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The polarized reflection spectra were measured on crystals of tetracyanoethylene and its charge-transfer
complexes, and the absolute intensity of the absorption parallel to the crystalline axes has been obtained by the
Kramers-Kronig transformation. The charge-transfer degree and the stabilization energy in the ground state
were estimated for each complex by analyzing the charge-transfer bands in the crystalline state. In the TCNE-
hexamethylbenzene(HMB), acenaphthene, and dibenzofuran complexes, the charge-transfer degrees are 9.05,

12.3, and 4.959, respectively in the ground state.

Tetracyanoethylene, TCNE, is a strong electron ac-
ceptor. The formation of charge-transfer complexes
with a variety of aromatics in dichloromethane solu-
tions has been studied by Merrifield and Phillips.})
These complexes are characterized by an intense elec-
tronic absorption in the visible or near-ultraviolet region
that can be attributed to neither component of the
complex alone, but to a new molecular species, the
complex itself. Mulliken® has developed a theory of
the intermolecular charge-transfer (CT) interaction
which has been applied successfully to the interpreta-
tion of the absorption bands characteristic of molecular
complexes. Aihara, Tsuda, and Inokuchi® examined
the gas-phase spectra of these CT complexes and dis-
cussed how an increase in solvent polarity results in a
shift of the CT band to a higher-energy region.

The infrared spectra of the complexes showed new
bands which appeared on the complex formation,?5:16)
and the resonance-enhanced Raman band was con-
cluded to be due to the direct participation of the low-
est CT state of the complex in the intermediate states
of Raman scattering.%-9

Some of the molecular complexes of tetracyano-
ethylene can be obtained as crystalline solids, which
often exhibit characteristic absorption bands analogous
to the CT bands of the molecular complexes in solution.
Kuroda et al.1%11) revealed the presence of marked
dichroism in these characteristic bands; the absorption
is stronger as the light is polarized parallel to the alter-
nate stack of donor and acceptor molecules, in agree-
ment with the theoretical prediction for a CT transition.
Furthermore, the CT interaction between donor and
acceptor molecules has been applied to the interpreta-
tion of the mechanism of the electrical condition in
these crystals of TCNE complexes.'?)

However, no study has been reported hitherto on the
correlation of the electronic states of these complexes
with the absolute absorption intensity of the CT band.
In the present paper, the author shows the crystal
absorption spectra obtained by the K-K transformation
of the reflection spectra of TCNE complexes with HMB,
acenaphthene, and dibenzofuran and gives information
about the electronic states of the complexes.

Experimental

The single crystals of TCNE complexes with HMB, ace-
naphthene, and dibenzofuran were grown by sublimation in
bottles. These crystals have the crystal habits shown in
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Fig. 1. The crystal habits of TCNE-HMB, acenaph-
thene, and dibenzofuran.

Fig. 1.

The reflection spectra at the normalf incidence have been
measured over the range of 10000—40000 cm~* with a re-
flection spectrophotometer made in our laboratory, while the
absorption spectra have been obtained by the Kramers-
Kronig transformation. The oscillator strength along the
o axis of the crystal may be evaluated by using the following
equation:

fo=4.32% 10—9fna(a)ea(o)da,

where the integration is calculated over the whole band,
¢ is the wave number, and n, and &, are the « components
of the refractive index and the molar extinction coefficient.
The oscillator strenghts for the three orthogonal axes in the
crystal should be compared with that in solution:

fx +fy +f7. — 3fsolutlon.
Theoretical

The basic theory of the CT complex was given by
Mulliken?; and the energy diagrams are shown in
Fig. 2.

In the AD type, the ground state is partly ionic and
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Fig. 2. The energy diagrams of the charge-transfer
complexes.



2882

may be described by a wavefunction
Yo = $(AD) + Zaipi(A"D")

where ¢(AD) represents a non-bonding, and ¢,(A-D+)
the i-th CT wavefunction involving the transfer of an
electron from D to A. Then, the charge-transfer de-
gree and the stabilization energy are given as >l¢,2 and

AE=34*E,’ For the i-th charge-transfer excited

state, we can write the wavefunction, ¥ given by
Uort = ¢4(AD) — a;$(AD).
This is responsible for the characteristic color of the

complex and the oscillator strengths in the solution
and crystal are given as follows:

Si(AD)sotutton — 1,085 101 Egpia;?| Rypl? ,
Ji(AD)erystal = 3£ (AD)solutlon

where R,; is the vector between the acceptor and
donor molecules in the unit of cm and E,* the excita-
tion energy in cm-L

In the ADA type, the ground state can also be de-
scribed by a wavefunction

¥, = ¢(ADA) + 31b:{$(AD*A7) + $(AD* AV 2,

where ¢(ADA) represents a non-bonding, and ¢,(AD*-
A-) and ¢,(A-D+A) the i-th CT wavefunctions. Then,
the charge-transfer degree and the stabilization energy
in the ground state are given as Z‘}b‘z and AE=33b2-

