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Abstract
The purpose of the work is to calculate accurate values of molecular properties of tetracyanoquinodimethane (TCNQ) and 
anions using the complete active space self-consistent field and complete active space second-order perturbation theory 
methods. The accuracy has been evaluated using several basis sets and active spaces. The calculated properties have, in 
many cases, been confirmed by experimental data (within parentheses), e.g., 9.54 eV (9.61 eV) and 3.36 eV (3.38 eV) for 
the ionization potential and electron affinity, respectively, of TCNQ; 3.12 eV (3.01 eV) and 3.54 eV (3.42 or 3.60 eV) for 
transition energies to the two lowest-lying excited singlet states of TCNQ; − 0.03, 0.46 and 1.44 eV (0, 0.5 and 1.4 eV) for 
electronic energies in electron attachment of TCNQ forming TCNQ− ; and 3.88 eV (3.71 eV) for the transition energy to the 
second lowest-lying excited singlet state of TCNQ2− . Further, the calculations have brought insight into some experimental 
observations, e.g., the shape of the fluorescence spectrum of TCNQ at 3–4 eV.
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1 Introduction

The TCNQ molecule, see Fig. 1, is a potent electron accep-
tor and it has gained a lot of attention in the fields of organic 
electronics [1] and photovoltaics [2, 3]. It was synthesized in 
1962 [4] and a decade later, in 1973, it constituted, in com-
plex with tetrathiafulvalene (TTF), the first organic metal 
discovered [1, 5]. Over the years experimental data concern-
ing TCNQ and anions have accumulated and will allow the 
evaluation of quantum chemical methodologies.

The purpose of the study is twofold: calculation of accu-
rate values of molecular properties of TCNQ and anions; 
and evaluation of the accuracy with respect to parameter 
values used in the applied methods. The evaluation also 
includes comparison with experimental data and shows that 
the results bring new insight into some experimental obser-
vations. In Sect. 2 the methods are presented and thereafter 
in Sect. 3 the molecular properties of TCNQ, TCNQ− and 
TCNQ2− are discussed. Finally, in Sect. 4, the conclusions 
are given.

2  Methods

In this study MOLCAS version 8.4 [6] is used throughout, 
and in particular the complete active space self-consistent 
field (CASSCF) and CAS second-order perturbation theory 
(CASPT2) methods. State specific calculations are per-
formed (no state averaging) and all orbitals are optimized 
at CASSCF level of theory. The molecule is constrained to 
the point group D2h , i.e., a highly symmetric molecule with 
dipole moment equal to zero. For transition dipole moments 
(and oscillator strengths) the CASSCF state interaction 
(CASSI) method is used. Moreover, the default keywords are 
used (unless otherwise stated). The remaining parameters 
concern basis sets and active spaces and they are considered 
in Sects. 2.1 and 2.2, respectively. Finally, in Sect. 2.3, the 
applied geometries (resulting from ground state (GS) energy 
optimizations) are discussed.

2.1  Basis sets

The basis sets used are based on the atomic natural orbital 
(ANO) concept and they are denoted ANO-S and ANO-
L, where ANO-S is designed to be small and to give good 
results for many molecular properties of large systems [7]. 
ANO-L, on the other hand, use considerably larger primitive 
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sets and is designed to give sensible basis sets for molecular 
calculations [8].

The basis set sizes used in the study are given in Table 1, 
where basis sets Sl and Ll should give almost converged 
results compared to the primitive sets [7, 8]. Basis sets Ss and 
Ls represent minimum sizes for getting reasonable results 
(with the given primitives) [7, 8].

2.2  Active spaces

The first step, in deciding the active spaces, is to deter-
mine the optimum geometry of TCNQ in its GS by using 
second-order many-body perturbation theory (MBPT2) 
and the Ss basis set. SCF orbital energies and orbitals (for 

this geometry) are given in Figs. 2 and 3, respectively. 
The out-of-molecular-plane � and �∗ orbitals belong to the 
irreducible representations b3u , b1g , b2g and au (of the D2h 
point group). The highest occupied (HO) molecular orbital 
(MO) and the lowest unoccupied (LU) MO are two such 
orbitals (see first row of Fig. 3). The in-molecular-plane �⟂ 
and �∗

