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Proton Transfer Tautomerization in N-Salicylideneanilines
upon Charge-Transfer Complex Formation.
7,7,8,8-Tetracyanoquinodimethane (TCNQ) and
2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F,TCNQ) Complexes
of N-(2-Hydroxy-1-naphthylmethylene)-1-pyrenamine and
N, N’-Bis(2-hydroxy-1-naphthylmethylene)-p-phenylenediamine
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TCNQ and F4TCNQ complexes of N-(2-hydroxy-1-naphthylmethylene)aniline-type compounds, N-(2-hy-
droxy-1-naphthylmethylene)-1-pyrenamine (NPY) and N,N'-bis(2-hydroxy-1-naphthylmethylene)-p-phenylene-
diamine (DNP) have been prepared and subjected to structural and optical studies in the crystalline state. An
X-ray crystallographic study indicates that the donors and acceptors are mixed along a one-dimensional column
in all complexes. The intramolecular O-H:--N hydrogen bond structure is sensitively changed upon complex
formation; the hydrogen atom is located at the nitrogen site in TCNQ complexes and shifts to the center of the
hydrogen bond in F4TCNQ complexes. The hydrogen-bond structure is found to vary with some correlation to
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the strength of the charge-transfer interaction.

In our preceding paper’ we showed that the in-
tramolecular hydrogen-bond structure in N-(2-hydroxy-
1-naphthylmethylene)aniline-type compounds is an av-
erage of O—H---N and O---H-N. From an NMR study,
it has been confirmed that the dynamic motion of the
proton is the origin of this hydrogen-bond structure.
These results suggest that the potential of the proton
in the hydrogen bond is rather close to a symmetrical
double-well with a small energy barrier.

We are also interested in these derivatives from a
diferent point of view. By substituting 2-hydroxyphenyl
in the N-salicylideneaniline framework to 2-hydroxy-1-
naphthyl, the ionization potential is expected to become
smaller. In fact, we have found that the electrochem-
ical oxidation potentials of some N-salicylideneaniline
derivatives decrease by 0.1—0.2 V upon this substitu-
tion. These derivatives are expected to form charge-
transfer complexes with some acceptor molecules. Since
the proton transfer in N-salicylideneanilines is accom-
panied by a configurational change of the m-electron
structure, the electronic properties, such as electrical
conductivity, are expected to be modulated by the pro-
ton motion or concertedly coupled with the proton mo-
tion when the intermolecular interaction is sufficiently
strong. As we have shown before,? a hydrogen-bonded
system with a charge-transfer interaction can be utilized
for designing novel molecular devices based on such elec-
tron—proton coupling.

In this paper we show the structural and optical
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properties of charge-transfer complexes of N-(2-hy-
droxy-1-naphthylmethylene)-1-pyrenamine (NPY) and
N, N'-bis(2-hydroxy-1-naphthylmethylene)-p-phenylene-
diamine (DNP). They are found to be electrically non-
conducting, since the donors and acceptors are mixed-
stacked. A combination of the structural and optical
results, however, indicates an interesting correlation be-
tween the charge-transfer interaction and the hydrogen-
bond structure.

Experimental

Materials. NPY and DNP were prepared by the
same method as reported in a preceding paper.”) TCNQ and
F4TCNQ were commercially obtained, and were purified by
either recrystallization or vacuum sublimation. The NPY
complexes were prepared by mixing NPY in a hot acetoni-
trile solution and TCNQ or F4TCNQ in the same solvent.
Single crystals of NPY-TCNQ and (NPY);F4TCNQ were
obtained by slow evaporation of the saturated acetonitrile
solutions with small crystals as seeds. The DNP complexes
were similarly obtained using chlorobenzene as a solvent.

Measurements. The infrared absorption spectra of
single-crystal specimens were measured using previously re-
ported methods® and a Perkin—Elmer 1650 FT-IR micro-
scope system. The visible and near-infrared absorption spec-
tra were measured using a JASCO Ubest V-570 spectrome-
ter.

X-Ray Structural Analyses. Automated Rigaku
AFC-5R (NPY-TCNQ, (NPY);F;TCNQ, and DNP-
F4TCNQ) and ENRAF NONIUS CAD4 (DNP-TCNQ)
diffractometers with graphite monochromatized Mo Ko ra-
diation (A=0.71073 A) were used for data collection at
room temperature. The data-collection conditions are sum-
marized in Table 1. In all cases, the intensity data were
collected over the range 20 <60° in the 6—20 mode with a
scan width of (1.240.5 tan#)°. Three standard reflections
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Table 1. Data-Collection Conditions and Crystal Data

