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Abstract. Ab initio calculations have been performed to
investigate the state transition in photoinduced electron
transfer reactions between tetracyanoethylene and bi-
phenyl as well as naphthalene. Face-to-face conforma-
tions of electron donor—acceptor (EDA) complexes were
selected for this purpose. The geometries of the EDA
complexes were determined by using the isolated opti-
mized geometries of the donor and the acceptor to
search for the maximum stabilization energy along the
center-to-center distance. The correction of interaction
energies for basis set superposition error was considered
by using counterpoise methods. The ground and excited
states of the EDA complexes were optimized with
complete-active-space self-consistent-field calculations.
The theoretical study of the ground state and excited
states of the EDA complex in this work reveals that the
S; and S, states of the EDA complexes are charge—
transfer (CT) excited states, and CT absorption which
corresponds to the Sy — S; and Sy — S, transitions arise
from m—7* excitation. On the basis of an Onsager
model, CT absorption in dichloromethane was investi-
gated by considering the solvent reorganization energy.
Detailed discussions on the excited state and on the CT
absorptions were made.

Key words: Photoinduced electron transfer — Charge
separation — Excited state — Solvation energy

1 Introduction

The investigation of intermolecular photoinduced elec-
tron transfer (PET) of organic compounds is of consid-
erable importance both in theory and in experiment. PET
reactions between tetracyanoethylene (Tcne) and a series
of arenes as well as olefins have attracted much attention
recently. A number of experiments showed that a new
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absorption in visible region could be observed when arene
and Tcne are mixed [1, 2, 3, 4]. These wavelengths of
absorption are explicitly longer than those of Tcne (260 [5]
or 270 nm [6]) and those of arene species, for example, 246
nm for biphenyl (Bip) [7]. It is widely believed that the new
absorption arises from the excitation of an electron
donor—acceptor (EDA) complex and results in the
formation of a charge-transfer (CT) state.

The mechanism of PET reactions has been studied in
various experiments and theoretical calculations; how-
ever, more direct theoretical evidence of photoinduced
charge separation and theoretical studies on the solvent
effects on PET reactions will lead to better understand-
ing of microscopic aspects of PET processes. As a kind
of photochemistry reaction, the mechanism of the pho-
toexcitation and the back ET may be schematically
described by the following simplified form:

D+A—[D--A,% '[DF A7) —

precursor precursor

13+ -

SDT- AT — [D---A], — [D"'A]p
successor successor  precursor

[

We use here subscript ‘p’ to refer to the precursor
geometry, i.e., the equilibrium geometry of the EDA
complex, and ‘s’ to successor geometry, i.e., the equilib-
rium geometry of ion pair. The mechanism encompasses
the following processes: the formation of the EDA
complex [D- - -A], (or precursor complex), the formation
of the CT excited state '[D" - - A7], by the photoexcita-
tion of the EDA complex with the geometry unchanged
(Franck—Condon principle), the relaxation of the CT
excited state '[D* - - - A~], from the equilibrium geometry
of the precursor to the geometry of the ion pair
('3[D* .- A7), successor geometry), the charge recom-
bination (CR) of the successor, and the motion from the
CR complex ([D---A], the successor geometry) to the
precursor complex [D---A] along the potential-energy
surface of the ground state. In addition, intersystem
crossing may occur in the process of the relaxation of the
CTexcited state,i.e. '[D* --- A7 — *[D"-.- A7| .. Inthe



CR process, the back ET is possibly accompanied by CT
emission.

We investigated the PET reactions between Tcne and
Bip or naphthalene (Nap) by optimizing the ground
state and the CT excited states of EDA complexes
as well as equilibrium ion pairs. The mechanisms are
supposed as follows:

[Tene - - - Bip], 2 Tene - - Bip'],

— 3[Tene™ - - Bip*], — [Tcne - - - Bip), (1)
[Tene - - - Nap], LiA '[Tene™ - -- Nap™],

— 3[Tene™ ---Nap*], — [Tene- - - Nap), (2)

2 Geometries of donor and acceptor
2.1 Bip and Nap

Neutral Bip is an interesting molecule because of the
existence of a torsional angle between the two phenyl
rings observed in experiments [8]. Our previous calcula-
tions revealed that there is a torsional angle of about 45°
around the interring C;—C; [9], and the geometry
optimization at the level of unrestricted Harbree—Fock
(UHF) 6-31G** indicates that Bip has D, symmetry with
the principle axis being perpendicular to the interring
C;—C, bond. The torsional angle of 42.80° obtained is
close to the experimental value [8,10]. Good agreement
with experimental results was achieved by some authors
from theoretical calculation of the biphenyl torsion
angle [9, 11, 12]. Their calculation gave a torsion
potential barrier of 12-20 kJ mol™'. On the other
hand, the geometry optimization indicates that all the
carbon atoms in the biphenyl cation (Bip™) lie on the
same plane, so D,;, symmetry was used for the optimi-
zation of Bip™. Both neutral Nap and its cation radical
(Nap™) were optimized with the constraint of Dy,
symmetry. The planar structures of both the neutral
Nap molecule and its cation radical were optimized at
the level of UHF/6-31GG**.