⟂
 (CN) orbitals belong to the irreducible representa-

tions ag , b2u , b1u and b3g together with � orbitals.
The second step is to determine which occupied and 

virtual orbitals should form the active space. Four active 
spaces, denoted S, M, L and L⟂ , are used in the study and 
they are defined in Figs. 2 and 3 and Table 2. The HOMO 
and LUMO constitute active space S, which allows the 
calculation of ionization potential (IP), electron affinity 
(EA) and low-energy states. Active space M includes the 
three HOMOs (HOMO{0,− 1,− 2}) and the three LUMOs 
(LUMO{0,+1,+2}), which allow also the calculation of 
higher energy states. M consists to a large extent of CC � 
and �∗ orbitals (see Fig. 3). The fourth out-of-molecular-
plane OMO of mainly CC character is the lowest � orbital 
( �min ). Its antibonding counterpart is �∗

max
 (see last row of 

Fig. 3). These two orbitals are not included in any of the 
active spaces used in the study. To investigate the impact 
of CN orbitals the active spaces L and L⟂ are introduced.

In summary, it is clear from Table 2 that S ⊂ M , M ⊂ L , 
M ⊂ L⟂ and L ∩ L⟂ = M . Active spaces S, M and L include 
only � and �∗ orbitals, while L⟂ includes �⟂ and �∗

⟂
 orbitals 

Fig. 1  The TCNQ molecule

Table 1  Basis sets used in the study

Name Type Primitives (H/C,N) Contractions (H/C,N)

Ss ANO-S 7s3p/10s6p3d 2s1p/3s2p1d
Sl 3s2p/4s3p2d
Ls ANO-L 8s4p3d/14s9p4d3f 3s2p/4s3p2d
Lm 3s2p1d/4s3p2d1f
Ll 3s2p1d/5s4p3d2f

Fig. 2  SCF orbital energies of TCNQ. The active spaces S, M, L and 
L⟂ are indicated in the figure. Weak orbital energy lines mark diffuse 
Rydberg-like orbitals, which are suppressed in the calculations

Fig. 3  SCF orbitals ( � , �⟂ , �∗ and �∗
⟂
)
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as well. In Table 2 {�} denotes the set of the eight occupied 
� orbitals ( {�∗} is the antibonding counterpart).

2.3  Geometries

The optimum structures of TCNQ and anions (in the GS) at 
CASPT2 level of theory are presented in the Supplementary 
Information. The optimum structures have been obtained 
for several combinations of basis sets and active spaces. 
Overall the trends and tendencies are the same for the three 
molecules. The smallest basis set, Ss , is too limited and over-
estimates the bond lengths by about 0.015 Å, on average, 
compared to those obtained with the largest basis set, Ll . 
The bond angles differ, on average, by about 0.2◦ between 
these two basis sets.

The bond lengths obtained with basis sets Sl and Ls (of 
equal size) differ, on average, by a few milli-Ångström with 
those obtained with basis set Ll . Sl is somewhat better than 
Ls , which is due to the design of the basis sets. For the dian-
ion the bond angles are almost identical for basis sets Sl , Ls 
and Ll . For the neutral molecule and anion there is a differ-
ence, on average, by about 0.1◦ between Sl and Ls , on the one 
hand, and the largest basis set, Ll , on the other.

A third basis set of type ANO-L, Lm , with size between 
Ls and Ll improves the geometry compared to the Sl basis 
set, except for the CN bond length. It can be concluded that 
basis sets Sl and Lm give good descriptions of the geometry, 
for all molecules, with overestimation of bond lengths of a 
few milli-Ångström and inaccuracies in bond angles of a few 
tenths of a degree. For time-efficient calculations basis set 
Sl is the better choice.

In general the variation of bond lengths and angles is a 
few milli-Ångström and a few tenths of a degree, respec-
tively, between the active spaces (S, M, L and L⟂ ) for 
the three molecules. However, there are some exceptions. 
First, for the neutral molecule the inaccuracy of several 
bond lengths is of the order of 0.01 Å using active space 
S. Second, the variation in the CN bond length is of the 
order of 0.01 Å for all three molecules, which may not be 
surprising since active spaces L and L⟂ contain more CN 
orbitals than S and M. Third, the largest variation ( 0.5◦ ) 
in bond angles occurs for CCN for the anion (between 
active spaces M and L⟂ ). The conclusion is nevertheless 
that active space M is good enough for the geometry deter-
mination of all molecules. In Table 3 optimum structures 
obtained with basis set Sl and active space M are presented 
for TCNQ and anions in the GS. For the neutral mole-
cule the optimum structure for two excited states are also 
presented. The subscripts for bond lengths and angles in 
Table 3 are given in Fig. 1 together with angle definitions.