623

NPY-TCNQ (NPY).F4,TCNQ DNP-TCNQ DNP-F4TCNQ
Range of h,k, and [ —15<h<15 —12<h<12 —14<h<14 —14<h<14
—25<k<24 —-17<k<16 —14<k<14 —15<k<15
0<i<11 0<I<9 0<i<11 0<i<11
Scan rate/® min—1 5 4 (auto) 8
Number of reflections measured 8915 4449 4793 4927
Number of independent reflections
observed (Fo>30 (Fy)) 4981 2132 2594 1634
Lattice parameter measurement
26 range/° 25 < 20< 30 21 < 26< 30 23 < 20< 30 22< 26< 30
Number of reflections 50 50 25 50
Chemica] formula C39H21N50 CGGH34F4N602 C40H24N602 C40H20F4N604
Molecular weight 575.6 1018.9 620.7 724.6
Crystal color Black Black Black Black
Crystal size/mm 0.55 x 0.40 x 0.20 0.60 x 0.20 x 0.04 0.35 x 0.20 x0.10 0.55 x 0.13 x 0.10
Space group P1 Pi Pi pP1
a/A 11.131(2) 10.836(2) 10.221(3) 10.079(2)
b/A 17.804(3) 14.294(3) 10.342(2) 10.377(2)
c/A 8.151(1) 8.076(2) 7.829(2) 8.013(2)
a/°® 100.68(1) 106.86(2) 102.96(1) 104.38(1)
B8/° 90.14(1) 101.52(2) 103.25(1) 100.74(2)
~v/° 115.23(1) 91.75(2) 95.87(1) 93.57(2)
V/A3 1429.8(4) 1167.8(5) 774.7(4) 792.4(3)
Z 2 1 1 1
D./gcm™3 1.337 1.449 1.330 1.518
p(MoKa)/ecm™! 0.77 0.94 0.79 1.10
R 0.059 0.037 0.068 0.043
Rw 0.056 0.040 0.059 0.045
Weighting factor(g) 0.015 0.015 0.015 0.015

wl=0"+(gF)?

monitored every 100 data measurements (every two hours
for DNP-TCNQ) showed no significant deviation of intensi-
ties; the deviations were within 1.5% for NPY-TCNQ and
(NPY)2F4TCNQ, within 1.6% for DNP-TCNQ), and within
1.3% for DNP-F4,TCNQ.

The crystals structures were solved by a direct method,*
and the positions of all the hydrogen atoms were determined
from difference synthesis maps. A block-diagonal least-
squares technique (UNICS III®) with anisotropic thermal
parameters for non-hydrogen atoms and isotropic for hydro-
gen atoms was employed for the structure refinements.

Results and Discussion

Molecular and Crystal Structures of the NPY
Complexes. The atomic parameters obtained by an
X-ray analysis for NPY-TCNQ are listed in Table 2.9
The atom numbering scheme for NPY is the same as
that for a single-component crystal.’ The molecular
structure of TCNQ with the bond lengths is shown in
Fig. 1(a). The bond lengths for NPY are listed in Ta-
ble 4 together with those in the F4TCNQ complexes
and those in the single-component crystal. The NPY
molecule is nearly planar and practically the same as
that in the single-component crystal; the dihedral angle
between the naphthalene and pyrene rings is 5.9° in the
TCNQ complex (5.9° in the NPY crystal at 295 K).

The most noticeable change upon complex formation

Fig. 1.

ORTEP drawing and bond lengths (&)

of TCNQ in NPY-TCNQ (a) and F4TCNQ in
(NPY)F4TCNQ.

appears in the hydrogen-bond structure. It has already
been found that the CO distance in NPY is somewhat
short as a normal hydroxyl group in the single-compo-
nent crystal.l The CO distance is even shorter in NPY~-
TCNQ (1.292(2) A). This length suggests that the pro-
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Table 2. Fractional Coordinates (x10*) and Equiva-
lent Temperature Factors for NPY-TCNQ

Atom z y z Beq/AZa)

O(1) 1728(1) 3019(1) 7634(1) 5.1(1)

C(2) 548(1) 2272(1) 4958(2) 3.5(1)

C(3) 896(2) 2321(1) 6672(2) 4.1(1)

C(4) 290(2) 1577(1) 7360(2) 5.6(1)

C(5) —600(2) 843(1) 6405(3) 6.4(1)

C(6) —986(2)  765(1)  4699(2) 5.1(1)

C(7) —1954(2) 0(1)  3743(3) 7.4(1)

C(8) —2340(2) —80(1) 2116(3) 7.3(1)