The ionization potential (IP) of the donor in the PET
reaction is a crucial quantity for the electronic spectra.
Empirical relationships between the IP of the donor and
the CT absorption were suggested for Tcne-donor
systems [1, 3, 13]. The transition energy (Ecr), which
corresponds to the CT process, is related to the IP of the
donor with a certain acceptor by the expression [3]

Ect = h¢/Amax = IPp — EA + constant (3)

where Apax 1s the wavelength of maximum absorbance of
the CT band, which corresponds to the vertical Sy — S;
transition, IPp is the IP of the donor, and EA is the
electronic affinity of Tcne.

The HF self-consistent-field (SCF) calculations of the
IP based on Koopmans’ theorem sometimes lose quan-
titative accuracy; therefore, we calculated the vertical
IP of Bip and Nap by using the complete-active space
SCF (CASSCF) method with 6-31G** basis sets. The
CASSCF wave function is constructed by distributing
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eight active electrons in eight active n orbitals, denoted
as CASSCF(8,8). For the corresponding cations, the
CASSCF wave function is constructed by distributing
seven active electrons in eight active orbitals, denoted as
CASSCF(8,7). By using the equilibrium geometry of the
donor, the gas-phase energies were calculated and the
results are listed in Table 1. These results are acceptable
compared with the experimental values. As shown in
Table 1, the ionization potential of Bip is lower than that
of Nap by 0.41 eV from our calculation. According to
the relationship shown in Eq. (3), it may be predicted
that [Tcne- - -Bip] should yield a longer wavelength of CT
absorption from both the experimental IP values and the
theoretically calculated ones.

2.2 Tetracyanoethylene

Tcne is a ubiquitous organic oxidant, and it becomes a
strong electron acceptor in ET reactions. The wave-
length of the maximum electronic absorbance, corre-
sponding to the Sy — S; transition of Tcne molecule,
was found to be 260 nm [5] or 270 nm [6]. In the present
work, the neutral Tcne and its anion radical (Tcne")
were optimized with the constraint of D,;, symmetry at
the level of UHF/6-31G**. The labels of the atoms are
shown in Fig. 1. The planar structures of both the
neutral molecule and the anion radical were obtained.
We found that the total energy of the equilibrium Tcne™
is lower than that of the equilibrium Tcne by 2.73 eV
from UHF/6-31G** calculations. The optimized bond
lengths and the X-ray experimental values [6] of Tcne are
given in Fig. 1. The bond lengths indicate that C; —C; is
a typical double bond and that C4—Njy is a typical triple
bond, but that C, —C4 mediates between a single bond
and a double bond.

Table 1. Ionization potentials (/P) of biphenyl (Bip) and naphtha-
lene (Nap)

E(D)* ED") IP,°
Bip -460.27621 —-460.00035 7.50 (7.95)
Nap —383.42738 —383.13673 7.91 (8.14)

aTotal energies of neutral D and cation D™ (au)
®Vertical TP in the gas-phase (eV). The experimental values [17] are
given in parentheses

o N9
N

N10

(0.1337) 0.1441 (0.1439)

N7 N N8

Fig. 1. The structure of planar Tene. The bond parameters of Tene
are given in nanometers, and the experimental values are given in
parentheses
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Although the energy difference between the equilib-
rium Tcne™ and equilibrium Tcne is calculated to be 2.73
eV, we may not expect to acquire a good EA value by a
simple HF calculation. In pursuing a more accurate EA,
we performed the CASSCEF calculations, considering the
electron correction. We calculated the total energy of the
equilibrium Tcne at the level of CASSCF(8,8)/6-31G**,
and that of the equilibrium Tcne™ at the level of
CASSCEF (8.,9)/6-31G**. The treatment for Tcne™ means
that we use the same active space but distribute nine
active electrons in it. Thus we acquired the total energies
for Tcne and Tcne~ as follows: FE(Tcne) =
—444.97210 au, Ei(Tcne™) = —445.02116 au.