3  Results and discussion

In Sects. 3.1–3.3 the calculated molecular properties of 
TCNQ, TCNQ− and TCNQ2− , respectively, are discussed 
and compared to experimental data. Since the calculations 
involve unbound anionic states, wave functions have to 
be carefully analysed in order to detect non-reliable solu-
tions. An analysis of wave functions are given in Sect. S4 
in Supplementary Information. That CASSCF calculations 

Table 2  Active spaces used in 
the study

Name Occupied Virtual Number of active 
electrons/orbitals

S HOMO ( �) LUMO ( �∗) 2/2
M HOMO{0,− 1,− 2} ( �) LUMO{0,+1,+2} ( �∗) 6/6
L {�} ⧵ {�min} {�∗} ⧵ {�∗

max
} 14/14

L⟂ HOMO{0,− 1,− 2}∪{�⟂} LUMO{0,+1,+2}∪{�∗
⟂
} 14/14

Table 3  Optimum structure at 
CASPT2 level of theorya

a The basis set is Sl and active space M
b The CH bond length is 1.08 Å for all molecules and states

Molecule State Bond lengthb (Å) Bond angle ( ◦)

CC1 CC2 CC3 CC4 CN CCC1 CCC2 CCN CCH

TCNQ 11B1u
1.38 1.43 1.42 1.41 1.18 119 119 177 119

21Ag
1.39 1.42 1.46 1.40 1.18 119 119 177 120

11Ag
1.36 1.44 1.39 1.42 1.18 119 117 179 119

TCNQ−
12B2g

1.38 1.42 1.42 1.42 1.18 117 117 179 119

TCNQ2− 11Ag
1.40 1.41 1.46 1.40 1.19 116 118 179 119
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still may provide reliable well-localized solutions has been 
discussed by Rubio et al. [9].

3.1  TCNQ

In order to find out how able the applied methodology is in 
matching experimental data, the IP and EA of TCNQ are 
determined. In Table 4, the two properties are given for vari-
ous combinations of the five basis sets and the four active 
spaces. For correspondence with experiment IP is the verti-
cal IP (VIP) (using the geometry of optimized GS of TCNQ 
at CASPT2 level of theory) and EA is the vertical detach-
ment energy (VDE) (using the geometry of optimized GS 
of TCNQ−).

The calculated IP and EA both increase with increasing 
size of basis set and active space. The results differ by only 
about 0.05 eV between the two largest basis sets, Lm and Ll , 
and is most likely converged for the largest basis set. The 
inclusion of CN orbitals in the active space matters some-
what and has a larger effect on the EA than the IP, and CN � 
(and �∗ ) orbitals affect the results more than CN �⟂ (and �∗

⟂
 ) 

orbitals. For the largest basis set, Ll , and active space M, the 
calculated IP of 9.54 eV agrees well with the experimental 
value of 9.61 eV obtained from photoelectron spectrum of 
TCNQ in the gaseous state [10]. For the same basis set and 
active space, the calculated EA of 3.36 eV agrees well with 
the experimental value of 3.383 ± 0.001 eV obtained from 

photoelectron spectrum of TCNQ− produced using electro-
spray ionization [11].

From the photoelectron spectrum of TCNQ− , Zhu and 
Wang conclude that the geometry difference between the 
TCNQ anion and neutral molecule is small due to the short 
vibrational progression [11]. In Table 3, the optimized 
geometries of the GS of TCNQ ( 11Ag ) and TCNQ− ( 12B2g ) 
are given. The structures differ somewhat, particularly the 
CC3 bond (0.03 Å) and the ring (0.02 Å and 1–2◦).

