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We have investigated the charge transfer mechanism in single crystals of DTBDT-TCNQ and DTBDT-
F4TCNQ, (where DTBDT is dithieno[2,3-d;2′,3′-d′] benzo[1,2-b;4,5-b′]dithiophene), using a combination of
near-edge X-ray absorption spectroscopy (NEXAFS) and density functional theory calculations (DFT) in-
cluding final state effects beyond the sudden state approximation. In particular, we find that a description
that considers the partial screening of the electron-hole Coulomb correlation on a static level as well as the
rearrangement of electronic density shows excellent agreement with experiment and allows to uncover the
details of the charge transfer mechanism in DTBDT-TCNQ and DTBDT- F4TCNQ, as well as a reinterpre-
tation of previous NEXAFS data on pure TCNQ. Finally, we further show that almost the same quality of
agreement between theoretical results and experiment is obtained by the much faster Z+1/2 approximation,
where the core hole effects are simulated by replacing N or F with atomic number Z with the neighboring
atom with atomic number Z+1/2.
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I. INTRODUCTION

Novel charge-transfer (CT) compounds based on low-
dimensional organic materials with π-conjugated rings
decorated with different ligands offer a huge potential
for variability and unconventional behavior in mate-
rials research. The design of new organic molecules
and their combinations provide compounds with un-
usual properties like superconductivity, magnetism, spin
density waves or charge density waves1. Many of the
organic conductors and superconductors are based on
the bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF)
donor combined with various acceptors2,3. In this con-
text, polycyano derivatives have mainly been used as ac-
ceptors like tetracyanoquinodimethane (TCNQ)1,4. Such
systems are very promising in potential applications in
organic electronics and solar cell systems5.

On the other hand, P-type organic semiconductors
are indispensable for diodes and complementary circuits
with a high operation speed and low power consumption
and which are widely represented by oligo- and poly-
thiophenes6. The interest on such building blocks for
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complex electronic systems is due to the high polariz-
ability of the sulfur atoms in thiophenes leading to a sta-
bilization of the whole molecular system and excellent
charge carrier transport7. Furthermore, a possible tun-
ing of electronic properties can be achieved by varying
the structural particularities.

Charge transfer complexes are also interesting from the
fundamental research perspective as model systems with
new electronic states in comparison to pure donor and
acceptor phases. A few examples of CT complexes have
been intensively investigated in the past focusing mainly
on the electronic structure8–12.

Recently, a new class of donors represented by deriva-
tives of the compound dithieno[2,3-d;2′,3′-d′]benzo[1,2-
b;4,5-b′]dithiophene, abbreviated as DTBDT (Fig. 1)
were synthesized13. Based on this precursor with alkyl
groups, thin films of the CT mixture DTBDT-F4TCNQ
have been obtained by molecular beam epitaxy in ultra-
high vacuum and characterized by scanning tunneling mi-
croscopy14.

As it has been shown in a few studies on organic com-
plexes15–20 NEXAFS (near edge X-ray absorption fine
structure) spectroscopy21,22 is a powerful method for in-
vestigating the orbital-resolved charge transfer process.
Furthermore, this method is not surface-sensitive and
not destructive. The rather large probing depth of 3-5
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FIG. 1. (a) Molecular structures of the thiophene based donor
DTBDT and acceptors TCNQ and F4TCNQ. Bond lengths
a, b, c, and d are shown for the TCNQ molecule that directly
correlate with the charge transfer in the complex (see the
text); (b) needle-shaped crystals of DTBDT-TCNQ and (c)
DTBDT-F4TCNQ, grown by gas-phase crystallization; orien-
tation on the sample holder of (d) DTBDT-TCNQ and (e)
DTBDT-F4TCNQ crystals with marked dimensions during
NEXAFS measurements.

nm and instrumental resolution better than 30 meV al-
lows for the ability to follow the change in occupancy of
molecular orbitals and therefore facilitates a very precise
analysis of the electronic structure in an orbital selective
manner17. Theoretically, the calculation of X-ray absorp-
tion spectra has a long history23,24. Slaters transition
state method25 has been used in calculations of core to π∗
excitation energies of small molecules26 and in quantum
chemical NEXAFS studies27. The half-core hole method
has been applied in calculations for large molecules28. In
periodic density functional calculations, X-ray absorption
spectroscopy has for example been studied for ice and wa-
ter29. X-ray absorption spectra can be calculated within
popular plane wave codes30,31. Recently, the determi-
nation of core level spectra via Bethe-Salpeter equations
has been introduced into a multiple-scattering code32.

