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A series of intramolecular charge-transfer compounds comprised of 1-alkyl-3,3-dimethyl-2-methyleneindoline (I,,,
donor, n = alkyl chain length; 1-8, 10, 14, 16, 18, 20, and 22) and 7,8,8-tricyanoquinodimethane (=2-(4’-cyanometh-
ylene-2’,5'-cyclohexadienylidene)malononitrile (3CNQ), acceptor) moieties linked through a 7-bond, I,—~3CNQ were
prepared, and their structures are discussed. The melting points of the I,—3CNQ solids decreased with increasing alkyl
chain length until reaching a minimum point (95 °C) at n = 18, and then began to gradually increase, indicating self-
aggregation of the alkyl chains. The I,,—3CNQ derivatives with long alkyl chains (n > 6) produced supercooled liquids
displaying conspicuous color changes after melting. Diverse molecular packing patterns were observed in the crystal
structures. Most I,—3CNQ derivatives formed face-to-face and/or side-by-side dimeric motifs to cancel net dipole mo-
ments. I,)-3CNQ formed a two-dimensional bilayer structure by 77-stacking and self-assembly of the alkyl chains. Two
types of molecular conformation, which significantly affect the electronic structures, were observed to be dependent on
the alkyl chain length. A parameter to evaluate the degree of intramolecular charge transfer, namely bond length ratio,
was proposed; it exhibited good agreement with solvatochromic shifts and molecular orbital calculations.

Intramolecular charge-transfer (CT) compounds D%F—m—
A% (6 = degree of CT), comprised of donor (D) and acceptor
(A) moieties linked by a 77-bond, have been intensively studied
for the development of various functional organic materials,
such as unimolecular rectifiers!™ and non-linear optical mate-
rials,> by taking advantages of their flexible electronic struc-
ture, redox ability, and large dipole moments. In particular,
products of the Stork enamine reaction between tertiary amine
derivatives (N-alkyl picolinium, lepidinium, benzothiazolium,
etc.) and strong electron acceptors (7,7,8,8-tetracyanoquinodi-
methane (TCNQ),'7'%-12 tetracyanoethylene (TCNE),%%!3
and p-chloranil'¥) have attracted considerable attention with
respect to the molecular and solid-state properties of D%+—
7-A% solids. The degree of CT (8), which indicates the
charge distribution of a D& A%~ molecule, is one of the
most important parameters when investigating their functional-
ity; however, distinct methodologies to determine the §
values experimentally and quantitatively have not been pro-
posed.2151® We have studied a series of D*t—77-A%~ com-
pounds, indoline-tricyanoquinodimethane (=2-(4’-cyano-
methylene-2',5’-cyclohexadienylidene)malononitrile) ~deriva-
tives (Chart 1, I,-3CNQ-R (n = 1), where n and R represent
the number of carbon atoms in an alkyl group attached to
the indoline N atom and a substituent group attached to the
3CNQ moiety, respectively) derived from the Stork enamine
reaction between 1,3,3-trimethyl-2-methyleneindoline and R-
TCNQ (Chart 1).'78 In the previous paper, we successfully
established a methodology to estimate the § values of the
molecules in the solution state by taking advantage of their sol-
vatochromic behavior and revealed that the § values of I,—
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Chart 1. Chemicals discussed in the text.
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3CNQ-R varied with the strength of the electron-withdrawing
ability of substituents on the 3CNQ moiety (R).'8

Long alkyl chain groups aggregate in the solid state and can
control molecular packing (Fastener effect).!” In tetra(alkyl-
chalcogeno)-substituted tetrathiafulvalene (=2-(1’,3’-dithiol-
2'-ylidene)-1,3-dithiole, TTF) derivates (TXC,-TTF, Chart 1),
such self-aggregation ability of long alkyl chains tightly fas-
tened the TTF 7r-moieties to form a conduction column and
demonstrated a highly conductive solid of single-component
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electron-donors.'® D% —r—A% molecules having long alkyl or
thioacetylalkyl groups form Langmuir-Blodgett (LB) films!
and self-assembled monolayers,5 and unimolecular electrical
rectification has been observed in these films.'™ Hybrid LB
films composed of I;-3CNQ-R compounds (R = pristine
and (MeO),) and clay have also been studied for second har-
monic generation.20 Determination of the molecular structure,
crystal packing, and & value is essential to explain the micro-
scopic electronic structure of the solids and films for the re-
search of functional materials based on D**—7—A%~ type uni-
molecular organic molecules; however, structural analyses of
D3+ —7—A%" molecules with long alkyl groups have rarely
been reported.'%

In this study, we prepared a series of I,—~3CNQ derivatives
with a wide range of alkyl chain lengths (n = 1-8, 10, 14, 16,
18, 20, and 22, R = H) and investigated their thermal, redox,
optical, and structural properties. To elucidate the functionali-
ties of D¥t—7r—A%~ compounds, a comprehensive discussion of
not only the electronic structure of a single molecule but also
the molecular arrangement in the solid state is crucial. In this
context, we discuss (1) the crystal packing of I,—3CNQ deriv-
atives with respect to the cooperation between dipole—dipole
and/or face-to-face interactions of the D-7r—A skeletons and
self-aggregation of the long alkyl chains, and (2) the estima-
tion of & values of I,—~3CNQ-R molecules in the solid state.
As for the estimation of § values, we utilized the intramolecu-
lar bond lengths in crystal structure analysis and compared the
estimated § values to those evaluated from molecular orbital
calculations. The effect of molecular conformations on these
values is also discussed.

Experimental

Measurements and Calculations. 'HNMR spectra were
measured at 400 MHz on a JEOL JNM-FX400 spectrometer using
CDCl3; or DMSO-dj as a solvent and tetramethylsilane as an inter-
nal standard. Elemental analyses were performed at the Center for
Organic Elemental Microanalysis, Kyoto University. Crystalliza-
tion, melting, and decomposition temperatures were measured us-
ing differential scanning calorimetry (DSC) thermograms (1 or
10Kmin~! cooling/heating rate) on a Shimadzu-60 instrument,
equipped with nitrogen cryostatic cooling. Cyclic voltammetry
was measured in acetonitrile (MeCN) containing 0.1M (1M =
1 mol dm—3) of n-BuyN*tBF,~ with Pt electrodes vs. SCE (saturat-
ed calomel electrode) at a scan rate of 50mVs~! using an ALS/
chi Electrochemical Analyzer model 650A, operated at room tem-
perature. Ultraviolet—visible (UV-vis) spectra were measured on a
Shimadzu UV-3100 spectrometer in dry solvents (chlorobenzene
(PhCl), acetone, MeCN, and methanol (MeOH)), KBr pellets, or
on quartz plates. Infrared (IR) spectra were measured using a
Perkin-Elmer Paragon 1000 in KBr pellets or on quartz plates (res-
olution of 2 or 4 cm™!). Semi-empirical molecular orbital calcula-
tions were performed using MOS/F V4 with INDO/S parameter-
ization coupled with a 20 dimension CI matrix, which are
sufficient to give approximately invariant dipole moments. Geo-
metrical parameters were extracted from the crystal structures.

Preparation of I,-3CNQs. I,—-3CNQ derivatives were
prepared by methods used for 3CNQ-type D3t—m—A%~ sys-
tems. 1011 2 3 3 Trimethyl-3H-indole (I) and alkylhalide
(C,Hy,+1X, X = Br or I) were reacted to produce 1-alkyl-2,3,3-
trimethyl-3H-indolium halide II. Salt II was neutralized with
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Scheme 1. Synthetic procedures for I,—3CNQ.

piperidine, and then in situ generated indoline III reacted with
TCNQ under reflux giving I,—3CNQ (Scheme 1, Method 1).
The reaction using isolated III, which was purified by extraction
after neutralization, also gave I,—3CNQ (Scheme 1, Method 2).
Solvents were dried and distilled under of nitrogen prior to use,
and the reactions were performed in a nitrogen atmosphere. The
appearance, melting point, and optical properties of I,—-3CNQ
derivatives are summarized in Table 1.