C(9) -1763(2)  612(1) 1371(3) 6.3(1)
C(10) —819(2) 1374(1) 2262(2) 5.0(1)
C(11)  —407(2) 1477(1) 3949(2) 3.9(1)
C(12) 1146(2) 3008(1) 4280(2) 3.7(1)
N(13) 2006(1) 3737(1) 5189(2) 3.7(1)
C(14) 2658(1) 4506(1) 4639(2) 3.5(1)
C(15) 2333(2) 4600(1) 3064(2) 4.3(1)
C(16) 3000(2) 5352(1) 2549(2) 4.4(1)
C(17)  4018(2) 6046(1) 3581(2) 3.7(1)
C(18) 4734(2) 6840(1) 3076(2) 4.6(1)
C(19)  5693(2)  7504(1)  4104(2) 4.9(1)
C(20)  6059(2)  7461(1) 5752(2) 4.1(1)
C(21)  7048(2)  8144(1)  6865(3) 5.0(1)
C(22) 7382(2) 8072(1) 8433(3) 5.3(1)
C(23) 6738(2) 7314(1) 8965(2) 4.7(1)
C(24) 5723(2) 6615(1) 7921(2) 3.8(1)
C(25) 5019(2) 5822(1) 8426(2) 4.2(1)
C(26) 4045(2) 5149(1) 7406(2) 3.9(1)
C(27) 3667(1) 5194(1) 5756(2) 3.2(1)
C(28) 4350(1) 5971(1) 5207(2) 3.3(1)
C(29) 5376(1) 6680(1) 6297(2) 3.5(1)
N(30) 4349(2) —1986(1) 347(2) 7.0(1)
C(31) 4290(2) —1758(1) 854(2) 4.9(1)
C(32) 4209(2) —1472(1) —2360(2) 4.3(1)
C(33) 5136(2) —616(1) —2381(2) 5.2(1)
N(34) 5889(2) 59(1) —2416(2) 7.8(1)
C(35) 3315(2) —1993(1) —3709(2) 3.8(1)
C(36) 2440(2) —2861(1) —3672(2) 4.0(1)
C(37) 1593(2) —3375(1) —4992(2) 4.1(1)
C(38) 1511(2) -3077(1) —6502(2) 3.7(1)
C(39) 2373(2) —2204(1) —6522(2) 4.0(1)
C(40) 3232(2) -—1688(1) —5203(2) 4.1(1)
N(41)  497(2) —3055(1) —10527(2) 6.3(1)
C(42) 555(2) —3306(1) —9352(2) 4.8(1)
C(43) 648(2) —3605(1) —7871(2) 4.2(1)
C(44) —222(2) —4478(1) —T7896(2) 4.9(1)
N(45) —904(2) -—5172(1) —T7903(2) 6.9(1)

a) Beq =4/322ﬂij a;a;.
7

ton is completely transferred to the nitrogen site (vide
infra).

The crystal sturcture is shown in Fig. 2. The donors
and acceptors are mixed along the stacking direction.
The repeating unit is (TCNQ);—NPY-NPY, and there
are inversion centers between the acceptors and between
the donors. Molecular overlaps are shown in Fig. 3.
The interplanar distances are 3.42 A between the naph-
thalene ring and TCNQ, 3.42 A between the pyrene
ring and TCNQ, and 3.47 A between the pyrene rings.
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Fig. 3. Molecular overlaps between TCNQ and NPY
(a) and NPY and NPY (b) in NPY-TCNQ with short
interatomic distances (A).

Since the rings are not perfectly parallel, except for the
pyrene rings, the values are only nominal; the distances
given are between the mean plane and the center of the
ring. In fact, there are shorter interatomic distances
between the naphthalene ring and TCNQ than between
the pyrene ring and TCNQ. It may be more precise to
say that the repeat unit is a combination of two TCNQ-
NPY related by an inversion center, since there are
much fewer interactions between the NPY molecules.
The degree of charge transfer can be estimated from
the geometry of TCNQ following an empirical equation
proposed by Kistenmacher et al.” The estimated value
is less than 0.1. Since the ionization potential of the
donor is not very small (the first oxidation potential
is about 1.0 V vs. Ag-AgCl in acetonitrile), it is quite
reasonable that the ground state is nearly neutral.
The reaction between NPY and F4TCNQ gave a 2:1
complex. The structure of F4TCNQ in this complex is
shown in Fig. 1(b), and the atomic parameters are given
in Table 3.9 The atom numbering scheme of NPY is
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Table 3. Fractional Coordinates (x10*) and Equiva-
lent Temperature Factors for (NPY),F4TCNQ

Atom z y z Beq/A2a)
O(1) 2905(2)  2066(1)  14034(2) 420
C(2) 2341(2)  2942(2) 11921(3) 2.9(1)
C(3) 2561(3)  2874(2) 13671(3) 3.3(1)
C(4) 2407(3)  3691(2)  15098(3) 4.2(1)
C(5) 2071(3)  4542(2)  14805(4) 4.3(1)
C(6) 1885(3)  4666(2) 13077(4) 3.5(1)
C(r) 1603(3)  5577(2) 12819(4) 4.4(1)
C(8) 1496(3)  5713(2)  11194(4) 5.2(1)
C(9) 1621(3)  4924(2)  9750(4) 4.9(1)

C(10) 1852(3)  4020(2)  9950(4) 4.1(1)

C(11)  2013(2) 3866(2) 11617(3) 3.0(1)

C(12) 2468(3)  2114(2)  10509(3) 3.2(1)

N(13) 2786(2)  1288(1)  10806(3) 3.0(1)

C(14) 2046(2)  431(2)  9499(3) 2.7(1)

C(15) 2581(3)  310(2)  7678(3) 3.2(1)

C(16) 2732(2)  —562(2)  6455(3) 3.2(1)

C(17) 3256(2) -—1338(2)  6993(3) 2.9(1)

C(18) 3445(3) —2238(2)  5746(3) 3.6(1)

C(19) 3945(3) —2978(2)  6287(4) 3.8(1)

C(20) 4289(2) -—2908(2)  8131(4) 3.4(1)

C(21) 4774(3) —3682(2)  8709(4) 4.1(1)