The excited states of TCNQ, below 5 eV, at CASPT2 
level of theory are summarized in Table 5 for various com-
binations of the five basis sets and the four active spaces. 
The excitation energies obtained with basis set Ss differ, on 
average, by 0.06 eV with those obtained with basis set Ll . 
The excitation energies obtained with basis sets Sl , Ls and 
Lm are similar and they differ, on average, by 0.02 eV with 
those obtained with basis set Ll . The largest differences are 
0.11 eV for Ss and 0.05, 0.03 and 0.02 eV for Sl , Ls and Lm , 
respectively. The inclusion of CN orbitals in the active space 
affects some states substantially. By including the CN � (and 
�
∗ ) orbitals in the active space the excitation energy to 23B1u 

is reduced by almost 0.3 eV (for the seven excited states the 
difference is 0.1 eV on average). The inclusion of CN �⟂ 
(and �∗

⟂
 ) orbitals has a less pronounced effect on the excita-

tion energies (for the seven excited states the difference is 
0.05 eV on average).

The 11B1u state of TCNQ is strongly absorbing from the 
GS with an oscillator strength of 1.5 at CASSCF level of 

Table 4  IP and EA of TCNQ 
(in eV) at CASPT2 level of 
theory

a VIP
b VDE

Prop. Basis set/active space Exptl.

Sl/S Ss/M Sl/M Ls/M Lm/M Ll/M Sl/L Sl/L⟂

IPa 9.37 9.34 9.44 9.41 9.49 9.54 9.50 9.45 9.61 [10]
EAb 3.21 3.15 3.23 3.22 3.32 3.36 3.37 3.32 3.38 [11]

Table 5  Excited states of TCNQ 
(in eV) at CASPT2a level of 
theoryb

a The keyword shift = 0.20 H (to eliminate intruder state problems)
b Geometry: optimized GS ( 11Ag ) at CASPT2 level of theory
c State in boldface is strongly absorbing from the GS

Statec Main config. Basis set/active space

Sl/S Ss/M Sl/M Ls/M Lm/M Ll/M Sl/L Sl/L⟂

23B1u
b1g → au – 4.75 4.86 4.83 4.84 4.86 4.57 4.84

13Ag
b2g → b2g – 3.76 3.82 3.80 3.80 3.82 3.72 3.77

13B3g
b1g → b2g – 3.46 3.51 3.49 3.48 3.49 3.35 3.43

13B1u
b3u → b2g 1.29 1.32 1.38 1.36 1.36 1.38 1.37 1.34

11B3g
b1g → b2g – 3.89 3.93 3.91 3.89 3.90 3.87 3.86

1
1
B
1u

b3u → b2g 3.43 3.53 3.54 3.52 3.49 3.49 3.59 3.47

21Ag b2
3u

→ b2
2g

3.07 3.40 3.48 3.46 3.45 3.47 3.43 3.44
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theory. The calculated excitation energy, 3.49 eV (obtained 
with the largest basis set, Ll , and active space M), does 
not agree well with (non gas-phase) experimental values: 
3.08−3.09 eV (polymer matrices) [12]; 3.10 eV (mixture 
of polar and non-polar solvents) [13]; 3.09−3.17 eV (vari-
ous polarities of solvents) [14]; and 3.17 eV (non-polar 
solvents) [15, 16]. A further discussion of the reasons for 
this difference is outside the scope of the present article.

In a recent study, Chaki et al. investigated the 11B1u 
state of TCNQ, in the gas phase, using laser induced fluo-
rescence [16]. They observed a weak (0,0) band at 3.01 eV 
followed by additional vibronic bands at higher energies, 
and strong (broad) bands at 3.42 and 3.60 eV [16]. The 
observed strong bands fit well with the calculated value of 
3.49 eV. What remains to be explained is the vibrational 
spectrum at lower energies. In the interpretation of the 
spectrum two issues are addressed. Firstly, the intensity 
pattern of the observed vibrational spectrum suggests a 
considerable geometric change in the excited state due 
to a weak (0,0) band followed by stronger vibrational 
bands [16]. Secondly, the fluorescence lifetimes for some 
vibronic bands, including the (0,0) band, are much longer 
[16] than measured in non gas-phase experiments (non-
polar hexane solution) [14].

In resolving the two issues the geometries of the two low-
est singlet excited states of TCNQ ( 21Ag and 11B1u ) are opti-
mized. The results are given in Table 3. The structures of the 
11Ag and 11B1u states differ somewhat, particularly the CC3 
bond (0.03 Å), but they are not considerably different. The 
optimized structure of 11B1u is similar to the optimized GS 
of TCNQ− and in both states the LUMO is singly occupied.