From the total energies, one can see that the value of
the EA of Tcne, 1.34 eV, has be improved when com-
pared with the value of 1.6 eV given by other authors
from experimental observation [11, 15, 16].

3 EDA complex and ion pair
3.1 Geometry of EDA complex

The formation of stable EDA complexes can be
attributed to molecular interaction. The structures of
such complexes may take two fashions, i.e, coplanar and
face-to-face. Both X-ray experiment and theoretical
calculations [3, 17, 18, 19, 20] revealed that the latter
fashion of the EDA complex is more stable, because
such an arrangement allows the maximum overlap
between the =n-type molecular orbitals in the two
moieties [4, 18]. So we selected the face-to-face fashion
in our theoretical study, in which the central C=C bond
of Bip is parallel to the C=C bond of Tcne. Similarly,
the central bridge C=C bond of Nap is placed parallel
to the C=C bond of Tcne. The geometry of
[Tcne- - -Bip], has C, symmetry owing to the torsion of
42.80° in Bip, while there is C, symmetry for the face-to-
face complex of [Tcne- - -Nap],,. Instead of full geometry
optimization, the geometries of the EDA complexes
were determined by searching for the minimum of the
total energy against the center-to-center distance, main-
taining isolated optimized geometries of the donor and
acceptor fixed. The stabilization energy (Es) of the
[D---A] complex is defined as

E,=ED)+E(A)—E(D---A) , 4)

where E represents the equilibrium energy of the
corresponding species. In this way, Es is obtained as
12.36 kJ mol™! for [Tcne- - -Bip], and 13.09 kJ mol~! for
[Tcne- - -Nap],. Since the molecular interaction in the
supermolecule is very weak, it is necessary to consider
the effects of the basis set superposition error (BSSE) in
calculating the stabilization energy of the [D---A]
complex. In our calculation, the counterpoise method
of Boys and Bernardi [24] was applied to consider the
effect of BSSE [22, 23, 24]. The center-to-center distance
is determined on the basis of the counterpoise-corrected
potential-energy surface, and the “ghost” technique was
used to extend the basis sets of the isolated donor and
acceptor species. The counterpoise-corrected stabiliza-
tion energy (E:P) can be written as

E® = EPAD) + EPAA) —E(D---A) , (5)

where EP is the stabilization energy corrected by the
counterpoise method, and E(D - - - A) is the total energy of
the [D---A] complex as appears in Eq. (4), EPA(D) and
EPA(A) are, respectively, the donor and acceptor energies
calculated by using the expanded basis sets. The poten-
tial-energy calculations were performed at the level of
HF/6-31G, and the stabilization energy of the EDA
complex reaches its maximum value of 9.86 kJ mol~! for
[Tcne- - -Bip], at d =0.44nm and 8.58 kJ mol~! for
[Tcne- - -Nap], at d =0.42 nm (Fig. 2). Nevertheless,
in the case of no BSSE correction, we found that
[Tcne- - -Bip], reaches the maximum stabilization energy
atd = 0.41 nm, and [Tcne- - -Nap], reaches the maximum
at d = 0.40 nm. This indicates that the BSSE influences
not only the stabilization energy, but also the equilibrium
geometry of the complex.

3.2 Groundstate and CT excited state

After the determination of the equilibrium donor—
acceptor distance, the electronic ground state, S;, of
the EDA complex was optimized using the CASSCF
method and 6-31G basis sets. We chose six active
orbitals and distributed six electrons in these 7-type
active orbitals, thus denoted as CASSCF(6,6). Accord-
ing to the Franck—Condon principle, the geometry will
remain unchanged during the photoexcitation of the
EDA complex. In this work, the lowest singlet excited
state, Sy, and the next lowest singlet excited state, S,, of
the EDA complex were calculated at the same level as
the ground state. The state symmetry, the main config-
uration that contributes the largest component to the
state, and the state energies are collected in Table 2.

