. It is noteworthy that an electronic transition
overlaps considerably with the vibrational signals in the highly
conductive complexes (spectra a—d), in contrast to the sharp
signals observed in the insulating complex 1 (spectrum e). The
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Figure 12. IR spectra in the region of 1600-400cm™" of
the highly conductive 2:1 CF;TCNQ complexes with a)
EOET (29), b) BEDT-TTF (24), ¢) BEDO-TTF (34), and
d) TMTSF (33) are compared with that of e) Li-CF3-
TCNQ-0.75H,0 (1).

main IR signals of 24, 29, and 34 are essentially derived from
those of the donor molecules, where the signals observed in the
EOET complex 29 are the superimposition of those of BEDT-
TTF (24) and BEDO-TTF (34) complexes in good agreement
with the hybridized molecular structure of EOET. Character-
istic bands of CF;TCNQ™™ molecules appeared at around 1500
and 1130 cm™'. The appearance of the strong emv coupling and
a; mode in 33 and 34 suggests the non-uniform lattice as
summarized in Table 3.

Metallic Conductivity on Pellet Samples and LB Films:
The appearance of the strong A-band in 29 and 34 (spectra a and
b in Figure 10) implies good conductivity. In fact, they are
metallic even in the compressed pellet samples (Figure 13),
suggesting the enhanced dimensionality. The pellet sample of
34 (ogr = 1.7 x 10*S cm™") was metallic down to 1.8 K despite
the distortion in donor lattice, while that of 29 (orr=5.8
Scm™') showed a metal-insulator transition at around 250 K.
Since the self-assembling ability of BEDT-TTF is inferior to
EOET and BEDO-TTF, BEDT-TTF salts exhibited semicon-
ductive behavior, at least, on the compressed pellets. 24 showed
a finite activation energy (orr = 4.2 S cm™!, g, =32 meV).

The ogr value of the compressed pellet of 34 is higher than
those of BEDO-TTF complexes with MeTCNQ (2:1, 5.0 x
10Scm™!), (MeO),TCNQ (2:1, 4.7 x 10Scm™"), C;(TCNQ
(10:4:H,0, 7.3 Scm_l), and C{4,TCNQ (9:4:2H,0, 0.99
Scm™1).1%¢ The former three solids are metallic down to low
temperatures (ca. 1.4K), while the C;(TCNQ complex is
metallic down to 136K and the C;4,TCNQ complex is
semiconducting. The electrical conductivity of these BEDO-
TTF complexes is attributable to the mobile holes on the
BEDO-TTF molecules, while the acceptor molecules act as
counter anions even though their AE(DA) values are in the
mixed valence region. It is obvious that the bulkiness of the
substituent groups on TCNQ moiety provides retarding events
for electrical transport in the pellet samples.



1476  Bull. Chem. Soc. Jpn. Vol. 83, No. 12 (2010)

10*
10°}
2 0.20+
10%F 410l \ D(29)
0.18}
g 101- 017p
C: 0 200
~ 10 E
.
107k
1072k s
_3 ¥c(34)
107k | , , E
0 100 200 300

T/K

Figure 13. Temperature dependence of resistivity of a)
(BEDT-TTF),(CF;TCNQ) (24), b) (EOET),(CF;TCNQ)
(29) (inset), and c) (BEDO-TTF),(CF;TCNQ) (34) on
compressed pellets, d) (BEDO-TTF),(CF;TCNQ) on LB
film, and e) (TMTSF),(CF;TCNQ) (33) on a single crystal.

As reported in our brief paper,®® the 10-layer mixed LB films
of 34 and arachidic acid in a mixing ratio of 2:1 are highly
conductive (opr = 3-6Scm™! assuming the thickness of each
monolayer as 2.3nm). The conductivity of the film was
independent of temperature near RT, and neither obvious
metallic dependence nor drastic change into an insulating state
were detected down to 80K (d in Figure 13).

The oyt values of LB films based on BEDO-TTF are 11.3,
10.4, and 3.0Scm™" for the (MeO),TCNQ, C;,TCNQ, and
C14TCNQ complexes, respectively.* It is noteworthy that the
orr values of the LB films composed of the complexes of
TCNQs with a long alkyl chain are superior to those of the
corresponding compressed pellet samples. Because the mo-
lecular orientation in the LB films is thought to be more
ordered than that in the compressed pellet sample, it is
reasonable to have higher orr values in the LB films than in the
pellet samples of the C;(TCNQ and C4,TCNQ complexes.
However, much lower orr values and poorer metallic temper-
ature dependence observed in the LB films than those in the
pellet samples of the CF3TCNQ and (MeO),TCNQ complexes
are ascribed to the imperfectly ordered structure in the LB films
due to the poor hydrophobicity of TCNQs with short
substituent group(s).