C(22) 5106(3) —3583(2) 10501(4) 4.6(1)

C(23)  4984(3) —2714(2) 11761(4) 4.2(1)

C(24)  4505(2) —1923(2) 11230(4) 3.4(1)

C(25) 4361(3) —1010(2) 12481(3) 3.6(1)

C(26) 3858(2) —260(2) 11959(3) 3.2(1)

C(27) 3466(2) —336(2) 10106(3) 2.7(1)

C(28) 3618(2) -—1230(2)  8832(3) 2.8(1)

C(29) 4133(2) -—2021(2)  9396(3) 3.0(1)

F(30) —757(2)  —25(1) —3420(2) 4.0(1)
F(31) -968(1)  1559(1)  —890(2) 3.9(1)
C(32)  116(2) —880(2) —1413(3) 2.7(1)
C(33) -385(2)  —18(2) -—1733(3) 2.7(1)
C(34) —485(2) 796(2)  —442(3) 2.7(1)
C(35)  238(2) -—1711(2) —2735(3) 2.8(1)
C(36)  726(2) —2587(2) —2442(3) 3.1(1)
C(37) —131(3) —1803(2) —4602(3) 3.4(1)
N(38) 1105(2) —3312(2) —2346(3) 4.4(1)
N(39) —411(3) —1944(2) —6103(3) 5.0(1)

a) Beq=4/333_8;5a;a;.
]

the same as that in NPY-TCNQ. The NPY molecule
is more distorted from a planar structure; the dihedral
angle between the pyrene and naphthalene rings is 11.6°

The bond lengths in NPY are compared with those
in the NPY crystal and those in the NPY-TCNQ crys-
tal in Table 4. The hydrogen-bond structure is rather
comparable to that in the NPY crystal.

The crystal stucture is shown in Fig. 4. Donors and
acceptors are stacked along the a-axis. The repeat unit
is considered to be NPY-F4,TCNQ-NPY. Interestingly,
the overlap pattern between the NPY molecules is the
same as that in NPY-TCNQ (Fig. 5(b)). The molecu-
lar overlap between NPY and F4,TCNQ is considerably
different from that in the TCNQ complex. As shown in
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Fig. 4. Crytal structure of (NPY)2F4TCNQ.

Fig. 5.

Molecular overlaps between F4TCNQ and
NPY (a) and between NPY and NPY (b) in
(NPY)2F4TCNQ with short interatomic distances.

Fig. 5(a), the acceptor molecule interacts with a whole
part of the donor molecule. Since only the pyrene part
is nearly parallel to the F4TCNQ molecular plane, the
interplanar distances were calculated using these planes.
The distance is 3.29 A between F,TCNQ and the pyrene
ring, and is 3.46 A between the pyrene rings. The degree
of charge transfer was not estimated from the crystal-
lographic data due to insufficiency of the data available
for an estimation.

The hydrogen-bond structure in NPY-TCNQ is con-
siderably different from that in (NPY)3F4TCNQ. The
CO bond length in NPY-TCNQ suggests that the pro-
ton is bound to the nitrogen. The electron density
in the hydrogen bond has been calculated from a dif-
ference Fourier synthesis using the obtained reflection
data. Maps for these complexes are shown in Fig. 6.
The electron density peak in NPY-TCNQ is clearly seen
at the nitrogen site. In (NPY)2F,TCNQ), the electron
density is broadly distributed near to the center of the
hydrogen bond.
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Fig. 6.

T. INABE, N. HOSHINO-MIYAJIMA, I. LUNEAU, T. MITANI, and Y. MARUYAMA

Table 4. Bond Lengths for NPY (A)