From the Mulliken population analyses of the
CASSCEF wave functions, the net charges of the atoms in
the EDA complexes are given in Fig. 3a and c. By
suming the net charges over the atoms of the donor and
the acceptor, we can find that both of the moieties are
almost neutral in the ground state, so as to produce a
negligibly small dipole moment in the direction from
Tcne to the donor (Table 2).

a 10 b 8 .—I—{\‘\'
5/ ST T~
S 54
E° E
3 52
2 2
w’ ?u"o'
-10 2
15 -4
204 6 . . :
243 040 044 048 036 040 044 048
d/inm d/nm

Fig. 2. Plots of the stabilization energy, £, of a [Tcne - - -Bip], and
b [Tcne - - -Nap], against the distance, d, between the two centers of
the donor and the acceptor
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Table 2. Energies of the ground

state and low-lying excited sta- State Symmetry ~ Main configuration® RE/eV  D/D°
tes of electron donor—accept
complexes using CASSCF(6.6)  [TeneBipl,  So 'A 384234235b2361°39a°40a" (0.967) 0.0 ~0
631G calculations at their (©) T 'A 384234b235b'36b!392°40a° (0.996) 3142 19.87
equilibrium geometries. RE is S, 'A 384234b235b' 365! 394404 (0.991) 3300 19.64
the relative energy with the S, 'A 384234b'35b%365'39a°404° (0.990) 4.144 19.84
energy of the ground state, - [Tene: - -Napl, S 'A 13a321a214a517512249165) (0.979) 0.0 ~0
‘_gg4'8802973‘;5%%§9r [Tene - Bk (cay) T, 'B, 13a321a? 14a 17612220165 (0.998) 3563 19.64
and —827.95685 au for [Tcne- S, B, 13022142144} 17612249165 (0.997) 3.528 19.65
---Napl],, being taken as zero ) LS D S S S

S, B, 13a221a! 142217612240 1659 (0.995) 4131 19.63

#Only the molecular orbitals included in the active space are given. The expansion coefficient is given in

parentheses

®Dipole moment at the direction from the center of Tcne to that of the donor

b

[ 2

..

gt [ e

0.070 %179

“o171°0-214

Pp=0.99, Po=-0.99

Pp=0.99, P,=-0.99

-0.208 0.209
PD=0, PA=O
4. 0.037_%302
¢ e Fig. 3. Net charges on atoms for the ground
states of a [Tcne- - -Bip], and b
d [Tcne- - -Nap]p, as well as for the first excited
singlet states ¢ [Tene™ - - -Bip™] and d
[Tene™ - -Nap*], after CASSCF (6, 6) cal-
. : . culations. d is the distance between the two
. - e centers of the donor and the acceptor. Pp is
. @ 0274 the net charge on the donor moiety, and Py is
R rEYT w0.159 that of the Tcne moiety. The applied sym-
90,282

metry is C, for [Tcne- - -Bip], and [Tcne™
---Bip*],, and Cy, for [Tcne- - -Nap], and

Similar to the case of the ground state, Mulliken
population analyses were applied for the purpose of
investigating the charge distributions of the excited
states. The net charges on atoms for S; states of
[Tcne- - -Bip], and [Tcne- - -Nap], are given in Fig. 3c and
d. Compared with the charge distribution of the ground
state as shown in Fig. 3a and b, the changes of charge
distribution can be considerable. Let us consider the
charge distribution of the S; state of [Tcne- - -Bip],. It
can be found that the two central carbon atoms in Bip
are almost neutral, whereas the positive charge spreads
mainly on the other ten carbon atoms in Bip are almost
neutral, whereas the positive charge spreads mainly on
the other ten carbon atoms and the hydrogen atoms. On
the other hand, the negative charge distributes mainly on
the four nitrogen atoms and the two central carbon at-
oms of Tcne. Similarly, for the CT excited state S; of

[Tene™---Nap™],

[Tcne- - -Nap],, the state optimization shows that the two
bridge-carbon atoms are neutral, with the positive
charge distributing on the other carbon atoms and
hydrogen atoms in Nap. By summing the net charges
over the atoms in the donor moiety and Tcne acceptor
moiety, we found that the net charge is +0.99 on the
donor moiety but —0.99 on the Tcne moiety. Therefore
the charge separation in S; states can be thought com-
plete: this implies that the photoexcitation may directly
lead to the ET from the donor moiety to the Tcne
moiety. Apparently, a full charge separation must yield a
large dipole moment (Table 2). Experimental results
indicate that the photoexcitation of the EDA complex
may directly lead to a singlet CT excited state [1, 18, 25].
From the Mulliken population analyses of moieties in
the complex, we can find that S; states of the EDA
complexes are CT excited states. Analogous conclusion
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can be drawn for the S, states, namely, the 'A state of
[Tcne- - -Bip], and the B, state of [Tcne- - -Nap],. It
seems that the CT states optimized by us are just these
from experimental observation, but accurate specifica-
tions of these states need further investigation, for
example, the calculation of oscillator strengths and
transition probabilities. These are not included in the
present work. According to the Franck—Condon prin-
ciple, the vertical transition energy, which is just the
relative energy when taking the ground-state energy as
zero, can be obtained from the calculation of the state
energies (Table 2).