Typical Procedures for the Preparation. Method 1: Prep-
aration of I;-3CNQ: 2,3,3-Trimethyl-3H-indole (I) (3.18 mL,
20.0mmol) and 1-iodobutane (2.3 mL, 20 mmol) were refluxed
in ethyl acetate (10mL) for 20h. After cooling, ether (70 mL)
was added to the reaction mixture and stirred; the ether layer thus
formed was removed by decantation. The oily residue was washed
with a mixture of ethyl acetate and ether. The product was dried
under reduced pressure to give 1-butyl-2,3,3-trimethyl-3H-indo-
lium iodide (II) (3.18 g, 47%) in the form of a soft red powder.
Salt IT was used for the next reaction without further purification.
Salt IT (1.76 g, 5.13 mmol) was dissolved in PhCl (50 mL), piperi-
dine (0.52 mL, 5.26 mmol) was then added to the solution. To this
III solution, TCNQ (1.09 g, 5.34 mmol) dissolved in PhCl (80 mL)
was added, and the mixture was refluxed for 1 h. After evaporation
of the solvent, the crude product was purified by column chroma-
tography (CHCl;/ethyl acetate = 4:1, silica gel) and then recrys-
tallized from MeCN to give green platelet crystals of I,—3CNQ (4)
(304 mg, 15%).

Method 2: Preparation of Is-3CNQ: 1-Pentyl-2,3,3-trimeth-
yl-3H-indolium iodide salt II was prepared by the same procedure
as Method 1 (31% yield). Salt IT (1.80 g, 5.03 mmol) was added to
a KOH aqueous solution (85%, 20 mL), and the mixture was stir-
red for 1.5h. The yellow oily product was extracted with ether
(20mL), and the organic extract was washed with a saturated
NaCl aqueous solution (20mL x 3), and then dried over MgSOy4
and concentrated under reduced pressure, to give neutral III
(89%). TCNQ (912mg, 4.47 mmol) dissolved in PhCI (70 mL)
and crude III (1.00 g, 4.37 mmol) dissolved in PhCl (10 mL) were
refluxed for 7 h. After evaporation of the solvent, the crude prod-
uct was extracted with CHCI3, the solvent was then removed by
evaporation under reduced pressure. Green platelet crystals of
I;-3CNQ (5) (700mg, 39%) were obtained by recrystallization
from MeCN (100 mL).

X-ray Crystal Structure Analyses. The crystal structures of
I,-3CNQ derivatives, I,-3CNQ (2), (I;-3CNQ)(MeCN) (3a),
(I=3CNQ)(CsHg)os (3b), L-3CNQ 4), Is-3CNQ (5), Is-
3CNQ (6a and 6b), (Is—3CNQ)(MeCN) (6¢), I;-3CNQ (7a and
7b), (Is—3CNQ)(CsHelos (8), Lip—3CNQ (10), and I»-3CNQ
(20), were determined. The intensity data of the structural analy-
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Table 1. Appearance, Melting Points, and UV-Vis Spectra of I,-3CNQ

Compound® Color and shape Mp/°C? UV-vis/nm® Bsoly
of solid Solid (in KBr) MeOH MeCN  Acetone PhCl
I,-3CNQ 1  green powder 233.0 (dec)® 858sh, 708 779,720 787,725 792,726 794,726 0.51
IL-3CNQ 2  green plates 238.5 (dec)? 854, 746 798, 731 803, 733 807, 733 803, 732 0.50
I;-3CNQ 3a green blocks 235.2 (dec)?
3b olden blocks 236.6 (dec)? 852, 744
3 ﬁreen needles 237.0 Edec;‘” } 858, 7469} 800, 732 805, 734 809, 736 806, 733  0.50
3d green blocks 237.5 (dec)?
I,-3CNQ 4  green plates 232.7 (dec)? 848, 748 799, 732 805, 734 809, 735 806, 734 0.50
Is-3CNQ 5  green plates 194.8 834, 744 800, 732 805, 734 808, 735 806, 734 0.50
I-3CNQ 6a green plates 195.8 852, 748
6b green rods 195.8 844, 748 } 800, 732 805, 734 809, 735 805, 734 0.50
6¢c  golden blocks 196.3 844, 750
I;-3CNQ 7a green plates 189.5 858, 746
7b  golden blocks 184.7 844. 750 } 799, 733 805, 734 809, 735 805, 733  0.50
Ig-3CNQ 8  green blocks 161.3 850, 756 801, 733 805, 734 809, 735 804, 734 0.50
I,,-3CNQ 10 green blocks 148.1 842, 746 800, 733 806, 735 809, 736 805, 734 0.50
1,,-3CNQ 14 golden powder 124.2 846, 754 800, 732 806, 734 810, 737 805,735 0.51
I,,-3CNQ 16 green powder 101.8 842, 754 801, 733 806, 734 810, 736 805, 734 0.50
I,3-3CNQ 18 golden powder 95.4 854, 752 801, 733 806, 735 809, 736 806, 735 0.50
I,0-3CNQ 20 golden plates 102.7 852, 758 800, 733 806, 735 810, 736 805, 734 0.50
1,-3CNQ 22 brass powder 107.2 850, 754 801, 733 806, 734 809, 736 806, 734 0.50

a) Letters a—d for 3, 6, and 7 show polymorphism. b) Measured by DSC. c) Decomposition before melting. d) Decomposition
immediately after melting. e) Peak positions. f) 3b—3d mixture.

ses were collected using a Bruker AXS DIP-2020K oscillator
type X-ray imaging plate with monochromated MoKa (A =
0.71073 A, 1A = 0.1 nm) radiation at room temperature. Struc-
tures were determined by a direct method using SHELXS-97.%!
Least-squares refinements were performed by the full-matrix
least-squares method on F? with SHELXL-97.22 All non-hydro-
gen atoms were refined anisotropically. The hydrogen atoms were
included without refinement. The positions of the hydrogen atoms
were calculated assuming sp® or sp? conformations of the carbon
atoms. Crystallographic data have been deposited with the
Cambridge Crystallographic Data Centre: Deposition numbers
CCDC-680492-680504. 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, UK; Fax: +44 1223 336033; e-mail:
deposit@ccdc.cam.ac.uk). Crystallographic data are summarized
in Supporting Information.

Results and Discussion

Thermal Properties of I,-3CNQ. Melting Points:
Figure 1 shows a plot of the melting points of I,-3CNQ
against alkyl chain length (n). The melting point decreased
steadily from 238.5°C with increasing n in the range
2 < n < 18, then increased after it reached the minimum point
atn = 18 (mp: 95.4 °C). Such behavior has also been observed
for TTF derivatives having long alkylchalcogeno groups
(TXC,-TTF); melting point decreases with increasing n and
increases monotonously after reaching the minimum point at
n =4 for TTC,-TTF,'® n =5 for TSeC,-TTF,'"® and n = 6
for TTeC,-TTF.'% In the crystal structures of TTC,-TTF,
71—77 interaction of the TTF moiety and self-aggregation ability
originating from intermolecular van der Waals interactions as-
sociated with alkyl chains are competitive, and the former is
dominant in the short alkyl chain compounds (n < 4), while
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Figure 1. Plot of melting point vs. alkyl chain length (n)
for I,—3CNQ. Compounds shown by triangles decom-
posed just after melting.

the latter is dominant for the long alkyl chain compounds
(n > 5).19% Therefore, it is plausible that the self-aggregation
ability of alkyl chains become more prominent than the inter-
action of st-moieties (77— and/or dipole—dipole interactions)
for I,-~3CNQ when n > 18. In fact, in the crystal structure of
1,0-3CNQ, the long alkyl chain exhibited a self-assembling
property to form forming a layered structure (vide infra).

Supercooled Form: The color of the crystal was either
green or golden as shown in Figure 2 (green crystals for
I,-3CNQ (2) and golden for I;-3CNQ (3b)). Even though
their colors differed, no significant differences were observed
in their UV-vis absorption spectra (Table 1, refer Supporting
Information).

DSC data for I,0-3CNQ with a fast heating/cooling rate of
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10K min~! indicated that it began to melt at 102.7°C. In the
first cooling process down to 50°C, the second heating, and
the second cooling processes, no exo- and endothermic changes
were observed (see Supporting Information). Figure 3a shows
the DSC data for I,(c~3CNQ with a 1 Kmin~! heating/cooling
rate. The X-ray powder pattern (Figure 3b) for the purple liquid
formed after the first cooling process (stage 2 in Figure 3a,
curve 2 in Figure 3b) showed amorphous pattern characteris-
tics of a supercooled fluid. The second heating process induced
a broad and exothermic crystallization from 55 °C and melting
at 88.2 °C, which is considerably lower than that of the original
I,0-3CNQ crystal (stage 3 in Figure 3a). The X-ray powder
pattern at stage 3 in Figure 3a (curve 3 in Figure 3b) differed
from that of the virgin sample (stage 1 in Figure 3a, curves 1
and 4 in Figure 3b), indicating that the supercooled fluid crys-
tallized to a different phase from the original. The second cool-
ing process also displayed supercooled state characteristics.
The supercooled fluid state was observed for all n > 6 deriva-
tives (see Supporting Information).