In this work we present combined NEXAFS measure-
ments with density functional theory (DFT) calcula-
tions33,34 for gas-phase crystallized molecular crystals of
donor DTBDT in combination with two acceptors of dif-
ferent strength: TCNQ and F4TCNQ (see Fig. 1 for de-
tails of the crystals). Our results show clearly that in
order to interpret NEXAFS observations final state ef-
fects have to be taken into account in the calculations;
this leads to some changes in peak assignment compared
to previous studies35 relying on the initial state approx-

imation for the interpretation of NEXAFS spectra. The
discussion of charge transfer complex formation is based
on a quantitative comparison of the measurements and
the DFT calculations in several different approximations.
Since NEXAFS measurements give direct access to the
unoccupied electronic states of the material, it is pos-
sible to compare and discuss even subtle changes and
differences in the electronic structure due to the charge
transfer process.

II. EXPERIMENTAL METHODS

The DTBDT donor molecules were synthesized as
described in Ref.13. Acceptor molecules TCNQ and
F4TCNQ were commercially available (Fisher Scientific,
TCI).

Single crystals of the CT compounds were grown by
physical vapor transport36,37. The starting materials, 6
mg of DTBDT and 8 mg of TCNQ or F4TCNQ, were
ground together and transferred into a glass ampoule,
which was cleaned by ethanol and acetone and baked
in a box furnace for at least 24 hours to remove wa-
ter. The glass ampoule was evacuated (p ∼ 10−3 mbar),
sealed and placed into a horizontal oven with a temper-
ature gradient. The source material was positioned at
the hottest zone at around 225◦C. Dark, needle-shaped
CT crystals form at 190-200◦C. The growth procedure
lasted ∼50 hours and the ampoule was removed from the
hot oven after the starting material was completely sub-
limated. The ampoule was opened and the dark needles
were collected from the walls (Fig. 1). The structure of
the single crystals was determined by X-ray diffraction.
Results of the crystal structure of DTBDT-TCNQ and
DTBDT-F4TCNQ are presented in Fig. 2 and Table I
and in more detail in the Supplementary Materials

Infrared (IR) spectroscopy was carried out on poly-
crystalline samples of DTBDT-TCNQ and DTBDT-
F4TCNQ and compared to spectra recorded from pow-
ders of pure acceptors TCNQ and F4TCNQ, respectively.
Spectra were obtained using a Nicolet 730 FT-IR spec-
trometer between 4000 and 500 cm−1 at room tempera-
ture. Resolution of the measurements was 1 cm−1.

The NEXAFS measurements were performed at the
soft X-ray beamline I1011 at MAX II, Lund (Sweden),
at an energy resolution of 120 meV and 200 meV for N
1s and F 1s, respectively, where the drain current from
the sample was recorded. The total electron yield origi-
nated from a subsequent Auger process that neutralizes
the core hole and led to the emission of Auger electrons
which in a secondary process were transformed into slow
secondary electrons. The information depth was about 5
nm, corresponding to approximately 15 molecular layers,
which was sufficient for yielding information on the bulk
of the crystallites.

Because the charge transfer process mainly alters the
unoccupied states of the acceptor, we have investigated
nitrogen and fluorine K-edge spectra which are specific
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FIG. 2. Overview of the crystal structures of DTBDT-TCNQ
(left) and DTBDT-F4TCNQ (right). DTBDT-TCNQ: (a)
mixed stack in b direction. (b) view along the b axis; DTBDT-
F4TCNQ: (c) mixed stack in a direction, (d) view along the
a axis.

to the acceptor orbitals. Spectra from the mixed phase
crystals with DTBDT donor molecules were compared
to spectra of the pure acceptor moieties. All measure-
ments were performed for powders of the pure acceptor
and donor molecules and for a large number of mixed-
phase crystals glued to a copper sample holder at room
temperature in different orientations (see Fig. 1 (d) (e)).