NPY (120 K) NPY (205K) NPY-TCNQ (NPY);F,TCNQ
O(1)-C(3) __ 1.336(6) 1.319(7) 1.292(2) 1.318(4)
C(2)-C(3)  1.414(6) 1.422(8) 1.426(2) 1.418(4)
C(2)-C(11)  1.436(6) 1.430(7) 1.446(2) 1.453(4)
C(2)-C(12)  1.436(5) 1.420(6) 1.411(2) 1.418(3)
C(3)-C(4)  1.419(5) 1.401(7) 1.429(3) 1.424(4)
C(4)-C(5)  1.367(7) 1.349(9) 1.345(2) 1.351(4)
C(5)-C(6)  1.431(7) 1.434(9) 1.419(3) 1.434(4)
C(6)-C(7)  1.418(6) 1.420(8) 1.405(2) 1.410(4)
C(6)-C(11)  1.424(5) 1.412(6) 1.412(3) 1.418(3)
C(71)-C(8)  1.367(7) 1.355(10) 1.357(4) 1.364(5)
C(8)-C(9)  1.396(6) 1.356(8) 1.378(3) 1.400(4)
C(9)-C(10)  1.384(7) 1.393(9) 1.374(2) 1.373(4)
C(10)-C(11)  1.437(7) 1.424(8) 1.402(3) 1.404(4)
C(12)-N(13)  1.307(6) 1.315(7) 1.316(2) 1.314(4)
N(13)-C(14)  1.415(5) 1.410(6) 1.408(2) 1.407(3)
C(14)-C(15)  1.418(7) 1.410(8) 1.392(3) 1.401(4)
C(14)-C(27)  1.407(6) 1.390(7) 1.415(2) 1.414(4)
C(15)-C(16)  1.376(5) 1.370(7) 1.372(3) 1.386(3)
C(16)-C(17)  1.408(6) 1.387(8) 1.391(2) 1.400(4)
C(17)-C(18)  1.428(5) 1.427(6) 1.436(2) 1.434(3)
C(17)-C(28)  1.435(6) 1.426(8) 1.420(2) 1.419(4)
C(18)-C(19)  1.351(7) 1.344(9) 1.339(2) 1.346(4)
C(19)-C(20)  1.449(7) 1.458(8) 1.428(3) 1.434(4)
C(20)-C(21)  1.396(6) 1.395(8) 1.400(2) 1.399(4)
C(20)-C(29)  1.414(5) 1.400(6) 1.427(2) 1.418(3)
C(21)-C(22)  1.384(7) 1.400(9) 1.375(3) 1.383(5)
C(22)-C(23)  1.389(5) 1.367(7) 1.384(3) 1.388(4)
C(23)-C(24)  1.396(6) 1.383(8) 1.398(2) 1.400(4)
C(24)-C(25)  1.443(5) 1.431(6) 1.432(2) 1.435(4)
C(24)-C(29)  1.430(6) 1.417(8) 1.417(3) 1.420(4)
C(25)-C(26)  1.367(6) 1.354(8) 1.350(2) 1.352(4)
C(26)-C(27)  1.438(6) 1.454(8) 1.435(2) 1.443(4)
C(27)-C(28)  1.437(5) 1.433(6) 1.423(2) 1.428(3)
C(28)-C(29)  1.428(6) 1.425(7) 1.428(2) 1.425(4)
O(1)---N(13)  2.551(5) 2.530(6) 2.513(2) 2.496(3)
(a) c)
o S T P =)
-0.2 V// - !
N(3) o)

(NPY),F,TCNQ (b).
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Difference synthesis maps of the hydrogen-bonded chelate ring (e A~3) of NPY; NPY-TCNQ (a) and
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Molecular and Crystal Structures of the DNP
Complexes. The atomic parameters obtained from
the diffraction measurements are shown in Tables 5 and
6% for DNP-TCNQ and DNP-F,TCNQ, respectively.
The bond lengths in TCNQ and F4TCNQ in these com-
plexes are shown in Fig. 7. The bond lengths of DNP are
complied in Table 7 for both complexes together with
those in the single-component crystal.) It can again

Table 5. Fractional Coordinates (x10*) and Equiva-
lent Temperature Factors for DNP-TCNQ
Atom T y z Beq/A2a)
O(1) -—1598(2) —4124(2) —3595(2) 4.9(1)
C(2) —265(2) -—3413(2) —527(3) 3.3(1)
C(3) —427(2) -—-3688(2) —2438(3) 3.8(1)
C(4) 770(2) —3484(2) —3086(3) 4.2(1)
C(5)  1993(2) —2982(2) —1929(3) 4.1(1)
C(6) 2190(2) —2625(2) —12(3) 3.6(1)
C(7) 3482(2) —2066(2) 1179(3) 4.6(1)
C(8) 3675(2) —1744(3) 3010(4) 5.2(1)
C(9) 2577(3) —1971(3) 3732(3) 5.0(1)
C(10) 1294(2) —2502(2) 2615(3) 4.3(1)
C(11) 1059(2) —2853(2) 709(3) 3.3(1)
C(12) —1406(2) —-3718(2) 133(3) 3.6(1)
N(13) —2621(2) —4200(2) —948(3) 4.0(1)
C(14) —3803(2) —4585(2) —408(3) 3.7(1)
C(15) —3799(2) —4547(2) 1375(3) 4.1(1)
C(16) —4999(2) —4962(2) —1776(3) 4.1(1)
N(17)  4647(2)  1845(2)  2425(3) 6.1(1)
N(18)  2150(2)  1456(2)  6190(3) 6.2(1)
C(19) 1167(2) 575(2) 1463(3) 2.9(1)
C(20) —134(2) 184(2) 1772(3) 3.1(1)
C(21) 1238(2) 357(2)  —399(3) 3.1(1)
C(22) 2287(2) 1129(2) 2884(3) 3.3(1)
C(23) 3598(2) 1531(2) 2618(3) 4.1(1)
C(24)  2222(2)  1325(2)  4724(3) 4.1(1)
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Table 6. Fractional Coordinates (x10*) and Equiva-
lent Temperature Factors for DNP-F,TCNQ