From the calculation of the CT excited states of C»
symmetry for the [Tcne- - -Bip],, we found that one of the
two singly occupied molecule orbitals (SOMOs) in the S
state is a m-type orbital located on the Bip moiety and
that the other is a n*-type orbital contributed from the
Tcne moiety. The largest component of the S; state is
contributed mainly from the electron configuration of
(core) 38a?34b>35b'365'394°404° (virt). Here we use
(core) and (virt) to represent those MOs which remain
doubly occupied and empty in the configuration inter-
action expansion, respectively. Compared with the
ground state contributed mainly from the electron con-
figuration (core) 38a>34b2>35b>365°394°404° (virt), it can
be found that the excitation from Sy to S; results from
an electron being promoted from the zn-type highest
occupied MO (HOMO) into the n*-type lowest unoc-
cupied MO (LUMO). The dipole moment of S; of
[Tcne- - -Bip],, is calculated to be 19.64 D in the direction
from Tcne to Bip. Similarly, we found that S, of
[Tcne- - -Bip],, relates to the excitation of an electron out
of the next HOMO into the LUMO; this configuration
can be represented as (core) 38a>34b'35b*365'394°404°
(virt). The S, state of [Tcne- - -Bip], is also a CT state,
and the large dipole moment, 19.84 D in the direction
from Tcne to Bip, of this state can be thought to be
substantially the same as that of the S; state. The energy
gap between the S; state and the S, state is found to be
0.844 eV.

For [Tcne- - -Nap], of C,, symmetry, the lowest CT
excited state has its largest component contributed
from the electron configuration of (core) 13a,*2la;’
14a>'17b,'22a,°16b,° (virt). From the expansion coeffi-
cients of the electron configurations after CASSCF cal-
culation of the CT excited state, it was found that the S;
state of [Tcne ---Nap], arises from an electron being
promoted from the n-type HOMO into the =*-type
LUMO of the complex. The dipole moment of the S,
state of [Tcne - - - Nap], is calculated to be 19.65 D in the
direction from Tcne to Nap. In S; of [Tcne- - - Nap],,, one
electron is prompted from the next HOMO into the
LUMO; the main configuration can be represented
as (core) 13a2221a;"'14a,217b,'22a,°165,° (virt). The S,
state of [Tcne- - -Nap], is also a CT state, and possesses a
large dipole moment of 19.63 D. The energy gap
between the S; state and the S, state of [Tcne- - -Nap],
is found to be 0.603 eV.

From the CASSCEF calculations, we also found that
the lowest triplet excited state, T;, is a CT excited
state as well; however, unlike the usual T, state, the
CT state T; possesses almost the equivalent state

energy as the S; state at the geometry of the EDA
complex. This is true for both [Tcne---Bip], and
[Tcne- - -Nap],. In the case of [Tcne---Nap],, the S;
state even lies below the T state. In fact, the complex
in the CT excited state is more likely to be a diradical.
It seems that being singlet or being triplet does not
dominate the state energy in such cases.

3.3 Excited state at equilibrium geometry of the ion pair

The ion pairs characterized by CT emissions have been
proved to be the key to accurately determining the
parameters controlling back ET reactions [25]. The ion
pair may dissociate to free ions or undergo CR to reform
the ground-state EDA complex. In the CR, the neutral
acceptor and donor are regenerated. In obtaining the
equilibrium geometry of the ion pair, we firstly only
optimized the center-to-center distance, d, between the
donor cation and the acceptor anion through the
potential-energy surface construction, keeping the ge-
ometries of isolated optimized donor cation and the
acceptor anion fixed. It should be pointed out that the
structure of the Bip™ ion is planar rather than torsional.
The C,, symmetry constraint was been employed in
searching for the maximum of the stabilization energy,
and the counterpoise method of Boys and Bernadi was
also applied for the BSSE correction [22, 23, 24]. We
used the unrestricted HFSCF method to perform the
calculation of the triplet, so as to find an equilibrium
center-to-center distance of the ion pair. The center-to-
center distance was determined on the basis of the
counterpoise-corrected potential-energy surface. The
counterpoise-corrected stabilization energy (EP) of
the ion pair is defined in the same way as that of the
EDA complex, and it reaches a maximum value of
229.408 kJ mol~! for [Tcne- - -Bip]s at d = 0.37 nm, and
239.215 kJ mol~! for [Tcne- - -Nap]s at d = 0.36 nm. In
the case of no BSSE correction, we found that E; reaches
the maximum at d = 0.36 nm for [Tcne---Bip]; and
d = 0.35 nm for [Tcne- - -Nap]s. Differing from the EDA
complex, the ion pair possesses an extremely large
stabilization energy; this is resulted from the Coulomb
interaction. Maintaining the equilibrium center-to-cen-
ter distance fixed, full geometry optimizations of ion
pairs of the triplet were also performed at the level of
UHF/6-31G, but only slight changes of bond parameters
were found. A notable appearance in the fully optimized
geometries is that all the carbon atoms in the donor
moiety remain planar, but the hydrogen atoms slightly
approach the Tcne moiety.