III. THEORETICAL METHODS

Based on the experimentally determined crystal struc-
tures of TCNQ38, F4TCNQ39, DTBDT-TCNQ and
DTBDT-F4TCNQ, ab-initio calculations were performed
using a number of quantum chemistry and density func-
tional theory codes. The single molecule gas phase calcu-
lations have been carried out with the program package
ORCA40 in the framework of DFT and TDDFT. To this
end, the B3LYP functional41–43 in combination with the
Ahlrichs VDZ basis set with (d, p)-polarisation functions
and diffuse functions from the aug-cc-pVDZ basis has
been utilised44,45. The optimised structures of the single
molecules were verified by frequency analysis. For the
analysis of the NEXAFS spectra of TCNQ and F4TCNQ
molecular crystals, we used the full-potential linearized
augmented plane-wave basis (FLAPW) as implemented
in the Wien2k package46. We calculate NEXAFS spectra
using the XSPEC program47,48 integrated into Wien2k
using integer and fractional core holes49. The general-
ized gradient approximation in the Perdew, Burke, Ernz-
erhof (PBE) form50 was used. For DFT calculation of
TCNQ and F4TCNQ in the LAPW basis we employed
a k-mesh of dimension 9 × 3 × 9. We used a value of
RKMAX = Rmt ·KMax = 7, which defines the size of the

TABLE I. Crystallographic data for DTBDT-TCNQ and
DTBDT-F4TCNQ crystals.

Crystal data DTBDT-TCNQ DTBDT-F4TCNQ

Chemical formula C26H10N4S4 C26H6F4N4S4

Formula weight 506.66 578.59
Crystal system Triclinic Triclinic
Space group P -1 P -1
Unit cell dimensions a=7.5227(3)

◦
A, a=7.7585(15)

◦
A,

b=7.8873(3)
◦
A, b=7.8305(13)

◦
A,

c=9.2504(5)
◦
A, c=9.4063(18)

◦
A,

α=101.503(3)◦, α=99.027(14)◦,
β=99.140(2)◦, β=100.553(15)◦,
γ=96.410(3)◦ γ=94.654(15)◦,

Volume 525.15(4)
◦
A3 551.27(18)

◦
A3

Z 1 1
Crystal size (mm) 0.080 x 0.110 x 0.420 0.410 x 0.080 x 0.040

basis set and where Rmt is the smallest muffin tin radius
and KMax is the largest wave number. The calculation
was converged to within 10−4 eV accuracy of the total en-
ergy and 10−5 e of the total charge. Finally, calculations
for all molecular crystals discussed in this work were per-
formed using the full potential local orbital (FPLO) ba-
sis set51 and the PBE exchange-correlation functional50.
Note that FPLO is an all electron fixed basis set method
so that the basis set quality does not need to be speci-
fied. The self-consistent charge density allowed extract-
ing the charge transfer as determined from the excess
charge on TCNQ or F4TCNQ; due to the expansion in
terms of local orbitals, a precise local decomposition of
the total charge density is possible. A k-mesh of at least
10 × 10 × 10 points was used to converge the electronic
structures of all compounds. Convergence of half core
hole spectra was checked using 24 × 24 × 24 k meshes.