After melting, the golden solid (Figure 4a) transformed into
a highly viscous liquid with a reddish purple color, and the su-
percooled fluid could be easily handspun into wires with diam-
eters less than 100 um (Figure 4b). The fluid wires transform
into crystalline wires after annealing at 70°C recovering the
gold colored luster (Figure 4c) which melted at ca. 90°C
(stage 3 in Figure 3a). In the solid-state UV-vis spectrum,
the crystalline sample of I,0-3CNQ showed absorption bands
at 11.7 x 10° (A), 13.2 x 10* (B), and ~15 x 10*>cm~! (C)
(curve 1 in Figure 4d). The spectrum of the supercooled fluid

(a) (b)

R—
1 mm

e

Figure 2. Single crystals of (a) I,L—3CNQ (2) and (b) I;—
3CNQ (3b).
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state was identical to that of the crystal state (curve 2 in
Figure 4d); however, a new low-lying absorption band was ob-
served at approximately 1000 nm in the supercooled fluid state
(band-S indicated by an arrow). The band-S was absent in the
recovered solid (curve 3 in Figure 4d).

Solution-State Properties. Electrochemical Properties:
Cyclic voltammograms were measured for the I,—3CNQ
(n=1, 3, 6, and 20) derivatives. They exhibited irreversible
oxidation and reduction (E,** = +0.57 and Epred =-045V
for n=1; E,>* =+0.60 and Epred =—-040V for n=3;
E,* = 40.60 and E,*! = —0.41V for n = 6; E,> = +0.61
and Epred = —0.42V for n =20, V vs. SCE) (Figure 5 for
n =1, refer Supporting Information for other compounds).
The oxidation and reduction potentials scarcely depended on
the alkyl chain length, indicating that the alkyl chain length
does not affect the electron-donating and -accepting abilities
of the indoline and 3CNQ moieties, respectively.

(@) \- (d)

Absorbance / arb. units

(c) ‘ , "I
Mawuumiszo
Wavenumber / 10° cm-!

Figure 4. Images of (a) a crystalline sample of I,)—3CNQ,
(b) supercooled liquid spun into a wire, and (c) crystalline
wires annealed at 70°C. (d) Absorption spectra of Ipy—
3CNQ dispersed in KBr: (1) crystalline sample, (2) super-
cooled state (heated to 120°C and then cooled to room
temperature), and (3) annealed sample. Bands-A-C were
observed in all states, and a shoulder peak (band-S) ap-
peared in the supercooled state, indicated by an arrow.
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Figure 3. (a) DSC measurements for I,p—~3CNQ with a scanning speed of 1 Kmin~!. (b) X-ray powder diffraction patterns of Iog—
3CNQ, where curves 1-3 indicate the stages in (a), and curve 4 describes the simulated pattern from the crystal structure analysis.
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Figure 5. Cyclic voltammogram of I,—3CNQ. Experimen-
tal conditions: solvent, MeCN containing 0.1M n-
BuyN*tBF,~; scan rate, S0mVs~!; reference electrode,
SCE.
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Figure 6. (a) UV-vis spectra of I,-3CNQ in various sol-
vents (a: MeOH (E1 = 55.5), b: MeCN (46.0), c: acetone
(42.2), and d: PhCI (37.5)). Gray lines indicate the shift of
peaks. (b) Plots of transition energies of I,-3CNQ against
Er values. Labels a—d are measurement solvents. (c)
Chemical structure of Reichardt’s betaine dye.?*

Absorption Spectra and Degree of CT in Solution: I,—
3CNQ compounds exhibited intense and multiple absorptions
at 600-900nm ascribable as an intramolecular CT band in
the solution state, which showed a slight blue solvatochromic
shift of 3—15nm from PhCl to MeOH in each compound
(peaks marked by a circle and square, Figure 6a).

The intramolecular CT energy (hvcr) of D& _-A%- is ex-
pressed by eq 1,23 where &, r, AG, 2X, and C are the dielectric
constant of the solvent, average distance between the D and A
moieties, difference in the solvation energies of D%-7-A° and
D'*—m—A!~ species, resonance stabilization energies of D'—7—
A% and D!'*—m—A'~ species, and Coulomb term, respectively.

hver (D3 —m-A%)

)
:(28—1)( ——AG)—{—(ZX—C) é>05 (1

1
Er
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In the previous paper,'® we evaluated § of I;-3CNQ-R by
normalizing it with the I;}-3CNQ-F; molecule assuming a
completely ionic compound (6 = 1); however, as shown in
the estimations of § in the solid state (vide infra), the &
value of I;-3CNQ-F; is not 1. In this study, we employed
Reichardt’s betaine dye (Figure 6¢) since its completely ionic
state (8 = 1) is comfirmed.?* The intramolecular CT energy of
Reichardt’s dye (Et), which is frequently used as an indicator
of solvent polarity, also follows eq 1 and is expressed as

hver (Reichardt’s dye)

1¢? ,
=(—-———=-AG )|+ 2X—-C)=Er 2)
Er
The hver values of the I,—3CNQ derivatives in various sol-
vents showed a linear dependence on Reichardt’s Et values
(Figure 6b) expressed as

hver (D¥T—m-A%) = aEr + b
1 é? ,
—a g——AG +a2X—-C)+b 3)
r

Accordingly, the slope a of a linear line in the plot of Avcr
vs. Et gives the § value (841y) by

a =281 — 1 “

In the estimation of 8y, the second lowest energy peak was
used, because the band was the most intense and could be
clearly observed. It should be noted that the obtained 8, val-
ues bear some ambiguities due to the difference in the solva-
tion energies (AG) between Reichardt’s betaine dye and I,—
3CNQ compounds. However, since the difference in AG val-
ues should be small compared to whole intramolecular CT en-
ergy, and the linear relationship between a and § values is con-
firmed, the 85,1y value is a good parameter to express degree of
CT of I,-3CNQ compounds in the solution state.

The estimated d,1y values for all I,—3CNQ are summarized
in Table 1. The &y value of I;—3CNQ (0.51) looks slightly
larger than those of n > 2 compounds; however, significant
dependence of the 8y, value on alkyl chain length was not
found. The effect of alkyl chain was more clearly seen in the
peak position of intramolecular CT bands. The second lowest
peaks in MeCN showed a low-energy shift from 725 nm for
n=1 to 733nm n =2 (Figure 7), indicating the decrement
of § according to eq 1. Similar behavior was observed in the
other solvents (Table 1). Further increments of alkyl chain
length did not affect the peak positions (Figure 7 and Table 1).
This relationship between § and alkyl chain length can be
explained by molecular conformation as follows.

For an I,—-3CNQ molecule, two molecular conformations,
namely Type I and IL, in which the N-alkyl group located close
to and far from the CN1 group, respectively, can be expected
(Scheme 2). In a molecule of Type I conformation, the nega-
tively charged CN1 group is close to the 7r-electronic system
of the indoline moiety and attracts a positive charge on the
D part to enhance the intramolecular CT. Such effect becomes
weak for a molecule of Type II conformation. Accordingly, a
molecule of Type I conformation is expected to have a larger §
value than that of Type II. This hypothesis was confirmed by
the estimations of § values in the solid state (vide infra). The
conformation of an I,—3CNQ molecule is determined by the
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Figure 7. UV-vis spectra of I,-3CNQ (rn =1, 2, 3, and
22) in MeCN. Gray lines indicate the shifts of peaks.

Type Il

Scheme 2. Two kinds of conformational isomers of I,—
3CNQ (Types I and II).

balance of steric repulsion between the 3,3-dimethyl group in
the indoline moiety and the CN1 group, and that between the
N-alkyl chain and the CN1 group. With increasing alkyl chain
length, steric repulsion between the N-alkyl chain and CN1
group becomes larger, and the contribution of Type I confor-
mation which gives larger 8 decreases. The larger hvcr value
of I,-3CNQ reflects the contribution of Type I conformation,
while the nearly constant Avcy values of I,—3CNQ (n > 2) in-
dicate that the Type II conformation is dominant for them in
the solution state. Since the contributions of Type I and II
molecules to the hvcr values are mixed in the solution state,
the dependence of 8,y value on alkyl chain length was consid-
erably smaller than the differences of § values between Type I
and II conformations in the solid state (vide infra).