Atom x y z Beq/AQa)
O(1) —1399(2) —4136(2) —3360(3) 6.3(1)
C(2) —209(3) -3379(3) —373(4) 4.1(1)
C(3) —262(3) -—3687(3) —2203(4) 4.6(1)
C(4) 947(3) —3486(3) —2817(4) 4.9(1)
C(5)  2114(3) —2956(3) —1697(4) 4.8(1)
C(6) 2215(3) —2586(3) 162(4) 3.9(1)
C(7)  3468(3) —2019(3)  1322(4) 4.9(1)
C(8) 3567(3) —1688(3) 3105(4) 5.5(1)
C(9) 2430(3) —1912(3) 3789(4) 5.5(1)
C(10)  1202(3) —2440(3)  2697(4) 4.9(1)
C(11) 1052(2) —2804(3) 865(4) 3.9(1)
C(12) —1391(3) -—3676(3) 265(4) 4.7(1)
N(13) —2564(2) -4186(2) —846(3) 5.2(1)
C(14) -—-3781(3) —4573(3) —352(4) 4.9(1)
C(15) —3870(3) —4545(3)  1360(4) 5.3(1)
C(16) —4912(3) —5032(3) —1727(5) 5.5(1)
F(17)  2446(1) 484(2)  —809(2) 4.7(1)
F(18)  —340(1) 563(2) 3367(2) 4.6(1)
N(19)  4684(2)  1821(3)  2430(4) 7.2(1)
N(20)  2222(3)  1771(3)  6051(3) 7.3(1)
C(21)  1168(2) 592(2)  1403(3) 3.0(1)
C(22)  1239(2) 253(3)  —407(3) 3.2(1)
C(23) —167(2) 286(3)  1711(3) 3.2(1)
C(24)  2259(2)  1168(3)  2762(3) 3.7(1)
C(25)  3604(3)  1511(3)  2502(4) 4.7(1)
C(26) 2198(3) 1492(3) 4580(4) 4.7(1)

Table 7. Bond Lengths for DNP (A)

Fig. 7. ORTEP drawing and bond lengths (A) of
TCNQ in DNP-TCNQ (a) and F4sTCNQ in DNP-
F4TCNQ (b).

DNP DNP-TCNQ DNP-F,TCNQ
0(1)-C(3)  1.322(3)  1.290(2) 1.309(3)
C(2)-C(3)  1.408(4)  1.426(3) 1.411(4)
C(2)-C(11)  1.450(4)  1.446(3) 1.448(3)
C(2)-C(12)  1.420(4)  1.415(3) 1.427(4)
C(3)-C(4)  1.420(4)  1.442(4) 1.419(4)
C(4)—-C(5)  1.342(4)  1.338(3) 1.331(4)
C(5)—C(6)  1.422(4)  1.424(3) 1.425(4)
C(6)—-C(7)  1.411(4)  1.409(3)  1.415(3)
C(6)—C(11)  1.418(4)  1.419(3) 1.421(4)
C(7)-C(8)  1.350(5)  1.359(4) 1.366(5)
C(8)—C(9)  1.392(5)  1.390(4) 1.390(5)
C(9)-C(10)  1.373(4)  1.377(3) 1.368(4)
C(10)-C(11) 1.412(4)  1.411(3)  1.398(4)
C(12)-N(13) 1.305(3)  1.307(2) 1.330(4)
N(13)—C(14) 1.413(3)  1.417(3) 1.421(4)
C(14)—-C(15) 1.392(4)  1.386(4) 1.385(5)
C(14)-C(16) 1.387(4)  1.386(3) 1.395(4)
C(15)-C(16) 1.383(4)  1.384(4) 1.385(5)
O(1)--N(13)  2.537(3)  2.539(3)  2.523(4)

be seen that the CO distance in the TCNQ complex is
considerably short, suggesting the NH:--O structure.
The crystal structures of the TCNQ and F4TCNQ
complexes are shown in Fig. 8. As can be seen from
the cell parameters (Table 1), these complexes are iso-
morphous. The differences in the cell parameters are
within 2.5%. The molecular conformation of DNP is
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d3 dz
173
d4 ¢3 ¢l dl
N---—--=-0
Table 8. Geometry of the Hydrogen-Bonded Chelate Ring ~ §
Compound dl/A dz/A dg/A d4/A ds/A d1+d2+¢3
NPY-TCNQ 1.292(2) 1.426(2) 1.411(2) 1.316(2) 2.513(2) 363.1
(NPY);F4TCNQ 1.318(4) 1.418(4) 1.418(3) 1.314(4) 2.496(3) 362.1
DNP-TCNQ 1.290(2) 1.426(3) 1.415(3) 1.308(2) 2.539(3) 363.8
DNP-F4TCNQ 1.309(3) 1.411(4) 1.427(4) 1.330(4) 2.523(4) 362.7
NPY (295 K) 1.319(7) 1.422(8) 1.420(6) 1.315(7) 2.530(6) 363.2
NPY (120 K) 1.336(6) 1.414(6) 1.436(5) 1.307(6) 2.551(5) 363.5
DNP 1.322(3) 1.408(4) 1.420(4) 1.305(4) 2.537(3) 363.8

Fig. 8. Crystal Structures of DNP-TCNQ (a) and
DNP-F4,TCNQ (b).

practically the same in these complexes and more pla-
nar than in the single-component crystal; the dihedral
angle between the central benzene ring and the termi-
nal naphthalene rings is 9.4° in DNP-TCNQ and is
10.2° in DNP-F,TCNQ (21.8° in the DNP crystal).
Since the DNP molecule is very long compared with
TCNQ or F4TCNQ, one DNP molecule overlaps with
both TCNQ or F4TCNQ and two other DNP molecules.
The molecular overlaps are shown in Fig. 9. The accep-
tor molecules interact mainly with the terminal naph-
thalene part. The interplanar spacing is 3.30 A in DNP-
TCNQ and is 3.29 A in DNP-F,TCNQ. The interpla-
nar spacing between the DNP molecules is much larger;
3.56 A in DNP-TCNQ and 3.54 A in DNP-F,TCNQ.
Some short interatomic distances are also indicated in
Fig. 9.