IV. RESULTS AND DISCUSSION

A. Crystal structure of DTBDT-TCNQ and
DTBDT-F4TCNQ

The crystal structures of DTBDT, DTBDT-TCNQ
and DTBDT-F4TCNQ were obtained by single-crystal
X-ray diffraction. Figure 2 shows the crystal structure
of both CT complexes. DTBDT-TCNQ forms mixed
stacks along the b-axis and DTBDT-F4TCNQ forms
mixed stacks along the a-axis, where the DTBDT and
the TCNQ or F4TCNQ alternate, respectively. The for-
mation of the mixed-stack structure minimizes the elec-
trostatic energy of the partially ionized donor and accep-
tor molecules, while covalent intermolecular bonding be-
tween DTBDT molecules via the sulphur orbitals plays a
less important role. Both crystal structures are triclinic
with space group P 1̄. Detailed structural information
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about the compounds is provided in the Supplementary
Materials section.

B. Infrared spectroscopy

IR spectra of the C≡N stretching vibration were mea-
sured at room temperature for pure acceptor powders
TCNQ and F4TCNQ and for crystals of the mixed phases
DTBDT-TCNQ and DTBDT-F4TCNQ. In the mixed
crystals of DTBDT-TCNQ (Fig. 3 (a)) the vibration
frequency was red-shifted to ωCT = 2213.9 cm−1 with
ω0 = 2223.5 cm−1 and ω1 = 2183 cm−1 (in Ref.52). Due
to the asymmetric line shape, the estimated error of the
frequency values was 0.4 cm−1. This is indicative of a
charge transfer on the order of 0.24(1) e, determined from
eq. (1)53:

ρ =
2(ω0 − ωCT)

ω0

(
1 − ω2

1

ω2
0

) , (1)

where ω0, ω1 and ωCT denote the frequencies of the C≡N
stretching modes for neutral acceptor, anion (where ρ=1)
and the charge transfer salt, respectively. This equation
has been previously applied to both TCNQ and F4TCNQ
acceptors, and other molecules11,36,54,55 that will serve
for comparison cases.

For the DTBDT-F4TCNQ crystals the vibration fre-
quencies were: ωCT = 2219.8 cm−1, ω0 = 2227.8 cm−1
and ω1 = 2190 cm−1 according to Ref.56. In this case
the obtained result for CT was 0.21(1) e (Fig. 3 (b)).
The charge transfer is usually proportional to the elec-
tron affinity (Ee.a.) of the acceptor molecule. Therefore,
following this simple argument, one would expect a larger
charge transfer in the case of the F4TCNQ (Ee.a. ≈ 5.2
eV) compared to the TCNQ (Ee.a. ≈ 4.8 eV) based com-
pound. In contrast, the IR-spectroscopy suggests the op-
posite effect, the charge transfer in DTBDT-F4TCNQ
is slightly smaller than in DTBDT-TCNQ. The same in-
verse dependence of the acceptor electron affinity and the
charge transfer was observed by Rudloff et al.11 on the
systems TMP-TCNQ and TMP-F4TCNQ .

In Table II the experimental values of the charge trans-
fer obtained from infrared spectroscopy and conductiv-
ity measurements are compared with theoretical values
obtained from DFT33,34 electronic structure calculations
by employing the FPLO51 basis and the PBE exchange-
correlation functional50. The charge transfer was ob-
tained in terms of the calculated charges on the atoms.
Comparison of the theoretical results with the IR-based
values shows a reasonable agreement although the the-
oretical values follow the expectation of a larger charge
transfer for stronger acceptor electron affinity in contrast
to the experimental observation. Experimentally, the re-
versed order is at the limit of uncertainty (error ±0.01).
Table II also shows the calculated band gaps between
the HOMO of the donor and the LUMO of the acceptor

FIG. 3. (a) IR spectra of the C≡N stretching vibration in
TCNQ powder and crystals of the CT complex DTBDT-
TCNQ; (b) same for F4TCNQ and DTBDT-F4TCNQ.

molecule that compare well with those extracted from
electronic transport measurements (see Supplementary
Materials).

It should be noted that the calculated gap is the dis-
tance between the top of the valence band (upper edge of
HOMO) and the bottom of the conduction band (lower
edge of LUMO). The experimental gap ∆E, determined
from the Arrhenius plot agrees very well with the calcu-
lated values (see Table 2).