Molecular and Crystal Structures of I,-3CNQ
Derivatives. In the crystal structures, two molecular confor-
mations, Type I and II, were observed. The molecular confor-
mations and dihedral angles (6,-83) of the D and A moieties in
the crystal structures of I,—3CNQ derivatives (n = 2-8, 10,
and 20) are summarized in Table 2. Dihedral angles between
the benzenoic ring in the 3CNQ moiety, and terminal dicyano-
methylene group and cyanoethene 7-bridge are indicated by
0, or 0,, respectively. The dihedral angle (03) between the
least squares fitting planes of the indoline moiety and the
cyanoethene 7-bridge distinguishes Types I (63 < 90°) and
II (B3 > 90°) (Table 2).

IL,-3CNQ (2): 2 was obtained by recrystallization from
MeCN and crystallized in a monoclinic system. In this
crystal, one I,-3CNQ molecule, which had a Type II confor-
mation (63 = 154.1°), was crystallographically independent
(Figures 8a and 8b). The 3CNQ moiety stacked with interpla-
nar distances of 3.41 and 3.66 A to form a one-dimensional 77-
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Table 2. Molecular Conformations and Dihedral Angles of
I,—3CNQ Molecules®

Me e

3"

) CN

{' 50
CN
CrHan+1 7 7
Compounds® Type Dihedral angle/°
0, ) 0s
I,-3CNQ 2 I 4.7 32 154.1
I;-3CNQ 3a I 22 4.5 454
3b I 3.8 2.2 174.0
I,-3CNQ 4 I 8.3 7.4 174.9
Is-3CNQ 5 I 7.0 3.1 175.0
Is-3CNQ 6a I 1.3 4.2 155.9
6b I 1.5 4.5 156.1
6¢c II 2.4 9.7 161.2
I;-3CNQ 7al I 3.9 3.6 156.6
7all I 1.0 4.1 154.0
7b II 2.1 4.5 150.1
Is-3CNQ 8! II 55 3.6 170.5
st I 24 9.1 151.5
I,0-3CNQ 10 I 52 7.9 49.3
I,0-3CNQ 201 II 34 1.9 158.0
201 I 1.2 9.1 165.2

a) The indoline moiety (red part in the molecular structure) is
defined by one nitrogen and eight carbon atoms, and does not
include the alkyl chain and two methyl groups. b) Symbols I
and II in 7a, 8, and 20 indicate crystallographically independ-
ent molecules in one crystal.

stacking column along the a axis (yellow areas in Figure 8c).
The 3CNQ stacks were twisted by 49°, and the overlap be-
tween neighboring 3CNQ moieties was small (Figure 8d).
The indoline moiety formed a dimerized unit with a large in-
terplanar distance (4.65 A) (red areas in Figures 8c and 8d).

(I3-3CNQ)(MeCN) (3a): 3a was obtained by recrystalli-
zation from MeCN and crystallized in a triclinic system, where
one I3-3CNQ and one MeCN molecule were crystallographi-
cally independent. In this crystal, the I;—~3CNQ molecule had a
Type I conformation, where the indoline and 3CNQ moieties
are twisted by 63 = 45.4° (Figure 9a). The 3CNQ moiety
was flat (6 = 2.2° and 6, = 4.5°), and the alkyl chain was ex-
tended nearly perpendicular to the indoline plane to reduce
steric repulsion with the CN1 group (Figure 9a). In the crystal
structure, both the 3CNQ and indoline moieties formed dimer
units with interplanar distances of 3.39 and 3.50 A, respective-
ly (yellow and red areas, respectively, in Figure 9b). Both di-
mers had head-to-tail stacking to cancel the dipole moment
(Figures 9b and 9c). 3CNQ dimers were isolated by MeCN
molecules.

(I3-3CNQ)(C¢Hg)o.5 (3b): 3b was obtained by recrystal-
lization from benzene/hexane and crystallized in a triclinic
system. One I;-3CNQ molecule and half of a benzene mole-
cule with an inversion center were crystallographically inde-
pendent. The I;-~3CNQ molecule in 3b had a Type II confor-
mation, where indoline and 3CNQ moieties were nearly paral-
lel (85 = 174.0°) (Figure 10a). The dihedral angles 6, and 6,
were 3.8 and 2.2°, respectively, and the molecule had a planar
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Figure 8. Molecular structure of I,~3CNQ in 2; (a) top view and (b) side view. (c) The b axis projection of 2 showing the 77-stack-
ing columns of the 3CNQ moieties (yellow areas). (d) The a axis projection of 2 showing the overlap patterns on 3CNQ and indo-
line moieties (yellow and red areas, respectively). Hydrogen atoms are omitted in (c) and (d).

Figure 9. (a) Molecular structure of I3—-3CNQ in 3a. (b) The b axis projection of 3a. Yellow and red areas show dimer units of
3CNQ and indoline moieties, respectively. Light colored molecules are MeCN solvents. Hydrogen atoms are omitted in (b).

(c) Overlap mode of a 3CNQ dimer.

Figure 10. (a) Molecular structure of I;-3CNQ in 3b. Molecular packing of 3b viewed (b) perpendicular to the molecular plane
and (c) along the molecular long axis. Orange and yellow areas represent the ribbon-like sheet structures, and the light colored
molecules are benzene solvents. (d) The two-dimensional 77-stacking structure of I3-3CNQ viewed along the ¢ axis. Hydrogen

atoms are omitted in (b)—(d).

structure with a small maximum deviation (0.23 /0\) from the
least-squares plane of the entire molecular structure (excluding
propyl and dimethyl groups). These flat molecules formed a
ribbon-like sheet with a width of two molecules along the

[210] direction (Figures 10b and 10c), and these sheets stacked
uniformly along the a axis (Figure 10c). Molecular dipoles in
3b cancelled out by the formation of molecular pairs in a side-
by-side orientation (Figure 10b). The I53-3CNQ molecule
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(@ 3CNQ

Indoline  3CNQ

Figure 11. Side views of molecular structures of (a) I,—3CNQ (4) and (b) Is-3CNQ (5). Molecular packing of 4 viewed along (c)
the a axis and (d) b axis. Yellow and red areas represent the 77-stacking columns of 3CNQ and indoline moieties, respectively.
Hydrogen atoms are omitted in (c) and (d). 4 and 5§ were iso-structural.

n-stacking (d)

column

n-stacking
column
alkyl chain
vigen [}

- T~ 9 ®

Figure 12. Molecular structure of Is—3CNQ (6a); (a) top view and (b) side view. (c) Crystal packing of 6a viewed along the
molecular short axis, showing the one-dimensional 7-stacking columns. (d) The b axis projection of 6a. The 7-stacks of
3CNQ moieties and aggregation of alkyl chains are represented by the yellow and blue boxes, respectively, and the green arrows
in (c) represent the 77—7T interactions between indoline and 3CNQ moieties in a column. Hydrogen atoms are omitted in (c) and (d).

formed 77— interactions between indoline and 3CNQ moieties
with interplanar distances of 3.48 and 3.98 A, forming a two-
dimensional sheet (green arrows in Figure 10d).

I,-3CNQ (4) and Is-3CNQ (5): Both 4 and 5 were ob-
tained by recrystallization from MeCN and were iso-struc-
tures. They crystallized in a triclinic system, and one molecule
was crystallographically independent in each crystal. Both I,—
3CNQ and Is-3CNQ molecules had a Type II conformation
with a flat molecular shape (03 = 174.9° for 4 and 175.0°
for 5, Figures 11a and 11b). The alkyl group of each molecule
extended nearly perpendicular to the molecular plane. In the
crystal structure of 4, both 3CNQ and indoline moieties
formed segregated stacks along the a axis (yellow and red
areas, respectively, in Figures 11c and 11d) with interplanar
distances of 3.52 and 3.64 A for the 3CNQ column, and 3.43
and 3.95A for the indoline column. Both dimers showed
head-to-tail stacking with an inversion center to cancel the di-
pole moment. Similarly to 4, 5 had segregated stacks of 3CNQ
and indoline moieties, where the interplanar distances in the
3CNQ column were nearly uniform (3.55 A) while indolines
were dimerized (3.45 and 3.89 A).