The electron density in the hydrogen bond has been
calculated for these two complexes; the maps are shown
in Fig. 10. The electron density peak which suggests
the NH structure is clearly seen in the TCNQ complex.
The electron density is broadly distributed near to the
center of the hydrogen bond in the F4;TCNQ complex.

The geometries of the hydrogen-bonded chelate rings

are summarized in Table 8. The CO distances (d; in
Table 8) in NPY-TCNQ and DNP-TCNQ are appar-
ently shorter than those in the other complexes and in
the single-component crystals. The N---O distance is
considered to affect the equilibrium position of the hy-
drogen in the hydrogen bond.®) The distances (ds in
Table 8), especially in the TCNQ complexes, are not
so much different from those in the single-component
crystals. Since the crystal structure is common for the
TCNQ and F4TCNQ complexes of DNP, it is reason-
able to assume that the difference in the hydrogen-bond
structure arises from the difference in the strength of the
charge-transfer interaction (vide infra).

Optial Spectra. The infrared spectra of the NPY
complexes measured by using single-crystal specimens
are shown in Fig. 11. Since the hydrogen bonds are
roughly perpendicular to the molecular stacking axis in
the TCNQ complex, the polarization experiments make
it possible to assign the broad peak at around 2800
cm~! to the NH stretching mode. The CN stretching
mode of TCNQ is observed at 2214 cm™!. From an
empirical relation® between the charge on TCNQ and
the frequency of the CN stretching mode, the charge
on TCNQ is estimated to be about 0.3, which is consis-
tent with the results of an X-ray analysis, in which the
ground state of the complex is nearly neutral.

Since the molecular planes are not perpendicular to
the stacking axis in (NPY);F4,TCNQ, the hydrogen
stretching band is not clearly distinguishable by the
polarization experiments. The fine structures between
2600 and 2850 cm™! are observed in the spectra with
light polarized parallel to the stacking axis. Although
the molecular planes are not completely coincident with
the polarization, the in-plane modes are expected to
be more intense in the spectra with light perpendicu-
lar to the stacking axis. The bands between 2600 and
2850 cm™! show an opposite tendency; the bands are
weaker in the spectrum with polarization La, though
the CH stretching band is more intense in the same
spectrum. These bands may be some overtones of the
lower frequency modes. The ionicity of F4/TCNQ can
be roughly estimated from the frequencies of the CN
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Fig. 9.

Molecular overlaps between TCNQ and DNP (a) and DNP and DNP (b) in DNP-TCNQ, and between

F4TCNQ and DNP (c) and DNP and DNP (d) in DNP-F4,;TCNQ.
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Fig. 10. Difference synthesis maps of the hydrogen-bonded chelate rings (¢ A~%) of DNP; DNP-TCNQ (a) and DNP-

F4sTCNQ (b).

stretching modes.!® Using the frequencies of the bands
not only around 2200 cm™!, but also in the region of
1500—1600 cm ™!, the charge on F4TCNQ is estimated
to be about 0.2. Considering the relatively high ioniza-
tion potential of NPY, it is quite reasonable that the
ground state of this complex lies in the neutral region.

The infrared spectra of the DNP complexes are shown
in Fig. 12. The broad peak at around 2800 cm™! of
DNP-TCNQ is assignable to the NH stretching mode
based on polarization experiments. The OH and/or NH
stretching band in the F4TCNQ complex has again not

been clearly seen, even when using polarized light. The
degree of charge transfer has been estimated to be about
0.2 for DNP-TCNQ and to be about 0.1 for DNP-
F4TCNQ based on the frequencies of the CN stretching
modes. Since the oxidation potential of DNP (1.1 V
vs. Ag-AgCl in acetonitrile) is slightly higher than that
of NPY, it is certain that the complexes have neutral
ground states.

In order to estimate the difference in the charge-trans-
fer interaction, the visible-near-infrared spectra were
measured using Nujol mull specimens. The spectra
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Fig. 12.  Single-crystal infrared spectra for DNP-

TCNQ (a) and DNP-F,TCNQ (b).

for the NPY complexes are shown in Fig. 13. Even
for a combination with a strong acceptor, F4TCNQ,
it is hardly seen the contribution from the F4yTCNQ~
species (Fig. 13(b)). The charge-transfer band lies in
the near-infrared region; the peak is located at 1.27
eV for NPY-TCNQ, at 0.98 eV for (NPY),F,TCNQ,
at 1.44 eV for DNP-TCNQ), and at 1.13 eV for DNP-
F4TCNQ.