C. Near-edge X-ray absorption fine structure

Experimental results for the nitrogen and fluorine
K-edges NEXAFS spectra for DTBDT-TCNQ and
DTBDT-F4TCNQ are shown in Figure 4. Nitrogen
and fluorine are exclusively present in the acceptor (see
Fig. 1 (a)). Therefore, it is possible to follow the change
of the unoccupied charge density distribution of the ac-
ceptor upon formation of the complex without interfering
with orbitals that are localized at the donor.

The nitrogen K-edge NEXAFS spectra of TCNQ
(Fig. 4 (a)) consist of peaks A-D. Note that the ma-
jor signal (B) is not split into two components as in
previous works17,35, as is evident from theory (see be-
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TABLE II. Values from DFT calculations for the charge ρ on TCNQ-F4TCNQ and the band gap for both DTBDT-TCNQ
and DTBDT-F4TCNQ crystals in comparison to experimental values.

ρ (e) Charge gap (eV) ρ (e) ∆E (eV)
From DFT calculations From IR

spectroscopy
From transport
measurements

DTBDT-TCNQ 0.31 0.48 0.24(1) 0.51(1)
DTBDT-F4TCNQ 0.36 0.34 0.21(1) 0.36(1)

low). The peak maxima are located at photon energies
of 396.21, 398.17, 399.17 and 400.96 eV, respectively, as
determined by the fit routine. Comparing the nitrogen
K-edge spectra of the DTBDT-TCNQ microcrystals with
pure TCNQ (Fig. 4 (a)), two main changes should be no-
ticed: firstly, peak A decreases and broadens. Secondly,
the intensity decrease of the high energy tail of peak B
masks peak C. In addition, an overall decrease of the
absorption intensity is observed, which is attributed to
the lower concentration of nitrogen atoms in the mixed
compound (16 % less in relation to crystalline TCNQ).

Due to the similar configuration of the cyano groups
in TCNQ and F4TCNQ, their nitrogen K-edge spectra
have similar shapes. Therefore, the spectra for F4TCNQ
are also characterized by peaks A-D with slightly shifted
positions of the maxima at 395.98, 398.21, 399.35 and
401.25 eV, respectively (Fig. 4 (b)). Similarly to the pre-
vious case, in the nitrogen spectra for DTBDT-F4TCNQ
the intensity of the highest peak B is lower due to lower
nitrogen content. Peaks A and C have higher intensities,
which will be discussed below. Figure 4 (c) shows the flu-
orine K-edge NEXAFS spectra of DTBDT-F4TCNQ in
comparison to the pure acceptor F4TCNQ. The spectra
consist of peaks F-I and a weak signal E in the low-energy
shoulder of peak F. The intensity is decreased in the CT
compound for all peaks due to the fluorine abundance.

NEXAFS is a local probe with high chemical selectiv-
ity. In NEXAFS the final state has a hole in the core state
and an additional electron in the conduction band. In or-
der to provide a detailed interpretation of the NEXAFS
measurements we have calculated NEXAFS spectra in
the framework of density functional theory (DFT) with
four different methods: (i) The so-called sudden state
approximation or ground state approximation which as-
sumes that the time of the interaction of the X-ray pho-
ton with the electronic subsystem is much shorter than
the typical timescale for spatial rearrangement of the
electronic density. Therefore, the spectra can be calcu-
lated in terms of the ground-state (partial nitrogen or
fluorine) density of states (DOS). (ii) A method which
improves upon the previous plain DFT density of states is
the calculation of the excitation spectrum through time-
dependent DFT (TDDFT)57,58. We performed calcula-
tions for the molecules with the ORCA package40. (iii)
A third approach which considers the screening of the
electron-hole Coulomb correlation on a static level as well
as the rearrangement of electronic density, is the core-hole
(supercell) approximation. The idea of this approach is
to remove one core electron (or a fraction of it) on one

atom in the (super-)cell with P 1 symmetry and add it in
the conduction band. In this approach, the double dif-
ferential scattering cross-section is calculated in the Born
approximation47,48. We performed these calculations for
the molecular crystals with the Wien2k package46. These
calculations contain the key ingredients of the NEXAFS
process but they are computer intensive, therefore (iv)
we also tested the so-called Z+1 approximation which
consists in replacing one N atom (for nitrogen K-edge
NEXAFS) or one F atom (for fluorine K-edge NEXAFS)
with atomic number Z by the neighboring atom with
atomic number Z+1 or Z+1/2 (see Fig. 5). This as-
sumes that the lifetime of the excitation is much longer
than the electronic timescale. A compromise between
the two end cases (Z versus Z+1) can be obtained by
considering a fractional Z+1/2. We performed Z+1 and
Z+1/2 calculations with the FPLO code51.