I-3CNQ (6a—6¢) and I;-3CNQ (7a and 7b): Three poly-
morphs were found for Ig-3CNQ, two of which 6a and 6b
were obtained by recrystallization from benzene/hexane and
were included in the same batch: the other polymorph 6c¢
was obtained by recrystallization from MeCN as a solvated
crystal. In the case of I;-3CNQ, two polymorphs were ob-
tained from the same batch, which was obtained by recrystal-

lization from benzene/hexane.

Crystals 6a, 6b, 7a, and 7b had very similar structures and
crystallized in monoclinic space groups except for 7b, which
was in a triclinic system. In all cases, I,—~3CNQ molecules
had a Type I conformation, and dihedral angles of all the
molecules were very similar (03 = 150.1-156.6°, 0, =
1.0-3.9°, and 6, = 3.6-4.5°, Table 2 and Figures 12a and
12b). The alkyl group of each molecule extended nearly per-
pendicular to the molecular long axis and parallel to the mo-
lecular plane (Figure 12a). In the crystal structure of 6a, the
3CNQ moiety stacked in a head-to-tail manner with an inter-
planar distance of 3.39 A (yellow area in Figure 12c). In addi-
tion, -7 interactions were formed between indoline and
3CNQ moieties (face-to-face distance: 3.5-4.3 A, green ar-
rows), resulting in the formation of a one-dimensional colum-
nar structure along the b axis (Figure 12c). Inversion centers
were located at the centers of each 77— interaction to cancel
the molecular dipole moments. Because of the self-assembling
ability of the alkyl chains, a one-dimensional motif parallel to
the D-—A column (b axis) was formed. This one-dimension-
al motif of alkyl chains was included in a channel surrounded
by the D-77—A columns (blue areas in Figure 12d). In the crys-
tal structures of 6b, 7a, and 7b, one-dimensional structures
similar to that of 6a formed by m-stacking self-aggregation
of alkyl chains were observed.

6¢ crystallized in a monoclinic space group and included a
MeCN solvent molecule. The Is—3CNQ molecule in 6c¢ had a
Type II conformation and a similar planarity to those of 6a and
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Figure 13. Molecular structure of Ie—3CNQ (6¢); (a) top view and (b) side view. The third carbon atom of the alkyl chain disor-
dered into two positions with site occupancy factors of 0.733 and 0.267, respectively. (c) The ¢ axis projection of 6¢, where mole-
cules on the ¢ = 1/2 plane are represented by light colors. (d) The a axis projection of 6¢, where light colored molecules are
MeCN solvents. r-Stacks of 3CNQ moieties are indicated by the yellow areas, and hydrogen atoms and alkyl chains are omitted
in (¢) and (d).

(d) 3CNQ alkyl chain (e)
tetramer tetramer

alkyl chain 3CNQ
tetramer tetramer

Figure 14. (a and b) Molecular structures of Ig—3CNQ (8! and 8", respectively). (c) Overlap pattern of an 8'-8™ dimer. The light
colored molecule is 8'. The crystal packing of 8 viewed along (d) the 77-stacking direction and (e) molecular long axis. 77-Stacks
of 3CNQ moieties and aggregation of alkyl chains are represented by yellow and blue areas, respectively. Hydrogen atoms and

benzene solvents are omitted in (d) and (e).

6b except for the slightly larger 6, (0; = 161.2°, 6, = 2.4°,
and 6, = 9.7°, shown in Table 2 and Figures 13a and 13b).
The alkyl group extended nearly perpendicular to the molecu-
lar short axis and parallel to the molecular plane (Figure 13a).
In the crystal structure, the 3CNQ moiety stacked with an in-
terplanar distance of 3.55 A, forming a dimer unit (yellow
areas in Figure 13c). Inversion centers were located at the
center of the dimer to cancel the molecular dipole moments.
The dimers were arranged in a herring-bone structure, and
no intermolecular interactions, such as 77—7r interaction and
aggregation of alkyl chains, were present between the dimers
(Figure 13d).

(Is—=3CNQ)(C¢Hg)o.5 (8): The solvated crystal 8 crystal-
lized in a triclinic system. Two Ig—3CNQ (8' and 8") and
one benzene molecules are crystallographically independent.
Both 8" and 8" had a Type II conformation with 65 = 170.5
and 151.5°, respectively (Figures 14a and 14b). Alkyl chains

of both molecules extended nearly parallel to the long axis
of 3CNQ moieties. A head-to-tail 77-stack of 3CNQ moieties
between two 8! and 8" formed a dimerized structure in which
two alkyl chains were bound to each other (Figure 14c). The
interplanar distance of the dimer was 3.48 A. This dimer unit
stacked with an interplanar distance of 3.58A to form an
811_81_8I_8! tetramer unit at the center of which an inversion
center was located (yellow areas in Figures 14d and 14e). Al-
kyl chains also aggregated to form a tetramer (blue areas in
Figures 14d and 14e). These tetramer units stacked alternately
to form a column along the [120] direction.

L0-3CNQ (10): Crystal 10 was obtained by recrystalliza-
tion from benzene and crystallized in a triclinic system. There
was one crystallographically independent I;,—3CNQ molecule.
Contrary to other I,—3CNQ molecules having long alkyl
chains, I;)—3CNQ in this crystal had a Type I conformation
with 63 =49.3°, and the CN groups deviated from the
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(d) 3CNQ-alkyl chain

Figure 15. Molecular structure of I;,—3CNQ (10); (a) side view and (b) top view. The alkyl chain is represented by the gray-col-
ored atoms. The (c) b axis and (d) a axis projections of 10. The 3CNQ-alkyl chain columns and 77-stacks of the indoline moiety
are indicated by the yellow and red areas, respectively. Light colored molecules in (c) belong to the next column along the b axis.

Hydrogen atoms are omitted in (c) and (d).

indoline
tetramer

" alkyl chain
layer

Figure 16. (a and b) Side views of molecular structures of I,»—~3CNQ (20! and 20", respectively). (c) D-7r—A ribbon structure,
where 3CNQ and indoline tetramers are represented by the yellow and red areas, respectively. (d) Bilayer structure of 20 viewed
along the b axis. Orange and blue areas indicate the D—7—A and alkyl chain layers, respectively. Hydrogen atoms are omitted

in (c) and (d), and alkyl chains are omitted in (c).

3CNQ ring with 8; = 5.2° and 6, = 7.9° (Figure 15a). The al-
kyl chain bent at the first methylene carbon atom to avoid ster-
ic hindrance with the 3CNQ moiety, and extended parallel to
the 3CNQ moiety (Figure 15b). In the crystal structure, the
3CNQ moiety and alkyl chain alternately stacked to form a
one-dimensional columnar structure along the a axis (yellow
areas in Figures 15c¢ and 15d). Instead of the 3CNQ moiety,
the indoline moiety formed a head-to-tail dimer with an inter-
planar distance of 3.42 A (red areas in Figures 15¢ and 15d).

The alternating stacking structure of 3CNQ moieties and al-
kyl chains observed in this crystal was not seen for other I,,—
3CNQ crystals, since the 3CNQ moiety has a strong tendency
to form a dimer unit or columnar structure. The similar lengths
of the 3CNQ moiety and alkyl chain may give rise to this
uncommon type of m-alkyl alternating stack structure
(Figures 15a and 15b).

I0-3CNQ (20): Crystal 20 was obtained by recrystalliza-
tion from hexane and crystallized in a triclinic system. There
were two crystallographically independent molecules 20" and
20™. Both 20" and 20™ molecules had a Type II conformation
with 63 = 158.0 and 165.2°, respectively (Figures 16a and

16b). In both molecules, the alkyl groups extended nearly
perpendicular to the molecular long axis and parallel to the
molecular plane. 3CNQ moieties stacked to form a tetramer
unit in the sequence 207-20'-20'-20" (yellow areas in
Figure 16c). The face-to-face distances were 3.41 A for the
20"-20" and ca. 3.6 A for the 20'-20" stacks where the dihe-
dral angle between the two 3CNQ moieties was 14.9°. An
inversion center was located at the center of the 20-20" stack.
In addition to the 3CNQ stacks, 77-stacks of indoline moieties
formed a 20'-20"-20"_—20" tetramer (red area in Figure 16¢).
The face-to-face distances were 3.79A for the 20"—20"
and ca. 3.7 A for the 2020 stacks, where the dihedral angle
between the two indoline moieties was 6.3°. An inversion
center was located at the center of the 20-20" stack. These
face-to-face interactions formed a D-m—A ribbon structure
parallel to the a axis (Figure 16¢). In addition, the self-aggre-
gation of long alkyl chains formed a two-dimensional sheet
structure parallel to the ab plane (blue area in Figure 16d).
This crystal was constructed by alternation of the D-m—A
and alkyl chain layers.