The structures of the 11Ag and 21Ag states, on the other 
hand, differ to a larger extent, particularly the CC3 bond 
(0.08 Å). The optimized structure of 21Ag is similar to the 
optimized GS of TCNQ2− and in both states the LUMO is 
doubly occupied (in the dominant configuration).

The electronic spectrum of TCNQ (below 5 eV) at the 
optimized geometries of the three lowest singlet states is 
plotted in Fig. 4. Between 3 and 4 eV there are three singlet 
and two triplet states, which may interfere with each other. 
The strongly absorbing 11B1u state seems to intersect with 
the 21Ag state, which implies that the coupling between the 
electronic and nuclear motion has to be considered. The adi-
abatic excitation energy between the 11Ag and 21Ag states 
is 3.12 eV, which is close to the measured (0,0) band at 
3.01 eV. If the 21Ag state is responsible for the observed 
(0,0) band then its irreducible representation (forbidden 
transition to the GS) and geometry (different from the GS 
geometry) could explain the long lifetime and the intensity 
pattern of the observed vibrational spectrum.

The lowest triplet state of TCNQ has been measured at 
1.96 and 1.85 eV by Khvostenko et al. using UV–vis absorp-
tion spectroscopy with Br-containing solvents [15]. The 

calculated value of 1.38 eV (using Ll and M) is different 
from the measured values, possibly due to solvent effects. A 
further discussion of the reasons for this difference is outside 
the scope of the present article.

3.2  TCNQ anion

The excited states of TCNQ− , below 5 eV, at CASPT2 level 
of theory are summarized in Table 6 for various combina-
tions of the five basis sets and the four active spaces. The 
excitation energies are somewhat more stable for the anion 
than the neutral molecule regarding the choice of basis 
set and active space. But the trends are similar. The simi-
lar results for basis sets Sl and Ll using active space M are 
noteworthy.

Using glass measurements Haller and Kaufman identified 
the two lowest 2B3u states at 1.45 and 2.84 eV [17]. From 
absorption spectra (in solution) Jonkman and Kommandeur 
identified three 2B3u states at 1.46, 2.95 and 4.40 eV [13]. 
The (non gas-phase) experimental transition energies to the 
three lowest 2B3u states thus are redshifted 0.1−0.5 eV com-
pared to calculated values. Further, Jonkman and Komman-
deur identified a 2Au state at 2.95 eV [13], which is similar 
to the calculated values of 2.92−3.04 eV.

In 1977 Compton and Cooper presented properties of 
TCNQ− in the gaseous phase [18]. They concluded that 
TCNQ attaches electrons with energies of ∼ 0 , 0.7 and 
1.3 eV forming long-lived negative ions [18]. In Fig. 5, the 
lowest electronic states of TCNQ and TCNQ− are plotted 
(with 0 eV representing the GS of TCNQ). It is clear from 
the figure that there are TCNQ− states around 0 eV ( −0.23 , 

Fig. 4  The lowest electronic states of TCNQ at CASPT2 level of the-
ory (using basis set Sl , active space M, and shift = 0.20 H). The lines 
are given for visual purposes. The bold line represents the strongly 
absorbing 11B1u state. From left to right on the x-axis the CC single 
bonds are decreasing and the CC double bonds increasing (especially 
CC3)
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−0.14 , −0.03 ); 0.7 eV (0.46, 0.76, 0.86); and 1.3 eV (1.31, 
1.31, 1.44).

In 2018 Khvostenko et al. [19] found that TCNQ (in the 
gaseous phase) attaches electrons with energies of 0, 0.5 
and 1.4 eV, i.e., similar energies as those obtained earlier by 

Compton and Cooper. Khvostenko et al. [19] concluded that 
the ion doublet formed at 0 eV is due to the second lowest 
core-excited Feshbach resonance, where an electron from 
the second highest OMO enters the LUMO together with the 
incident electron. The resulting doublet state is 12B1g , which 
is calculated at −0.03 eV (using basis set Sl and active space 
L). Another possibility for the electron attachment at 0 eV 
(also suggested by Khvostenko et al.) is vibrational Fesh-
bach resonances [19], where the molecule is vibrationally 
excited by the incident electron, which enters an UMO of 
the molecule. Close to 0 eV there are two such states, 12Au 
and 22B3u , calculated at −0.23 and −0.14 eV , respectively.