We first tested the four methods for the pure accep-
tors TCNQ (see Fig. 6) and F4TCNQ (see Supplemen-
tary Material, Figs. S6 and S7). The spectra obtained
in the FLAPW basis are generated via a product of the
partial density of states and the corresponding matrix
elements and transition probabilities cannot be directly
compared to experiment in absolute value. We show
therefore the resulting spectra in arbitrary units. A closer
look at Fig. 6 shows that the sudden state approximation
or plain DFT (case (i)) provides a very poor description
of nitrogen K-edge NEXAFS for TCNQ. Neither the N
2p density of states (DOS) on an atom in the molecule
(shaded region in Fig. 6 (a)) nor its convoluted form (red
line) reproduce the measured NEXAFS spectra. Previ-
ous works15,35 used this approach to identify the origin
of the peaks observed in NEXAFS. However, in order to
reach a reasonable agreement between theory and exper-
iment, assumptions on energy shifts and on the absence
of certain peaks in NEXAFS were necessary.

An improvement upon simple partial N 2p DOS is ob-
tained by calculating the excitation spectrum of the sys-
tem via TDDFT (Fig. 6 (b)). The dominating peak of the
theoretical spectrum (orange curve) is now only 0.55 eV
above the experimental peak B and the spectral weights
of the peaks agree reasonably well. Including the effect of
the screening of one full core hole and corresponding rear-
rangement of the electronic density (Fig. 6 (c)) (case (iii))
produces the desired four main peaks observed in the
NEXAFS spectrum but their positions were not yet well
accounted for. However, when we reduce the strength
of screening in the calculation by considering only half a
core hole (Fig. 6 (d)), we observe an excellent agreement
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FIG. 4. Nitrogen (a, b) and fluorine (c) K-edge spectra for
pure acceptors and the CT complexes investigated in this
work. Spectra of pure acceptors are scaled to 1 at maximum
intensity, spectra of CT compounds have correct relative in-
tensities accordingly. The intensity changes partly reflect the
different atom densities in pure moieties and compounds.

with experiment without further adjustment of parame-
ters. A similar approach has proven successful for atomic
calculations where the Slater integrals are reduced with
respect to the Hartree-Fock values59. This agreement
was also observed in all other test cases considered (ni-
trogen and fluorine K-edge NEXAFS for F4TCNQ) as
shown in the Supplementary Information. This would
suggest to consider this approach as the method of choice.
These calculations are, however, computer intensive and
we performed, as a last test, calculations with the much

FIG. 5. Positions of the probed nitrogen and fluorine atoms
in the CT complex.

faster Z+1/2 approximation (case (iv)). This approxi-
mation gave for the systems studied here very similar re-
sults to the half core-hole approach (compare Figs. 6 (d)
and 7 (a)), and we performed all computations hereafter
with the Z+1/2 method. We aligned experimental and
theoretical spectra by choosing an appropriate reference
energy Ereference. In the case of the experimental spec-
tra, this is the maximum of the first observed peak, which
means that Ereference ≈ 396.2 eV in the case of nitrogen
K shell spectra. Note that the precise value of this en-
ergy was dependent on the day to day calibration of the
photon beam energy, however, varying by not more than
0.5 eV. For the theoretical spectra, Ereference is given by
the energy of the lowest unoccupied peak in the density
of states, corresponding to the LUMO level.