Self-aggregation ability of 77-moieties and alkyl chains sim-
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ilar to that of 20 has been observed in TTC,-TTF molecules
having long alkyl chains'®® and also in the C;TET-TTF-
TCNQ complex!®® (C;TET-TTF = bis(heptylthio)ethylenedi-
thio-TTF, Chart 1), where strong interchain interactions assist
a proximate face-to-face contact of sr-moieties (Fastener ef-
fect). In particular, the bilayer structure composed of a 7-layer
and alkyl-layer observed in 20 is reminiscent of that of the
C;TET-TTF. TCNQ complex. This result clearly indicates that
the self-aggregation of alkyl chains is dominant in this crystal.

Structural Parameters Relating to Molecular and Elec-
tronic Structures of I,-3CNQ. (A) Molecular Conforma-
tions, Type I vs. Type II: ~ Among I,—~3CNQ-R molecules
with short alkyl groups (n=1), I,-3CNQ-Fs (A), (I,-
3CNQ-F2)(MeCN)os  (€), (I;-3CNQ-F)(MeCN)os (Db),
I,-3CNQ-F; (De¢), I,-3CNQ-(MeO), (E), I,-3CNQ-
(EtO),)(MeCN) (Fa), and I,-3CNQ-(EtO), (Fb) have a
Type I conformation, and (Ic—3CNQ-CF;) (B) and I,-
3CNQ-F; (Da) have a Type II conformation (Scheme 2).%
For longer alkyl chain derivatives, only 3a and 10 have mole-
cules with a Type I conformation, while the remaining crystals
have molecules with a Type II conformation.

As described above, Type I and II conformations for I,—
3CNQ would depend on the steric repulsion between the N-al-
kyl chain and the CN1 group also in the solid state, and short
and long alkyl chain derivatives favor Type I and II, respec-
tively. Demonstrating this hypothesis, I;~3CNQ-R? and I;—
3CNQ (3a and 3b) produced molecules of both Type I and
II conformations depending on the crystallization conditions.
While I—3CNQ showed only Type II conformation irrespec-
tive of the recrystallization conditions (solvents hexane/ben-
zene for 6a and 6b, and MeCN for 6¢), and the substituted
Is+—3CNQ-R (R = CF3)® molecule also have only Type II
conformation in the crystal structures. Furthermore, in the
crystal structures of analogous D-3CNQ compounds having
D moieties, which do not possess bulky groups on the site
opposite to the N-alkyl chain (3,3-dimethyl group in the case
of I,—3CNQ), molecules have only the Type II conforma-
tion.10,11,26

The most important feature of the molecular conformation
of I,—3CNQ is the difference in the degree of CT (§) between
the Type I and II conformations, where molecules with Type [
conformation (3a and 10) possessed larger & values than those
with Type II conformation, which will be discussed later.

(B) r-Stacking of D-m—A Skeleton and Self-Aggregation
of Alkyl Chain: The most important factor in the crystal
structures of I,-3CNQ derivatives is the dimerization of
3CNQ moieties to cancel the large molecular dipole moment.
Dimerized motifs of 3CNQ moicties were observed in most of
the crystals in this study and also in the crystal structures
of I,~3CNQ-R derivatives A—F?> and other D-3CNQ com-
pounds.'®!!2® Due to the formation of centrosymmetric 7-
stacking motifs, second-order non-linear optical properties
such as second harmonic generation are not expected for bulk
I,-3CNQ crystals, and alignment of the dipole moments to
form non-centrosymmetric systems is necessary. While 7-
stacking motifs of 2, 3b, and 10 preserved the non-centrosym-
metric structures, 77-stacks on indoline moieties and/or side-
by-side dimerization cancelled the dipole moments of bulk
crystals. Although several I,—~3CNQ compounds formed segre-
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gated 7r-stacking structures of the indoline and/or 3CNQ moi-
eties, they were insulators (room temperature conductivity
<1078Scm™).

With increasing alkyl chain lengths (n > 6), the self-assem-
bling ability of alkyl chains was activated. The balance be-
tween dimerization of the 3CNQ moieties and the self-assem-
bling ability of alkyl chains depended on n and constructed di-
verse molecular packings. In the I,-3CNQ crystals (n = 6-8),
the alkyl chains formed aggregated structures parallel to the 7-
stacking structures of D-77—A skeletons (tetramer unit or one-
dimensional column). In the case of I,,—3CNQ, similar lengths
of the 3CNQ skeleton and alkyl chain resulted in a strong in-
teraction, preventing face-to-face interaction of the D-7—A
skeleton, and the formation of alternating stack of 3CNQ moi-
eties and alkyl chains. For the further longer alkyl chain I,—
3CNQ, self-aggregation of alkyl chains became dominant re-
sulting in the formation of the bilayer structure of 20 formed
by alkyl chain layers and D-m—A layers.

(C) Bond Length Ratio (BLR) vs. Intramolecular Degree
of CT (§): Bond alternation of the I,~3CNQ molecule is rep-
resented by the mixing of two resonance structures of neutral
(8 = 0) and ionic (8 = 1) forms (Scheme 3). Therefore, intra-
molecular bond lengths are expected to be sensitive to the §
value. Such bond length alternation, which relates to two res-

Meﬁ\Me Me&\\Me

O = N O 7\ N
N —C— __— ®N (O
| NC cN | NC CN

CnH2n+1 CnH2n+1
Neutral Form (5 = 0) lonic Form (& =1)

Scheme 3. Resonance structures of I,—3CNQ in neutral
(8§ = 0) and ionic (6 = 1) forms.

Table 3. Selected Intramolecular Bond Lengths (A"‘)) of
I,—3CNQ Molecules

a/A b/A c/A d/A e/A
L-3CNQ 2  1.348(3) 1.407(3) 1.376(3) 1.440(3) 1.410(3)
L-3CNQ 3a 1326(2) 1.429(2) 1.373(2) 1.443(2) 1.428(2)
3b  1.346(2) 1.411(2) 1.391(2) 1.438(2) 1.421(2)

L,-3CNQ 4  1.357(4) 1.400(5) 1.387(5) 1.436(4) 1.409(5)
Is--3CNQ 5  1.349(3) 1.401(3) 1.385(3) 1.432(3) 1.410(3)
I-3CNQ 6a 1.347(3) 1.397(3) 1.398(3) 1.427(3) 1.408(3)

6b 1.355(4) 1.389(4) 1.394(4) 1.431(4) 1.407(5)
6c  1.351(3) 1.403(3) 1.388(3) 1.435(3) 1.417(3)
I,-3CNQ 7a' 1.354(6) 1.398(7) 1.401(7) 1.420(7) 1.414(7)
7al 1.350(6) 1.395(7) 1.392(7) 1.431(7) 1.407(7)
7b  1.355(4) 1.399(4) 1.392(4) 1.428(4) 1.410(4)
Ii-3CNQ 8' 1.356(2) 1.394(2) 1.395(2) 1.427(2) 1.406(2)
8 1.354(2) 1.396(2) 1.396(2) 1.420(2) 1.401(3)
Lo-3CNQ 10 1.328(2) 1.421(2) 1.374(2) 1.441(2) 1.423(2)
I,—3CNQ 20" 1.355(5) 1.392(6) 1.388(6) 1.426(6) 1.417(7)
20" 1.338(6) 1.383(7) 1.386(7) 1.419(7) 1.397(7)

a) 1A = 0.1nm.