On the basis of the geometries obtained from UHF/6-
31G optimizations, the S; and T, states of the ion pairs
were calculated at the level of CASSCEF (6,6)/6-31G with
C,, symmetry. Just as in the case of the EDA complex,
three n-type MOs and three 7*-type MOs were included
in the configuration interaction expansion. The results
are listed in Table 3. Similar to the S; state in the EDA
complex, the highest SOMO in the S; state is found to be
a *-type MO located on Tcne. The next highest SOMO
is also found to be a n-type MO contributed mainly from
the carbon atoms in the donor, say, Bip or Nap. Both
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Table 3. State energies of the

jon pair using a CASSCF/ State® Symmetry Main configuration® RE/eV  D/D¢
6-31G calculation in the gas . 1 212 21122712074 07720

phase, The relative energy with  [Tone: - Bipl; So A 23a315a3206221592440225 (1.000) 0.0 ~0
the relative energy of the SO (Cz‘r, d = 0.37 nm) T, ‘A[ 23@%15@%20b;21b£24a?22bg (0999) 1.870 15.80
state in ion pair geometry being S, A, 23a215a320b1215124a92269 (0.962) 1.944 15.24
zero. The energies of the ground  [Tcpe. - -Nap], So ‘A 13632143 14a317691669224) (0.996) 0.0 ~0
states of [Tene- - Bipl, and (Cood = 036nm) T, B 13032142 14a 176116602240 (0.999) 1.841  14.92
[Tene: - Napl, are =904.78109 S 'B 1322162 14a} 176116692240 (0.999) 1.796  14.96
and —827.92132 au, respectively ! ! S L R R S S : ’

48, is the charge recombination state at the ion pair geometry
®The expansion coefficient is given in parentheses
“Dipole moment in the direction from the center of Tcne to that of the donor

the S; state and the T state of [Tene™ - - - Bip™]  have 4;
symmetry, and the largest components of both are
contributed mainly from the electron occupation (core)
23a;215a,220b,'21b,' 244, °22b,° (virt). The T, state of
[Tcne™ --- Bipjs lies below the S; state by 0.074 eV. For
[Tcne™ ---Nap™|,, both the S; and T, states of the ion
pair have a B; symmetry, and their largest components
are contributed mainly from a configuration of (core)
13a,%21a,214a,'17b,'16b,°22ay" (virt). We found that
the S; state of [Tcne™ - - - Nap+]S lies below the T, state
by 0.045 eV. The sequence of the states in the ion pair is
the same as that of the EDA geometry.

Partial bonding between donors and acceptors was
originally proposed by Mulliken [26], and ab initio cal-
culation confirmed the incipient bonding in the related
ethylene cation—radical complex [27]. We examined the
overlap population analyses of ion pairs in our calcula-
tions but bonding, even incipient bonding between
donors and acceptor in the systems we studied, was not
been found, possibly owing to the large intervening
donor—acceptor distance.

4 Solvent effects on CT absorption

In order to make the theoretical calculation be compa-
rable with experimental observation, the solvent reorga-
nization energy on the CT absorption spectra needs to
be considered [28, 29, 30, 31, 32, 33]. Since the fast
vertical transition does not permit the solvent molecules
to adjust their orientation polarization according to the
new charge distribution of the solute, the so-called
solvent reorganization energy frequently appears in the
literature on ET and spectra discussions. In the inves-
tigation of the solvent effects on CT absorption, the
solvation energies contributed from the fast (electronic)
response and the slow (orientational) response should be
taken into account separately. On the basis of the gas-
phase calculation of the state energies, we consider the
solvent effects on the ground state and the excited states
using the Onsager model [34], although such treatment
at present can only give semiquantitative results. In this
approach, the solute is regarded to be encompassed in a
spherical cavity of radius ag, the solvent are taken as a
dielectric continuum, and the solvation energy is esti-
mated by considering the interaction between the point
dipole of the solute and the reaction field resulting from
the solvent polarization. The equilibrium solvation
energy of state i is given by [34]