The electron attachment at 0.5 eV is, according to Khv-
ostenko et al., due to the third lowest core-excited Feshbach 
resonance [19], where an electron from the third highest 
OMO enters the LUMO together with the incident electron. 
The resulting doublet state is 22B2g , which is calculated at 
0.46 eV (using basis set Sl and active space L). The anoma-
lously long-lived anion created at this energy is, according 
to Khvostenko et al., due to the formation of a quartet state 
via intersystem crossing [19]. Indeed, in this energy region 
there are two quartet states, 14B1g and 14B2g , calculated at 
0.76 and 0.86 eV, respectively. The energy gap between the 
doublet and the lowest quartet state is large (0.30 eV) using 
active space L and smaller using active space M (0.11 eV). 
However, by changing the geometry to the one optimal for 
the 14B1g state, the 14B1g state falls below 22B2g by 0.33 eV 
(see Fig. 6) and the two states seem to cross each other. In 
Fig. 6, the results of using the optimized geometry of the 
22B2g state are included as well. These results indicate pos-
sible crossings of the 22B2g state with the three states at 0 eV 

Table 6  Excited states of 
TCNQ− (in eV) at CASPT2a 
level of theoryb

a shift = 0.20 H
b Geometry: optimized GS ( 12B2g ) at CASPT2 level of theory
c State in boldface is strongly absorbing from the GS
d shift = 0.25 H (intruder states). Main configuration is b3u → b2g

Statec Main config. Basis set/active space

Sl/S Ss/M Sl/M Ls/M Lm/M Ll/M Sl/L Sl/L⟂

14B3u
b1g → au – 4.63 4.72 4.70 4.71 4.72 4.59 4.70

14B2g
b3u → b3u – 4.02 4.07 4.05 4.06 4.07 4.13 4.09

14B1g
b3u → au – 3.88 3.93 3.91 3.92 3.93 4.03 3.97

22Au
au → b2g – – – – – – 5.02 –

32B1g
b1g → b2g – – – – – – 4.92 –

32B3u
b1g → au – 4.77 4.87 4.84 4.85 4.87 4.72d 4.82

22B1g
b3u → au – 4.47 4.48 4.46 4.47 4.48 4.59 4.52

22B2g
b2g → b2g – 3.75 3.82 3.79 3.79 3.81 3.73 3.79

12B1g
b1g → b2g – 3.27 3.32 3.30 3.30 3.31 3.24 3.29

2
2
B
3u

b2g → b3u – 3.19 3.20 3.18 3.18 3.18 3.13 3.20

12Au
b2g → au – 2.93 2.93 2.92 2.93 2.93 3.04 3.01

1
2
B
3u

b3u → b2g 1.53 1.53 1.58 1.56 1.57 1.58 1.66 1.61

Fig. 5  The lowest electronic states of TCNQ, TCNQ− and TCNQ2− at 
CASPT2 level of theory (using basis set Sl , active space L and shift 
= 0.20 H). The geometries are the optimized structures of the GS for 
each molecule



Theoretical Chemistry Accounts          (2023) 142:58  

1 3

Page 7 of 10    58 

( 12Au , 22B3u and 12B1g ) and therefore other explanations of 
the long-livedness of the anion.

Finally, the electron attachment at 1.4 eV is, accord-
ing to Khvostenko et al., due to the fourth and fifth lowest 
core-excited Feshbach resonances [19]. However, the fourth 
and fifth highest OMOs belong to L⟂⧵ M (see Fig. 2). The 
core-excited Feshbach resonances from L⟂⧵ M to LUMO 
are calculated at 2.26–2.49 eV, i.e., around 1 eV above the 
measured value. Instead the electron attachment at 1.4 eV 
could be due to core-excited Feshbach resonances from L ⧵ M 
to LUMO. Three of these four states are given in Table 6 
and the states are 3 2B3u , 3 2B1g and 22Au calculated at 1.44, 
1.65 and 1.74 eV (above the GS of TCNQ). The 3 2B3u state 
is the most probable candidate and just below this doublet 
state there is a quartet state ( 14B3u ) at 1.31 eV, which could 
explain the long-livedness of the anion via intersystem 
crossing.