A simple relationship between the energy of charge-
transfer absorption and the difference between the oxi-
dation potential of the donor and the reduction poten-
tial of the acceptor was proposed by Torrance et al.lb)
According to their model, when the complexes are in the
neutral region (nearly the neutral ground state) they
are linearly correlated. Figure 14(a) is a plot of the
values for the complexes studied here. It can be seen
that the relationships between the energy of the charge-
transfer band and the difference between the oxidation
potential of the donor and the reduction potential of the
acceptor of these complexes obey the model proposed
by Torrance et al. The complexes studied here are all in
the neutral region, which is consistent with the results
of the X-ray analyses and the infrared spectra.

From the above analysis, it is found that the ground.
states of the complexes are situated in a range far from
the neutral-ionic boundary to near to the boundary.
According to the distance from the boundary, the con-
tribution from the ionic state in the ground state is
scaled. Therefore, the energy of the charge-transfer
band or the difference between the oxidation potential
of the donor and the reduction potential of the accep-
tor is considered to be an index of the strength of the
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are for the components and a corresponding simple salt.

charge-transfer interaction. The question is whether
the change in the hydrogen-bond structure is directly
related to the charge transfer, and, if so, how it depends
on the charge-transfer interaction. A direct comparison
may be achieved by plotting the energy of the charge-
transfer band and the hydrogen-bond structure. For a
quantitative treatment of the hydrogen-bond structure,
the CO distance is considered to be a reliable index;
a plot is shown in Fig. 14(b). It can be seen that the
energy of the charge-transfer band decreases monoton-
ically with increasing CO distance. Since the change
is observed in parallel with isomorphous DNP-TCNQ
and DNP-F,TCNQ, it is not due to some specific con-
figurational interaction which arises from a difference in
the crystal structure or composition. When the ground
state is far from the neutral-ionic boundary, namely
when the charge-transfer interaction is rather weak, the
hydrogen in the hydrogen bond is distinctly bound to
the nitrogen. As the ground state approaches the neu-
tral-ionic boundary, the hydrogon is released from the
nitrogen and becomes located near to the center of the
hydrogen bond.

When the charge-tranfer interaction is weak, the com-
ponent molecules are usually expected to have a struc-
ture in the neutral state. This means that the molec-
ular structure is close to that in the single-component
crystal. However, the hydrogen-bond structure of the
complexes far from the neutral-ionic boundary is com-
pletely different from that in the single-component crys-
tal. Since it was found that the hydrogen-bond struc-
ture in both NPY and DNP is an average between
NH---O and N---HO, the energy level of the NH-form
is nearly equal to that of the OH-form in the single-
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Nujol mull visible and near-infrared spectra of NPY-TCNQ (a) and (NPY).F4sTCNQ (b). Bottom spectra

component crystals. Therefore, the hydrogen can be
situated at both the nitrogen and oxygen sites with al-
most equal possibility. In TCNQ complexes, the hydro-
gen is completely localized at the nitrogen site. Based
on the bond lengths and the difference synthesis maps
related to the hydrogen bond, the energy difference be-
tween the OH- and NH-forms in the TCNQ complexes
is estimated to be much larger than the thermal energy
at room temperature. Therefore, the potential surface
of the proton is considerably deformed by complex for-
mation. The correlation between the hydrogen-bond
structure and the CO distance suggests that the hydro-
gen-bond structure is changed toward an intermediate
betwen the NH- and OH-forms when the charge-trans-
fer interaction becomes stronger. In one sense, the hy-
drogen-bond structures in the F4,TCNQ complexes are
close to that in the single-component crystals. However,
it is not likely that the perturbation due to the complex
formation is weaker in the F;TCNQ complexes than in
the TCNQ complexes. The charge-transfer interaction
operating in the F4TCNQ complexes is the factor that
drives the hydrogen removed from the nitrogen. It is
not sure, at the presnt stage, whether the final form
of the hydrogen bond is intermediate between the NH-
and OH-forms or not, when the complex is situated at
the boundary. However, it is clear that the hydrogen in
the hydrogen bond or the total hydrogen-bond structure
sensitively responds to the charge-transfer interaction;
a study regarding the complexes at the boundary and
in the ionic region is now in progress.

In conclusion, it has been found that the hydro-
gen-bond structure in N-(2-hydroxy-1-naphthylmethyl-
ene)aniline-type compounds is sensitively changed upon
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Fig. 14. Plot of the energy of charge transfer band
(hvet) and the difference between the oxidation po-
tential of the donor and the reduction potential of the
acceptor (AErepox). Solid-lines are from Ref. 11(a).
Plot of hvcr and the CO distance (d; in Table 8) (b).

charge-transfer complex formation. The resultant hy-
drogen-bond structure is varied from the NH-form to-
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ward the structure intermediate between the NH- and
OH-forms in accordance with the strength of the charge-
transfer interaction, at least when the ground state is
situated in some neutral range. This correlation be-
tween the hydrogen-bond interaction and the charge-
transfer interaction found in this study is positive sup-
port for realization of novel materials based on the pro-
ton-electron coupling.

This work was partly supported by the Asahi Glass
Foundation.
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