EPY = —1/2uR (6)

where y; is dipole moment of ith state and R the solvent
reaction field. The reaction field depends on the
magnitude and direction of the dipole moment and
gives rise to the solvent polarization. In absorption, the
initial (ground) state is fully equilibrated with the
solvents, and the reaction field can be given by

2 e—1
R== —_— 7
ag'ug{Zerl} ’ @
where ¢ is the static dielectric constant of the solvent.
The solvation energy of ground state is thus
. e—1
EZOV—_ 3,Ug tu'g{zg_'_l} 9 (8)

where 1, is the dipole moment of the ground state, ag is
the radius of the cavity, and ¢ is the static dielectric
constant of the solvent. According to the Franck—
Condon principle, during the vertical transition from the
ground state to the excited state, only the electronic
response of the solvents can catch up with the change of
the solute charge distributions; thus, the reaction field
felt by the final state arising from the orientational part
of the solvent polarization is just that felt by the fully
relaxed ground state. Therefore, similar to Eq. (7), the
static reaction field felt by the final state can be
expressed as

R,_2 e—1 n’—1
T\ el w1

2

©)

where »n~ is the optical dielectric constant. Since the
interaction energy between the excited state dipole, u.,
and the static field should be —u - R’, without further
consideration of the solvent polarization cost, the
solvation energy can be expressed as

1 e—1 n*—1
EONV — oy . s - 2
¢ ag[“° “g{zs+1 2n2+1}

n?—1
“Fﬂe',ue 2n2+1 )

where p, is the dipole moment of the excited state, and
we use ¢ to refer to the excited (final) state. The second
term in the bracket is the interaction between u, and the
field produced by the electronic polarization of the
excited state. In the calculation, we replace the dipole
moment in dichloromethane with the gas-phase value.

(10)
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The vertical transition energy from the ground state to
the excited state in solution is thus
Esol — Eeas

g—¢ g—¢

_|_E:01v _ E;olv , (11)

The choice of the cavity radius, ag, has been the
subject of many discussions. In this work, we employed
the Hyperchem package to calculate the equivalent
cavity volume, Wy, of the complex. The EDA complex is
close to a spherical shape; thus, we adopted the follow-
ing procedure to estimate the spherical cavity radius, ag
[35]:

1. Replace water molecules with the EDA complex in a
water periodic box in Hyperchem, with the minimum
distance between the solvent and solute atoms being
0.23 nm.

Use the number, n, actually an average value, of the
substituted water molecules to obtain the solute mo-
lecular volume, Vi,V = 1V, with ¥, = 0.02992 nm?
being the molecular volume of H,O.

. Use Eq. (12) to determine the equivalent cavity radi-

us, ag, of the solute:

ay = (3% /4m)'* . (12)

Substitute the estimated cavity radii for ay in Egs. (8) and
(10). According to Eq. (12), the ag is 0.368 nm for
[Tcne- - -Bip],, and 0.400 nm for [Tcne---Nap],. Our
results for the solvent effect on the vertical absorption
transition energies are given in Table 4. For the conve-
nience of comparison, dichloromethane (¢ = 9.08 [36],
n = 1.425 [37]) was chosen as the solvent.

Compared with values of the transition energy in the
gas-phase (Table 2), we can find that a redshift of the CT
absorptions appears in dichloromethane. The wave-
length of the maximum absorbance band corresponding
to the So — S; transition of [Tcne---Bip], in the gas
phase is 375.7 nm, while it is 498.9 nm in dichlorome-
thane. Owing to the existence of larger dipole moments of
about 20 D the solvation energies are —0.817 eV for the
S; state and —0.833 eV for the S, state; these are much
larger than that of the ground state. Another value of the
wavelength, 374.2 nm, which corresponds to the transi-
tion from the S, state to the S, state, is obtained. In the
experimental aspect, Hubig et al. [1] measured the CT
absorptions by using time-resolved (femtosecond) spec-
troscopy. The wavelengths of the CT absorptions were
obtained to be 500 and 400 nm in dichloromethane [1].