E,'. Therefore, it should be noted that they are twice
as much as those in the AD type. The wavefunction,
¥ ..t(—), for the optically allowed i-th excited state is
given by

Vor'(—) = {$4(ADTA7) —4(A-D*A)} 12,

and the oscillator strengths in the solution and crystal
are as follows:

Ji(ADA)solution — 1,085 X 10 Egqh;2| Rap |2,
Si(ADA)erystal — 3£, (ADA)solutlon,

Accordingly, by a comparison between the experi-
mental and theoretical oscillator strengths, we can
obtain the magnitude values of 4,2 or 5,2 and get infor-
mation about the electronic states of the CT complexes.
Furthermore, TCNE complexes form configurations of
the AD type in the solution and of the ADA type in
the crystal. This means that the oscillator strength in
the crystal is six times that in the solution:

Si(ADA)ecrystal = g f;(AD)solution,

Results

TCNE. TCNE forms monoclinic crystals of the
P2,/n space group, and there are two centrosymmetric
molecules in the unit cell. The polarized absorption
spectra can be obtained from the reflection spectra, as
is shown in Fig. 3. The long-axis transition band of
the molecule has a structure; its origin is located at
36300 cm—1, and other vibronic levels appear at 37600,
38800, and 39800 cm—1.

TCNE-HMB Complex. The TCNE-HMB com-
plex forms triclinic crystals,»® as is shown in Fig. 1.
TCNE and HMB molecules are stacked alternately in
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Fig. 3. The absorption spectra of TCNE crystal obtained
from the K-K transformation of the reflection spectra.
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Fig. 4. The absorption spectra of the crystal of TCNE-
HMB complex obtained from the K-K transformation
of the reflection spectra.

columns parallel to the c axis. Both molecular planes
are perpendicular to the c¢ axis, and the interplanar
separation, R,p, is 3.35 A. The reflection spectra are
observed for the polarizations parallel and perpendicular
to the c axis, and the absorption spectra are obtained
by the K-K transformation of the reflection spectra,
as is shown in Fig. 4.

The 17000 cm—! band is exclusively polarized along
the c axis, which can be assigned to a CT band. The
oscillator strength of this band is 0.563, and the charge-
transfer degree is 9.05%. The stabilization energy in
the ground state is given as 4.40 kcal, as is shown in
Table 1. The spectrum polarized perpendicular to the
¢ axis consists of the locally excited band of the TCNE
molecule, and the broad band in the region of 30000—
37000 cm~! corresponds to the 36000 cm~! band of the
TCNE crystal.

TCNE=Acenaphthene Complex. The crystal of this
complex (o p.q=ca. 1.3 g/cm®) is a brownish black
prism, and its crystal structure is not known. The
reflection spectra are observed for the light polarized
along the three orthogonal axes (x,y, and z), and the
absorption spectra are obtained by the K-K transfor-
mation of the reflection spectra, as is shown in Fig. 5.

The z-axis spectrum has three bands— at 14800,
23200, 30000 cm—1— which can be assigned to the CT
band. The oscillator strengths of these bands are 0.388,
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TasLE 1. THE OBSERVED TRANSITION ENERGY (Egp in
103 cm~1) AND OSCILLATOR STRENGTH (f) AND THE
CALCULATED CHARGE-TRANSFER DEGREE (b% in %)

AND STABILIZATION ENERGY (AE in kcal) 1N
THE GROUND STATE OF TCNE COMPLEXES

Electronic States of the Crystals of TCNE Complexes

TCNE complex f Egrp b? AE

HMB 0.563 17.0 9.05 4.40
0.388 14.8 7.17 3.03
Acenaphthene { 0.238 23.2 2.80 1.86
0.250 30.0 2.28 1.96

(Total) 12.3  6.85
. 0.269 21.4 3.44 2.11

Dibenzofuran { 0.160 29.0 1.51  1.25
(Total) 4.95 3.36
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Fig. 5. The absorption spectra of the crystal of TCNE-
acenaphthene complex obtained from the K-K trans-
formation of the reflection spectra.

0.238, and 0.250 respectively. Each band contributes
to the charge-transfer degree in the ground state, and
the total degree becomes 12.3% by using R,;,=3.35 &,
as is shown in Table 1. The stabilization energy is
also given as 6.85kcal. The y-axis spectrum may
consist of the « and B bands corresponding to the
30900 and 41800 cm~! bands of the acenaphthene
crystal,’¥) while the x-axis spectrum consists of the p
and B’ bands corresponding to two bands at 31400
and 45000 cm~! of the acenaphthene crystal and one
band at 36000 cm~! of the TCNE crystal.