880  Bull. Chem. Soc. Jpn. Vol. 81, No. 7 (2008)

Structures and Degree of CT of D—t—-A Compounds

Table 4. Bond Length Ratio (BLR), Estimated Degree of CT from BLR (8p.r), Dipole Moments in Ground and Excited
States ({4, and [, Respectively), and Estimated Degrees of CT from Atomic Charge and Dipole Moments (Ocharge and
Sdipole, Respectively) of Type I and II I,—3CNQ-R Molecules

Symbol Molecule BLR SR Ocharge®  Mo/Debye”  ./Debye”  Sgipoe  Reference
Type 1

A 1,-3CNQ-F, 1.624(3)  0.93 0.66 27.1 10.2 0.73 25

C 1,-3CNQ-F, 1.6153) 090  0.64 25.9 10.8 0.71 25
Db 1.5993)  0.83 0.61 23.8 10.5 0.69 25
Dc } 11-3CNQ-Fyb” { 1.611(5) 0.88 0.66 25.5 8.4 0.75 25

3a 1;-3CNQ 1.593(2) 080 0.5 22.6 13.1 0.63 this work
10 I,0-3CNQ 1.586(2) 0.77  0.55 21.9 12.7 0.63  this work
EY 1,-3CNQ-(MeO), 1.530(2) 052 039 15.9 15.7 0.50 25

Fa I,-3CNQ-(EtO), 1.531(8)  0.53 0.42 17.1 15.2 0.53 25
Fb I,-3CNQ-(EtO), 1.526(7)  0.51 0.37 15.5 16.0 0.49 25
Type II

B I,—3CNQ-CF; 1.566(4) 0.68 043 20.0 17.9 0.53 25
Dal® 1.583(4) 0.76 040 18.7 15.1 0.55 25
DallY ] 11-3CNQ-3-Fia” | 1.556(4)  0.64 0.43 16.8 15.7 0.52 25

2 L,-3CNQ 1.563(3) 0.67 041 17.1 15.1 0.53  this work
3b 1;-3CNQ 1.560(2) 0.66  0.41 17.4 16.0 0.52  this work
4 L,-3CNQ 1.547(4)  0.60  0.39 16.5 15.6 0.51  this work
5 Is-3CNQ 1.552(3) 0.62 040 16.7 15.7 0.51 this work
6a 1.542(3) 058 038 16.3 16.6 0.50 this work
6b } I,-3CNQ { 1.538(4) 056 037 16.2 16.5 0.49  this work
6c? 1.553(3)  0.63 0.40 17.1 15.4 0.53  this work
7al 1.536(7)  0.55 0.38 16.2 16.6 049  this work
7all } I,-3CNQ { 1.544(7) 059  0.38 16.3 16.4 0.50  this work
7bho 1.542(4) 058 038 15.9 16.5 0.49  this work
8! ] L3CN { 1.537(2)  0.55 0.38 15.3 15.8 049  this work
gl s=3CNQ 1.533(2) 054 037 15.2 16.4 0.48  this work
20! 1.544(6) 059  0.38 15.9 16.5 0.49  this work
201 } L-3CNQ { 1.541(7)  0.57 0.39 15.7 16.1 049  this work

a) Calculated with the INDO/S parameterization using structures extracted from crystal structures. b) I;-3CNQ-F,a
and I;,-3CNQ-F,b are the isomers relating to the substituent positions on the 3CNQ moiety, where F atoms are con-
nected at 2- or 6-, and 3- or 5-positions of the benzenoid ring, respectively. ¢) Orientation disorder of the substituent
groups on the 3CNQ moiety was observed for Da and E. Molecular orbital (MO) calculations were performed using
structures with larger occupancies. d) Orientation disorder of the alkyl chain was observed for 6¢ and 7b, and MO cal-

culations were performed using structures with idealized alkyl chains instead of disordered ones.

onance structures in an organic polymethine dye, has been
utilized for the evaluation of molecular (hyper)polarizabili-
ties.2”2% In intermolecular CT solids, a good linear relation-
ship between the degree of intermolecular CT, an essential pa-
rameter governing electronic properties and phase transitions,
and bond lengths was observed in TCNQ*® and BEDT-TTF
(bis(ethylenedithio)-TTF, Chart 1) systems,31 which are the
components of organic metals and (super)conductors.*? Simi-
lar to these systems, bond length analysis would provide cru-
cial experimental information on the § value of the D*+—m—
A%~ molecules and would provide a methodology to analyze
and understand their physical properties.

In the bond alternation of the I,—3CNQ-R system between
neutral (6 = 0) and ionic (6 = 1) forms, bonds @ and ¢ have
a single- or double-bond character, and bonds b, d, and e have
a double- or single-bond character, respectively (Scheme 3
and Table 3). Table 3 summarizes the bond lengths a—e in
the crystal structures of 2-8, 10, and 20. Here, we have defined
the bond length ratio (BLR), (b + d + e)/(a + ¢), as an index

of  in the I,~3CNQ system. BLR values for 6 = 0 and 1 limits
were calculated as 1.410 and 1.639, respectively, by applying
the single and double bond lengths of C-N bonds in an indo-
line moiety (1.384 and 1.324 A, respectively)?® for a, and of
C-C bonds in a m-conjugated —(C=C-C),— chain (1.451 and
13324, respectively)’* for b—e. The § values from BLR
(8pLr) were obtained by eq 5 assuming a linear relationship
of 8g;r and BLR. The results are summarized in Table 4,
where the data for I,—-3CNQ-R (R = F4, F,, CF3, F{, MeO),,
and (EtO);) molecules are also tabulated for the following
discussion concerning 8.2

dpLr = 4.37-BLR — 6.16 )

Since the 8prg =0 and 1 limits for the I,~3CNQ-R system
have not been determined, we could not calculate distinct &
values from BLR analysis; therefore, the following discussion
is limited to only qualitative values. We will discuss the rela-
tionships between BLR or 8p;x values and those estimated by
other methods and related parameters.
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Figure 17. Plot of (a) BLR vs. Etcng and (b) BLR vs. 8solv for I,—3CNQ-R molecules.” The green circles and red triangles indicate
molecules of Type I and II conformations, respectively, and the numbers and symbols correspond to those in Table 4.
Etcng = 4+0.60 (Fy), +0.44 (CF3), +0.41 (Fp), +0.32 (Fy), +0.22 (H), +0.05 (MeO),), and +0.01 ((EtO);) V vs. SCE.
Ssolv = 0.77 (A), 0.54 (B), 0.62 (C), 0.52 (Da), 0.55 (Db and Dc¢), 0.50 (E), and 0.50 (Fa and Fb). The dotted line and rectangle
in (a) indicate the least-squares fits for molecules of Type I conformation except for A and the plots of I,-3CNQ (R = H) mole-

cules, respectively.

(D) Relationship between BLR and Acceptor Strength of
3CNQ Part or Molecular Conformation: Figure 17a shows
a plot of the BLR values of I,—~3CNQ-R vs. the acceptor
strength of each 3CNQ-R part evaluated by the first reduction
potential of corresponding R-TCNQ derivative (Etcng) in the
CV measurement. Although the plot had a large scatter, BLR
values (also 8p;r) increased with increase in Etcng, indicating
that these BLR values roughly represent & of the I,~3CNQ-R
molecules. It is noteworthy that there is a considerable differ-
ence between BLR values for molecules of Type I and II con-
formation: the molecules of Type I conformation (3a and 10)
had larger BLR values (1.593 and 1.586, respectively) than
those of Type II (1.533—1.563) as shown in the dotted rectan-
gle in Figure 17a, indicating a larger degree of CT of mole-
cules of Type I conformation. As discussed above, this result
can probably be attributed to the Coulombic interaction be-
tween the negatively charged CN1 group and the indoline moi-
ety. The larger BLR values of molecules of Type I conforma-
tion which is more favorable for smaller » derivatives coincide
with the result of solvatochromism.

Furthermore, in a sharp contrast to the small effect of the
alkyl chain length (n > 2) on the solution properties (redox
properties and solvatochromism), Type II I,,—3CNQ molecules
had a wide range of BLR (1.533-1.563) and &z (0.54-0.67)
values and showed a strong dependency on alkyl chain length
in the crystals (Table 4 and Figure 17b). These results indicate
that not only molecular geometry (i.e. conformation and pla-
narity) but also crystal packing has a significant effect on §
in the solid state.