In 1991 Brinkman et al. [20] reported results from elec-
tron photodetachment spectroscopy studies on TCNQ− in the 
gaseous phase. They found that photodetachment occurs in 
two energy bands. The high energy band at > 2.5 eV (with 
the highest peak around 3.1 eV) [20] is most likely due to 
the strongly absorbing transition 12B2g → 22B3u calculated at 
3.13−3.20 eV and where the 22B3u state is close in energy to 
the GS of TCNQ. The low energy band at 1.2–2.1 eV (with the 
highest peaks around 1.5 and 1.6 eV) [20] requires a deeper 
analysis. Brinkman et al. concluded that here more than one 
photon is involved in the detachment process [20]. The first 
excitation is due to the strongly absorbing transition 12B2g → 
12B3u calculated at 1.53−1.66 eV. Brinkman et al. [20] suggest 
a fast internal conversion to a vibrationally hot GS ion from 
where the ion excites to the 22B3u state.

In another experiment Brinkman et al. [20] used two differ-
ent frequencies, one in the low energy band (1.80 eV) and one 
in the region between the two bands (2.41 eV). When increas-
ing the intensity of the latter light the electron detachment 
increased dramatically also indicating a two-photon process 
[20]. Considering the energy of the latter light, another possi-
bility for the second photon is the strongly absorbing transition 
12B3u → 22B2g calculated at 2.07−2.24 eV.

3.3  TCNQ dianion

The TCNQ anion has several bound states (maybe as many 
as five according to Fig. 5). For the TCNQ dianion there is 
experimental evidence of a long-lived state (millisecond time-
scale) [21, 22] and computational evidence of boundness [21]. 
According to the present calculations the TCNQ dianion has 
no bound states (see Fig. 5 and Table 7), but the Coulomb 
barrier may either way prevent the dianion from immediate 
electron detachment. The adiabatic EA of TCNQ− is increas-
ing from −0.56 to −0.42 eV when improving the basis set 
from Ss to Ll by including more diffuse functions (see EA− in 
Table 7). Since active space M forces the two extra electrons 
to reside in the LUMO of TCNQ, it seems unlikely that the EA 
should turn positive by improving the basis set further. For a 
further discussion, see the end of Sect. S4 in Supplementary 
Information. Table 7 also includes the energy (EA−EA− ) for 
the disproportionation reaction

Fig. 6  The lowest electronic states of TCNQ− at CASPT2 level of 
theory (using basis set Sl , active space L and shift = 0.20  H). The 
lines are given for visual purposes. The bold lines represent the 
strongly absorbing 12B3u and 22B3u states. To the left on the x-axis 
CC3 and CCC2 are large and to the right CC1 and CCC1 are large

Table 7  GS properties of 
TCNQ and anions (in eV) at 
CASPT2 level of theory

a Adiabatic EAs of TCNQ (EA) and TCNQ− ( EA− ) using optimized GS geometries

Energy differencea Basis set/active space

Sl/S Ss/M Sl/M Ls/M Lm/M Ll/M Sl/L Sl/L⟂

EA 3.16 3.08 3.15 3.14 3.25 3.28 3.28 3.24
EA− −0.43 −0.56 −0.52 −0.52 −0.43 −0.42 −0.46 −0.47

EA − EA− 3.60 3.64 3.68 3.66 3.68 3.70 3.74 3.71
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which is estimated at 3.5 eV by Jonkman and Kommandeur 
[13]. EA − EA− is stable with respect to basis set and is 
increasing moderately from 3.64 to 3.70 eV when improving 
the basis set from Ss to Ll.

The excited states of TCNQ2− , below 5 eV, at CASPT2 
level of theory are summarized in Table 8 for various com-
binations of the five basis sets and the three largest active 
spaces. It is clear from the table that large basis sets with a 
large content of diffuse functions make it possible for the 
dianion to “remove” one electron, which is energetically 
more favourable. Another observation is the necessity to 
use a large active space (L) in order to capture all possible 
low-lying states.

From absorption spectra (in solution) Jonkman and Kom-
mandeur identified a strong transition at 2.56 eV [13], which 
is considerably less than calculated values of 3.04 eV (a 
weak transition to 11B2u ) and 3.88 eV (a strong transition to 
11B1u ). By using UV–visible spectroelectrochemistry Bel-
lec et al. obtained an absorption maximum at 3.71 eV [23] 
(the numerical value calculated from �max = 334 nm from 
Panja et al. [22]), which agrees better with the calculated 
value of 3.88 eV.