TCNE-Dibenzofuran Complex. The crystal of this
complex (p,,,q=ca. 1.3 g/cm?) is a brownish black
prism; its crystal structure is not known. The reflec-
tion spectra are observed for the light polarized along
the three orthogonal axes (x, y, and z), while the absorp-
tion spectra are obtained by the K-K transformation
of the reflection spectra, as is shown in Fig. 6.

The CT bands located at 21400 and 29000 cm™! are
observed in the z and y axes spectra. The total oscilla-
tor strengths of these two bands are 0.269 and 0.160,
and the total charge-transfer degree in the ground state
is estimated to be 4.95%, by using R,;=3.35A. The
stabilization energy is also calculated to be 3.36 kcal,
as is shown in Table 1. The y-axis spectrum may
consist of the «*, p, and ' bands corresponding to the
33300, 39100, and 46000 cm~! bands of dibenzofuran'
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Fig. 6. The absorption spectra of the crystal of TCNE-
dibenzofuran complex obtained from the K-K trans-
formation of the reflection spectra.

20

6

12

\
Dibenzofran \
N

Molar extinction coefficient /103

3 E3 % BT 10
Wave number (I/cm) /103
Fig. 7. The absorption spectra characteristic of crystals

of TCNE complexes with HMB, acenaphthene, and
dibenzofuran.

&

in addition to two CT bands. The x-axis spectrum
may consist of the « and g bands corresponding to two
bands at 32600 and 42500 cm~! of the dibenzofuran
crystal and one band at 36000 cm~! of the TCNE crys-
tal.

Discussion

The absorption bands characteristic of crystals of
TCNE complexes are again depicted in Fig. 7. The
first CT band of the TCNE complexes with HMB and
acenaphthene splits into doublets, the separation of
which are 1500—1200 cm—. In the crystal of the
TCNE-HMB complex,'® the TCNE residues are dis-
ordered in two perpendicular orientations about the
normal plane, with relative occupanciesof 3 : 1. There-
fore, two independent energy bands can be formed in
the crystal as a result of the disorder and observed as
a doublet.

Another characteristic of the absorption spectra of
the TCNE complexes is the appearance of the second
and third CT bands. This phenomenon can be ob-
served with complexes of acenaphthene and dibenzo-
furan. These bands may be assigned to the CT transi-
tion from the highest, second highest, and third highest
occupied orbitals of the donor to the lowest vacant
orbital of TCNE.

The molar extinction coefficient, ¢, and the half-
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width of the TCNE-HMB complex are 4390%:% and
5200%) cm™! in the CH,CI, solution, and the oscillator
strength is calculated to be fs!v#°2—=0.09; the value of
6 feolutlon—().54 is comparable to that of f°rvst1=0,563
which is shown in Table 1.

References

1) R. E. Merrifield and W. D. Phillips, J. Am. Chem.
Soc., 80, 2778 (1958).

2) R. S. Mulliken, J. Am. Chem. Soc., 74, 811 (1952).

3) J. Aihara, M. Tsuda, and H. Inokuchi, Bull. Chem.
Soc. Jpn., 40, 2460 (1967); 42, 1824 (1969); 43, 2439, 3067
(1970).

4) B. Moszynska and A. Tramer, J. Chem. Phys., 46, 820
(1967).

5) B.Hall and J. P. Devlin, J. Phys. Chem., 71, 465 (1967).

6) K. Kaya, A. Nakatsuka, N. Kubota, and M. Ito,

Masashi TANAKA

[Vol. 50, No. 11

J. Raman Spectrosc., 1, 595 (1973).

7) K. H. Michaelian, K. E. Rieckhoff, and E. M. Voigt,
Chem. Phys. Lett., 39, 521 (1976).

8) K. H. Michaelian, K. E. Rieckhoff, and E. M. Voigt,
Proc. Nat. Acad. Sci. USA, 72, 4196 (1975).

9) P. W. Jensen, Chem. Phys. Lett., 45, 415 (1977).

10) H. Kuroda, T. Kunii, S. Hiroma, and H. Akamatu,
J. Mol. Spectrosc., 22, 60 (1967).

11) T. Ohta, H. Kuroda, and T. L. Kunii, Theoret. Chim.
Acta(Berl.), 19, 167 (1970).

12) H. Kuroda, M. Kobayashi, M. Kinoshita, and S.
Takemoto, J. Chem. Phys., 36, 457 (1962).

13) M. Saheki, H. Yamada, H. Yoshioka, and K. Nakatsu,
Acta Crystallogr., Sect. B, 32, 662 (1976).

14) M. Tanaka, Bull. Chem. Soc. Jpn., 49, 2315 (1976).

15) M. Tanaka, Bull. Chem. Soc. jJpn., 49, 3382 (1976).

16) M. Saheki and H. Yamada, Spectrochim. Acta, Part A,
32, 1425 (1976).