Figure 7 presents a summary on the comparison be-
tween the experimental NEXAFS data for all systems
and the calculated spectra obtained with the Z+1/2
method. We plotted both, the 2p DOS of the Z+1/2
atom (shaded regions) as well as the convoluted results
(blue lines), assuming a lifetime broadening of Γ = 0.5
eV for nitrogen and Γ = 1.5 eV for fluorine. The agree-
ment with the experimental NEXAFS data is remarkable
and sets the stage for interpreting the experimental ob-
servations.

For the peak assignment we relate in Figs. 8 (a), (b) the
TCNQ Z+1/2 p DOS (which reproduces the experimen-
tal results) with the DOS in TCNQ. Keeping in mind that
NEXAFS is a local probe that provides information on
the N 2p states and through them, of the bonding related
to the nitrogen atoms, we observe that the most promi-
nent peak B corresponds directly to the newly created
2p state through the core hole excitation (sharp peak at
2.2 eV in Fig. 8 (b)). Peak A corresponds to the LUMO
level of TCNQ which is a σ* resonance originating from
the lowest empty orbitals from the cyano groups in the
TCNQ molecule. Peaks C and D are directly associated
with the higher unoccupied nitrogen 2p levels hybridiz-
ing with carbon states (a molecular orbital picture of the
higher energy levels is unrealistic due to the high delocal-
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sudden state approximation

LAPW                                                              LAPW

FIG. 6. Nitrogen K-edge spectra for TCNQ calculated with various methods described in the text compared to experimental
NEXAFS data (black circles) scaled to 1 at maximum intensity. The spectra (colored curves) in (a), (c), (d) were multiplied by
the same factor to make them comparable. The spectrum in (b) was obtained from the DOS by convolution with an assumed
half width of Γ = 0.5 eV. The energy scale is explained in the text.

ization of these states). A similar analysis can be done for
the acceptor F4TCNQ (see Supplementary Information,
Fig. S8).

In order to identify the peak structure in the com-
pounds, we show in Figs. 8 (c), (d) the comparison
between the DOS of DTBDT-TCNQ and the DOS of
DTBDT-TCNQ where a nitrogen atom has been substi-
tuted by a Z+1/2 atom (see Fig. 5 for the location of
the nitrogen atom in the crystal structure). In Fig. 8 (d)
the empty N(Z+1/2) states with p-character are plotted
(blue curve) which correspond to strong NEXAFS signals
because of the large matrix element of the 1s - 2p dipole
transition. Again, it is obvious that peak B corresponds

to the newly created state through the core-hole that is
partly hybridized with the LUMO+2 of the complex in
the ground-state.

Since we are mostly interested in understanding the
different charge transfer in DTBDT-TCNQ with respect
to DTBDT-F4TCNQ we also show in Fig. 9 the DOS
comparison in DTBDT-F4TCNQ.We observe a high sim-
ilarity of the results in the vicinity of the Fermi energy
in the initial state. The excited core hole provokes a sim-
ilar shift of the higher lying unoccupied states towards
the LUMO as in the case of DTBDT-TCNQ. In addi-
tion, Fig. 9 (c) shows the unoccupied orbitals localized
at the F atom. The contribution of fluorine orbitals to
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FIG. 7. Nitrogen and fluorine K-edge NEXAFS measurements (black circles) in comparison with calculated results. Grey lines
represent the local 2p densities of states for the ion with Z increased by 1/2. Blue lines represent the same data, but broadened
with Γ = 0.5 eV for (a) to (d), and with Γ = 1.5 eV for (e) and (f). Experimental spectra of pure acceptors are scaled to 1
at maximum intensity, spectra of CT compounds have correct relative intensities accordingly. The energy scale is explained in
the text.
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FIG. 8. (a) DOS in TCNQ, (b) DOS in TCNQ with Z+1/2
for one nitrogen, (c) DOS in DTBDT-TCNQ (d) DOS in
DTBDT-TCNQ Z+1/2.

the LUMO is very small.
The good agreement of the main peak positions ob-

served in experiment and theory suggests that for both
compounds peak A originates from the LUMO, which
is located very close to the Fermi energy. Accordingly,
this orbital carries signatures of the charge transfer. The
higher lying orbitals (peaks B, C and D) observed in the
experiment are apparently shifted to lower energies by
the core hole which is only partially screened. In the ini-
tial state they are separated from the LUMO by more
than 1 eV and it is therefore unlikely that these orbitals
take part in the charge transfer process.