TMTSF Complex 33 (Type MS). Two kinds of TMTSF
complexes (1:1:1/2PhCl fine needles (32) and 2:1 plates (33))
were harvested simultaneously from PhCl and were separated
under a microscope according to their shapes. 32 belongs to
Type IS as described. Another TMTSF complex 33 exhibited a
very sharp A-band at 2.6 x 103cm™! (Figure 11), which
confirms the presence of the segregated stacks. The sharp C’-
band with a fine structure at 11.5 and 13.1 x 103 cm™' indicates
the isolated nature of the CF3TCNQ"~ molecules (Cy"-band), in
good agreement with the structural analysis (vide infra). The
IR spectrum of 33 (Figure 12 and Table 4) showed a broad
strong band between 1100 and 1400 cm™! with a peak around

lonicity Phase Diagram of CF;TCNQ CT Solids
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Figure 14. (a) Crystal structure of (TMTSF),(CF;TCNQ)
(33) viewed along the b axis showing TMTSF segregated
columns sandwiched by CF;TCNQ molecules. The
molecular plane of CF;TCNQ is perpendicular to that of
the TMTSF molecules. (b) Energy dispersion and Fermi
surface of 33 calculated by extended Hiickel method with
tight binding approximation including Se 3d orbitals based
on the crystal structure.

1290 cm™! (agVs), indicating a strong emv coupling together
with lattice distortion.

Due to the poor quality of crystal 33, the crystal structure
analysis gave a rather large R-value (0.141) and the molecular
structure is not discussed in detail. The crystallographic data,
molecular structures of the crystallographically independent
two TMTSF and one CF;TCNQ molecules, and the over-
lapping pattern of the TMTSF dimers are presented in the
Supporting Information (Tables S2 and S3). The molecular
packing viewed along the b axis is depicted in Figure 14a.

Along the a axis, dimerized TMTSF molecules form a
segregated column, which is sandwiched by columns of
CF;TCNQ molecules. A preliminary band structure calculated
by the extended Hiickel method with tight binding approx-
imation using single-{ parameters including Se 3d but exclud-
ing Se 4f orbitals suggests the presence of a complete one-
dimensional Fermi surface (Figure 14b). The molecular plane
of CF;TCNQ"™ is parallel to the stacking direction of the
TMTSF column. Therefore, the CF;TCNQ"™ acts as a counter
anion and locates between the donor segregated columns with
their molecular planes almost perpendicular to the donor
molecular plane, as has been observed for squarate and other
anions in metallic BEDO-TTF complexes,'®® aza-TCNQ in
(TMTTF),(aza-TCNQ) and (TMTSF),(aza-TCNQ),’?* hexa-
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cyanobutadiene (HCBD) in (TMTTF),(HCBD),*?® cyananilate
(HCNAL) in (BEDT-TTF),(HCNAL),33 tetranitrobiphenyldio-
late (TNBP) in (TMTTF or TMTSF),(TNBP),*** and CI,TCNQ
in (BEDT-TSF),(CI,TCNQ).>? The isolated nature of CF;-
TCNQ'~ for 33 is in excellent agreement with the observation
of a sharp Cy’-band in Figure 11. The X-ray diffraction
measurement suggests the presence of a superstructure of
2a x b x ¢ at RT. Therefore, the semiconductive nature (Ort =
0.5Scm™! and &, = 100 meV on the single crystal, Figure 13)
is most likely associated with Peierls distortion in TMTSF
column due to both the strong electron—phonon interactions and
the extreme one-dimensional electronic nature (Type MuSn).

Ionicity Diagram for CF;TCNQ CT Solids

In this work, the CT solids of IA2 (14, 25, and 35-38), IS
(1-7, 13, 16-19, 31, and 32), MS (15, 21-24, 26-30, 33, and
34; they cannot be discriminated between MuSu and MuSn,
except metallic MuSn 34 and highly conductive MuSn 33),
and NA (8-12 and 20) have been obtained. In the following, we
describe the ionicity phase diagram of the CF;TCNQ CT
solids, which include the regions for IS and IA2 that were not
allocated in Figure 1b. Since the redox potentials of some
donor molecules and cations in Tables 1-3 are not available,
we used the ~Avcr(D-TNB) values in the diagram (Figure 15) as
a measure of donor strength.

The diagram shows a plot of the first CT absorption band of
CT solids in KBr against 4#vcp(D-TNB). Four groups are
clearly discriminated, i.e., Group i: insulating neutral solids
residing near the right branch of the V-shaped line (NA), Group
ii: highly conductive solids with mixed valence segregated
stacks, donor excess, fully ionized acceptor, and showing the
A-band (MS-1), Group iii: insulating 1:1 solids having fully
ionic ground states with segregated stacks and showing the B’-
band at 8.5-10.5 x 10° cm™' (IS), and Group iv: insulating 1:1
solids having fully ionic ground states with D*tD*TA""A"~
stacks and showing the C,- or C’,-band at 10.8-11.6 x
103cm™! (IA2). According to the classification in Figure 15,
the following remarks are made.

1) A rough boundary of ionization, which is drawn by a
thick gray vertical line in Figure 15, is observed at
hver(D-TNB) = 17.1-17.3 x 103cm™! (13, 14, and 20).