For [Tcne- - -Nap],, the charge separation of both the
S; and the S, states produces a solvation energy of about

—0.75 eV in dichloromethane, owing to the large dipole
moments. Unlike the case of [Tcne- - -Bip]p, if we have a
look at the results listed in Table 4, we can find large
discrepancies between our calculations and the experi-
mental measurements. After taking the solvent effect of
the transition energies into consideration, we have given
a prediction of the absorption wavelength of 443.3 nm
for the S — S, transition and 364.6 nm for the Sy — S,
transition; such predocations greatly differ from the
experimental measurements of 550 nm and 426 nm by
Merrifield and Phillips in 1958 [18]. The interpretation
of what causes such large discrepancies should be
addressed. We cannot, at present at least, give a con-
vincing explanation for this. We have only found the
experimental data on the CT absorption of this system
by Merrifield and Phillips. For unknown reasons,
although a lot of experiments on different Tcne-donor
systems have been repeated since then, we have failed to
find other experimental values for this system. In addi-
tion, from another view, a sequence of the wavelengths
of the maximum absorbance can be determined by
Eq.(3). Both our theoretical calculation and the experi-
mental measurement show that Nap possesses a larger
IP value than Bip does (Table 2); hence, a shorter
wavelength for [Tcne- - -Nap],, than for [Tcne- - -Bip], can
be predicted. In fact, from Eq. (3), a value of 454 nm for
the Sp — S; transition, which coincides with our theo-
retical result, can be predicted. Even though, since the
results of the solvent effect obtained in the framework of
the Onsager model is very qualitative, we are not sure
whether the discrepancy of the wavelengths of the CT
absorptions between our calculation and experiment is
caused by the inaccuracy of our theoretical calculations.
Further investigation on this system is needed. It should
be mentioned that the good agreement of the transition
energy of [Tcne- - -Bip], between theoretical calculation
and experimental measurement does not mean that we
have achieved the accurate description of the realistic CT
absorption, since the realistic environment is much more
complicated than what we can theoretically simulate;
however, these results can, at least, confirm the appro-
priateness of our theoretical treatments.

5 Discussions and conclusions

All ab initio calculations were carried out using HON-
DO 99 [38]. For [Tcne- - -Bip], and [Tcne- - -Nap],, it was
found that the S; and the S; states of the EDA complex

Table 4. Solvation energies and

vertical transition energies of Transition  E§%, /eV E?’lv/ eVt EXN/eV Act/nm Jcr/nm (expt.)®
the t iti S S d

Sy Sy in dichioromethane,  [TeneBipl,  So =S, 3.300 —0.002 0847  505.0 500

According to Eq. (12). the (Cy) So—S, 4144 ~0.002 -0.863 377.7 400

radius. ag, is calculated to be  [Tene--Napl, Sy —S,  3.528 -0.001 ~0.748 445.9 550¢

0.368 nm for [Tcne- - -Bip],,, and (Ca) So = S, 4.131 —-0.001 —-0.747 366.3 426°

0.400 nm for [Tcne- - -Nap],

the solvation are quite small

#Since the dipole moments of the ground states are negligibly small as shown in Table 2, the values of

®The values of the charge-transfer absorptions observed in experiments
“The wavelength of the maximum absorbance band corresponding to the Sy — S; transition of
[Tcne- - -Nap], in dichloromethane is estimated to be 454 nm from Eq. (3)



are CT excited states, and the photoexcitation corre-
sponding to the So — S; and Sy — S, transitions of the
EDA complex may result in a new absorption in the
visible region. This new absorption apparently differs
from those of the isolated donor and acceptor. From
charge distribution and MO occupation situation, we
have ascertained that the CT absorption arises from the
electron transition from the =n-type HOMO, which
locates on the arene moiety, to the n*-type LUMO
which locates on the Tcne moiety. Our calculations
provide evidence to supplement the experimental obser-
vations. Considering the relaxation of the CT excited
state to its equilibrium geometry, the successive com-
plexes that correspond to the CT excited state have been
determined.

The dipole moments used for the solvent reorga-
nization energy correction should be those obtained in
the solvent environment, rather than in the gasphase,
since, in general, polar solvents can influence the
dipole moment of the solute; however, in our cases,
the parallel arrangement of the donor and the accep-
tor in the complex confines the distribution of the
electron density and thus the dipole moment in solu-
tion can be predicted not to change too much from
the gas-phase case. This encourages us to use the gas-
phase dipole moment in the solvent reorganization
energy correction. Comparing the calculated CT
absorption in the gas phase with the calculated value
in the polar solvent of dichloromethane reveals a
redshift for both [Tcne---Bip], and [Tcne---Nap],.
From Eq. (11), one can see that since the initial state
possesses a dipole moment close to zero, the net effect
produced by polar solvents upon the absorption
spectra is the decrease of the transition energy.
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