4  Conclusions

In this study various properties of TCNQ and anions have 
been calculated with the CASPT2 method using several 
basis sets and active spaces. One conclusion is that basis 
set Sl of type ANO-S and size 3s2p(H)/4s3p2d(C,N) 

(1)2TCNQ−
⟶ TCNQ2− + TCNQ, results in property values in agreement with those obtained 

with the larger basis set Ll of type ANO-L and size 
3s2p1d(H)/5s4p3d2f(C,N). The accuracy of geometries is 
of the order of a few milliÅngström for bond lengths and 
a few tenths of a degree for bond angles. The accuracy of 
EA and IP is of the order of a tenth of an electronvolt. For 
excitation energies the accuracy is better by about a factor of 
ten and is of the order of a few hundredths of an electronvolt.

Further, it can be concluded that the active orbital 
space, denoted M, consisting of the three HOMOs and the 
three LUMOs ( � and �∗ orbitals of mainly CC character) 
is sufficient for obtaining most of the studied properties. 
The exceptions concern higher excited states (4–5 eV) of 
TCNQ− and TCNQ2− , where larger active spaces including 
also � (and �∗ ) orbitals of CN character are required. The 
influence of �⟂ (and �∗

⟂
 ) orbitals (CN) is minor and they 

can be excluded from the active space.
Finally, it can be concluded that with the presented 

methodology it is possible to suggest explanations to sev-
eral experimental observations on TCNQ and anions and 
to calculate fairly accurate values of properties of these 
molecules. For example, the calculated values of the IP 
and EA of TCNQ are 9.54 and 3.36 eV, respectively, using 
basis set Ll . The experimental values are 9.61 [10] and 
3.383 ± 0.001 [11] eV, respectively. Another example con-
cerns the two lowest-lying excited singlet states, 21Ag and 
11B1u , of TCNQ with calculated excitation energies of 3.12 
(adiabatic) and 3.54 eV, respectively, using basis set Sl . 
The two states may explain the shape of the fluorescence 
spectrum of TCNQ at 3–4 eV obtained by Chaki et al. 
[16], and data from the experiment suggest the excitation 
energies 3.01 eV for 21Ag and 3.42 or 3.60 eV for 11B1u 

Table 8  Excited states of 
TCNQ2− (in eV) at CASPT2a 
level of theoryb

a shift = 0.20 H
b Geometry: optimized GS ( 11Ag ) at CASPT2 level of theory
c State in boldface is strongly absorbing from the GS
d Excitation to a diffuse orbital

Statec Main config Basis set/active space

Ss/M Sl/M Ls/M Lm/M Ll/M Sl/L Sl/L⟂

13Ag
b3u → b3u 4.84 4.81 4.76 4.77 4.72d 4.79 4.87

23B2u
b2g → au – – – – – 4.70 –

23B3g
b3u → au 4.54 4.51 4.49 4.50 4.48 4.55 4.58

13B3g
b2g → b1g – – – – – 4.48 –

23B1u
b1g → au 4.42 4.49 4.47 4.48 4.48 4.08 4.47

13B1u
b2g → b3u 3.23 3.23 3.20 3.21 3.17 2.94 3.21

13B2u
b2g → au 3.19 3.16 3.16 3.15 3.13 3.07 3.17

2
1
B
2u

b2g → au – – – – – 4.93 –

11B3g
b3u → au 4.68 4.64 4.62 4.63 4.59 4.77 4.71

1
1
B
1u

b2g → b3u 3.92 3.94 4.15d 4.19d 3.82d 3.88 4.05

11B2u
b2g → au 3.30 3.25 3.24 3.24 3.21 3.04 3.27
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[16]. A third example has to do with electron attachment 
of TCNQ. According to experiment electrons with ener-
gies 0, 0.5 and 1.4 eV are attached [19]. The calculations 
suggest the values −0.03 , 0.46 and 1.44 eV (using basis 
set Sl ) and the corresponding states 12B1g , 22B2g and 32B3u . 
The fourth and final example involves the TCNQ dianion 
and its second lowest-lying excited singlet state ( 11B1u ). 
The calculated transition energy from the GS is 3.88 eV 
(with basis set Sl ), which agrees well with the experimen-
tal value of 3.71 eV [23].
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