2) In the CT solids with stronger donors than DBTTF (donor
in 20), CF;TCNQ molecules have a strong tendency to be fully
ionized rather than to be partially ionized, even though all their
DA redox differences are within the two boundaries in
Figure la. Thus, no partial CT state of CF;TCNQ with 1:1
stoichiometry and segregated stacks has so far been identified
in the DA CT solids. This is a remarkable difference from the
case of the pristine TCNQ,?® which has afforded a variety of
CT solids of MS group. However, the observed situation in this
work is similar to the fact that the TCNQ derivatives in the
complexes with BEDO-TTF (D:A = 2:1, R-TCNQ: R = Me,
(MeO),, Cyg, and Cyy),'% BEDT-TSF (D:A = 2:1, R = Cl,),?
and BEDT-TTF (D:A = 1:1, R = F,) are fully ionized.

3) In the CT solids with strong donors, the CF3;TCNQ
molecules act as counter anions and afford highly conductive
solids in Group ii when the donor molecule is slightly (A/
D =0.8-0.9, 15 and 30) or considerably (4:3, 5:3, and 2:1
solids; A/D = 0.5-0.75, 21-24, 26-29, 33, and 34) excess in
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Figure 15. Classification of CF;TCNQ CT solids by a plot
of hver in KBr against #vep(D-TNB). Group i: neutral
insulators (green circles), Group ii: conductors having
partial CT and segregated columns (yellow circles), Group
iii: insulators having fully ionic segregated columns (red
circles), and Group iv: insulators having fully ionic DDAA
stacks (blue circles). V-shaped line represents eqs 2 and 3
and is a guide to separate the neutral (right) and ionic (left)
CT solids. The horizontal line at Avcr(in KBr) =5 x 10°
cm™! is to discriminate the conductive (below the line) and
less-conductive (above the line) CT solids. Thick vertical
gray line indicates the boundary for ionization. For each
group, the origin of the lowest energy optical absorption
band is indicated.

o

ratio. In the latter case, the donor molecules are TTF derivatives
having self-aggregating ability. A typical example is (BEDO-
TTF),(CF;TCNQ)-0.5H,0 (34), which shows metallic behav-
ior in the compressed pellet sample and a nearly temperature-
independent conductivity in the LB film. On the other hand,
donor molecules having a weak self-assembling ability such as
pristine TTF and Fe(Cp), afforded conductive solids 15 and 30
with considerably high donor ionicity § = 0.8-0.9. The range
of donor strength in Group ii is very narrow as scaled by the
hver(D-TNB) values of 14.9-16.1 x 103cm™'. The range of
1.2 x 103ecm™! corresponds to AE(DA) = 0.15V, which is
much narrower than those for TTF-TCNQ family (0.37 V)¢
and BEDO-TTF complexes (0.85 V).16k

4) Strong donors having a weak self-assembling ability, such
as aromatic amines, azines, alkali metals, oniums and several
TTF derivatives (TTF, TMTTF, HMTTF, OMTTF, and C, TET-
TTF; the terminal thiomethyl groups of C{TET-TTF suppress
the self-assembling ability though it belongs to the C¢Sg
analogs) afforded the solids in Groups iii and iv when the
composition is 1:1. The observation of the B-band indicates
that the solids in Group iii have segregated stacks instead of the
D*tA’" alternating stacks. In addition, the low symmetric
CF;TCNQ’™ molecule preferably forms entropy driven A"~A™™
dimers to give rise to the CT solids in Group iv with a
D**D'TA'~A"" stack, which is able to generate triplet exciton.
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5) The solids 17-19, 31, and 32 in Group iii are allocated not
far from the line of hvcr!, which makes it difficult to classify
them into either Type IA or IS. Though structural analysis is
the best way to know the stacking mode, a detailed comparison
of the solid-state UV-vis optical data in the range of 5-
40 x 10°cm™! between the CT complexes and the ion radical
salts of the component molecules provides sufficient informa-
tion about the stacking manner of these types of solids.

6) Ionicity phase diagram Figure 15 is convenient to search
for a possible candidate for a) N-I system which is expected to
reside near the bottom of the V-shaped line in the neutral side,
b) 1:1 Mott insulator which is expected to belong to Group iii
and show no lattice distortion, ¢) narrow gap semiconductor
based on charge-ordered system, spin-Peierls system, dimer-
type Mott insulators with § = 0.5 and U > W, or misfit
system, which is expected to exhibit band-A near 5 x 103
em™!, and d) alternate solid with D'*D'FA"~A"~ which may
exhibit triplet excitons arising from the D*"D"* and/or A*"A"~
pairs depending on both the pairing strength and transfer
interactions between the pairs, based on only CT energies.

We are very grateful to Professor Yoshio Matsunaga for
useful discussions and comments.

Supporting Information

Elemental analysis of the solids in Tables 1-3 (Table S1)
and crystallographic data of (TMTSF),(CF;TCNQ) (33)
(Tables S2 and S3). This material is available free of charge
on the web at http://www.csj.jp/journals/besj/.
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