(E) Degree of CT and Molecular Packing: Figure 18
plots the BLR value of I,—3CNQ molecule against alkyl chain
length (n), where very similar tendency to that of melting
points against n (Figure 1) was presented. In the range of
n =2-8, BLR values of Type II molecules decreased with
the increment of n. A systematic relationship was not found
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Figure 18. Plot of BLR vs. alkyl chain length (n) for I,—
3CNQ molecules. Green circles and red triangles indicate
molecules of Type I and II conformations, respectively.
The dotted line indicates the least-squares fit for molecules
of Type II conformation (n = 2-8).

between BLR and molecular arrangements (alternating or seg-
regated columns, and isolated dimers or tetramers). The depen-
dence of BLR values on n probably originates from the density
of D-m—A skeleton in the crystal; the higher one causes the
highly polar crystalline field in a bulk crystal to afford the larg-
er BLR (§) value. Elongation of the alkyl chain decreases the
density of D—71—A skeleton as well as the BLR value. While,
the BLR values of I,0-3CNQ are larger than or close to those
of n = 6-8 compounds. It is plausible that the strong self-ag-
gregation ability of long alkyl chains as shown in Figure 16d
formed a tight molecular packing of the D-m—A skeleton,
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Figure 19. Plot of Scharee Vs. BLR for I,~3CNQ-R mole-
cules. Green circles and red triangles indicate molecules
of Type I and II conformations, respectively. The lines
represent least-squares fits for each plot. The numbers
and symbols in the figure correspond to those in Table 4.
The chemical structure indicates the separation of D
(red) and A (blue) moieties. In this study, the 77-bridge is
included in the A moiety because it has a negative
charge.

resulting in the large BLR (§) values.

(F) Calculated Degrees of CT and Dipole Moments: The
BLR value is inadequate to quantitatively estimate the spatial
charge distribution of an I,~3CNQ molecule, because the § =
0 and 1 limits of I,—~3CNQ-R are unknown. To find a more ap-
propriate expression of the § value which also considers effects
on BLR, we have examined molecular orbital (MO) calcula-
tions using structures extracted from the crystal structures,
and investigated the relationship between BLR and § values
obtained from the atomic charge and dipole moments.

The degree of CT for atomic charge (5charge) was obtained
from the sum of atomic charges of the D and A parts
(Figure 19). The results are summarized in Table 4. Figure 19
plots the relationship between Scharge and BLR: Scharge increased
linearly with BLR in agreement with the prediction made from
the bond alternation and the relationship between Etcng and
BLR. Molecules of Type I and II conformation exhibited dif-
ferent linear relationships between 8charge and BLR: molecules
of Type I conformation possessed a greater slope than those of
Type II. The calculated (Scharge values were lower by 0.13-0.46
than those of &gz for all compounds probably because of the
indefinite BLR values for the § = 0 and 1 limits, and the arbi-
trariness in the separation of the D and A moieties of the I,,—
3CNQ molecule.

In order to eliminate the ambiguities in the 8prr and Scharge
values, we have examined dipole moments (/L) obtained by
MO calculation. Figure 20 plots the dipole moment of the
I,~3CNQ-R molecule in the ground state ({4, Table 4) against
BLR value. Similar to the SCharge, the Mg value increased with
BLR, and molecules of Type I and II conformations showed
two kinds of linear relationships: only B of Type II deviated
from the plot. Here, we estimated the degree of CT using cal-

Structures and Degree of CT of D—t—A Compounds
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Figure 20. Plot of the ground state dipole moment ({4,) of
I,—3CNQ-R by the INDO/S MO calculation against BLR.
Green circles and red triangles represent molecules of
Type I and II conformations, respectively. The lines in
each plot represent the least-squares fits to the data except-
ing B, and the numbers and symbols correspond to those
in Table 4.

culated dipole moments (8dipole).

In general, the dipole moments of the ground (u,) and ex-
cited (1) states of a D+ —7—A% molecule are approximately
expressed as

My = ded (6)
e = (1= 8ed (7

Here, e and d are the elementary electric charge and distance
between averaged centers of positive and negative charges,
respectively. The difference (U, — [,) and sum (L, + W,)
of dipole moments are expressed as

e — g = (1 - 28)ed ®)
Mo+ [y = ed )

Figures 21a and 21b compare [,, [, dipole difference
(He — Wy, and sum (. + He) for the I,,~3CNQ-R molecules
with Type I and II conformations, respectively. Plots of each
parameter exhibited good linear relationships with BLR. The
dipole difference (i, — ,) crossed the zero point, which, ac-
cording to eq 8, should correspond to § = 0.5 at approximately
BLR = 1.53 for Type I and 1.54 for Type II conformations.
These values are similar to the BLR value (1.52) for
dprr = 0.5, determined from eq 5. Assuming a simple linear
relationship of & and BLR in eq 5, the (i, + ) value,
which is a function of d (eq 9) and independent of §, should
be constant with respect to BLR. However, the (i, + W)
value steadily increases with BLR for the I,—3CNQ-R system,
suggesting that the charge distance d varies with respect
to the ionicity, position of substituents, molecular conforma-
tion, etc.

Here, we utilized a more appropriate parameter pertaining to
the degree of CT while considering the relationship illustrated
in Figures 21a and 21b. The intramolecular degree of CT
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Figure 21. Plots of calculated dipole moments of the ground (i, green circles) and excited (L, red triangles) states, dipole dif-
ference ((t, — [, blue squares), and sum ({4, + [, purple diamonds) vs. BLR for the I,—~3CNQ-R molecules with Type I (a) and
Type II (b) conformations. (c) Plot of BLR vs. Sgipoie for I,~3CNQ-R. The green circles and red triangles represent molecules of
Type I and II conformations, respectively. The lines in each plot represent the least-squares fits to the data.

based on the dipole moment (Sgipote), Which is derived from
eqs 6 and 9 and does not include the uncertain d value, is
expressed as

/'Lg/(lu/e + /'Lg) = 8dipole (10)

The Sdipole values reproduce the calculated dipole moments,
and hence, reflect the effects of molecular conformation, posi-
tion of substituent groups, and change in d. The calculated
ddgipole values were smaller than gz but larger than Scparge
for all compounds (Table 4). Figure 21c plots the calculated
Sdipole VS. BLR. Similar t0 Scharge and fi,, the Sgipote Values
exhibited a good linear relationship with BLR. Molecules of
Type I conformation had larger Sdipole values and greater
slope than those of Type II conformation. The 3dipo1e values
also contain some ambiguities because of the difference in
charge distances in the ground and excited states; however,
it should be emphasized that the BLR values of the I,—
3CNQ-R molecules estimated from the crystal structures ex-
hibited a good linear relationship with the § values obtained
from the MO calculation. This investigation undoubtedly con-
firms that the BLR reflects the § values of D—77—A compounds
and is a useful experimental parameter to investigate their
functionalities.

Conclusion

A series of intramolecular CT compounds, indoline-tricya-
noquinodimethane (I,—~3CNQ) derivatives with alkyl chains of
various lengths (n = 1-8, 10, 14, 16, 18, 20, and 22) were pre-
pared and structurally characterized. The melting points of I,,—
3CNQ steadily decreased with increase in alkyl chain length
up to the minimum point of 95°C (n = 18), and the com-
pounds with n > 6 formed a supercooled liquid after melting.
In the crystal structures, diverse molecular arrangements were
observed based on the alkyl chain length among which the di-
merization of 3CNQ moieties was the most common. The self-
assembling ability of alkyl chains became more active with in-
creasing alkyl chain length (n > 6) to construct one-dimen-
sional segregated structures or two-dimensional bilayer struc-
tures of D-77—A and alkyl chain moieties. We proposed a
new structural parameter, bond length ratio (BLR), for the

I,—3CNQ-R system as an indicator of the degree of intramo-
lecular CT (§) in the crystal structures. The comparison of
BLR with § values estimated from the MO calculations
(Ocharge and Saipole) confirmed that BLR is a suitable parameter
to qualitatively express 8 value of a D*t—7—A%" compound,
although the definite § value could not be obtained. The bal-
ance of steric repulsion between the N-alkyl chain and the
neighboring CN group produced two types of molecular con-
formations, namely Type I and II, in which the N-alkyl group
locates close to and far from the CN1 group, respectively. The
conformation depended on the alkyl chain length in both solu-
tion and solid states, and Type II conformation was preferred
for long alkyl chain molecules. Our analyses also revealed that
the § value is determined not only by the substituent effect on
the 3CNQ moiety but also by the molecular conformation; the
Type I conformation has a larger § value than that of Type II.
Furthermore, the self-aggregation ability of long alkyl chain
compound (n = 20) formed a tight molecular packing of D—
7T-A skeleton causing the increment of the § values. We em-
phasize that our investigation proposed methodologies to elu-
cidate and control the electronic structure of a D%*——A%~
compound in the solid state, and disclosed the importance of
molecular conformation and molecular packing. These studies
will provide a new strategy in the molecular design of D%*—
7—A%~ compounds and will contribute to the development of

organic functional materials based on these molecular sys-
tems, 1-12:20.27-29
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