For the assignment of the molecular states we have
calculated Wannier functions for the conduction band,
originating mostly from the LUMO orbital of the ac-
ceptor molecules (see Fig. 10). In both compounds, the
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FIG. 9. (a) Density of states in DTBDT-F4TCNQ, (b) same
in DTBDT-F4TCNQ with Z+1/2 for one nitrogen, and (c)
same with Z+1/2 for one fluorine.

LUMO orbital is located nearly completely at the accep-
tor molecule. The theoretical results reveal that changes
of the DOS weight of the LUMO comparing pure accep-
tor molecules with the CT compound are very subtle.
This reflects the comparatively small charge transfer of a
fraction of an electron per molecule. The absolute value
of the charge transfer is in fact slightly larger for the
case of F4TCNQ as also obtained from the calculations
(see Table II first column). However, it does not agree
with the estimates derived from the IR measurements
(see Table II third column). This discrepancy may orig-
inate from the maybe too simplified form of Eq. (1) and
requires further investigation.

The contribution of the LUMO localized at the nitro-
gen atom is again a fraction of the total LUMO. Since the
fractional core hole does not change the integrated DOS
of the LUMO one can also discuss the theoretical results
shown in Figs. 7 (a) to (d) comparing the intensities of
peak A in the pure acceptor with the mixed compound
for the presence of half a core hole.

In DTBDT-TCNQ we observe both in the theoretical
prediction and the experimental results that peak A de-
creases between the pure acceptor and the CT system. In
contrast, for DTBDT-F4TCNQ peak A shows an unex-
pected relative increase. The reason for this observation
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FIG. 10. Wannier functions for the conduction band of (a) TCNQ, (b) DTBDT-TCNQ, and (c) DTBDT-F4TCNQ. These
Wannier functions are similar in shape to the LUMO orbital of TCNQ/F4TCNQ molecules but have tails reflecting the
hybridization of the acceptor molecules in the crystal.

could be a preferential flat orientation of the DTBDT-
F4TCNQ single crystals on the sample holder. Please
note, that DTBDT-F4TCNQ and DTBDT-TCNQ crys-
tals have different macroscopic shapes (see Fig. 1). In
this case the assumption of random orientation is not
fulfilled and the preferential orientation very likely leads
to a different excitation probability into the LUMO state
in both compounds.

As the relative peak heights are no longer a conclusive
measure of the charge transfer, we discuss in the follow-
ing the peak widths. Compared to the pure acceptor
molecules, peak A broadens in the compounds. In the
case of DTBDT-TCNQ, peak A even forms a flat region,
while in the case of DTBDT-F4TCNQ peak A develops
a shoulder towards higher photon energy. This directly
reflects the theoretical result of a band broadening of
the LUMO caused by hybridization. Without consider-
ing the lifetime broadening, the calculated LUMO band-
width for the pure acceptor molecules is about 0.1 eV. For
the compounds it increases to 0.2 eV (DTBDT-TCNQ)

and 0.3 eV (DTBDT-F4TCNQ).
More insight into the charge transfer process is gained

from the Wannier functions shown in Fig. 10. It can
be clearly seen that the LUMO extends to the adjacent
donor molecules for both CT compounds. While the
amount of intermolecular charge transfer is rather similar
for both compounds, the intramolecular charge transfer
shows subtle differences. In the case of DTBDT-TCNQ
the LUMO shows a larger weight at the cyano groups at
both ends of the TCNQmolecule. In the case of DTBDT-
F4TCNQ the LUMO weight is shifted more to the central
part of the F4TCNQ molecule. This might be caused by
the strong electronegativity of the four F atoms close to
the central part.

For other TCNQ based charge transfer compounds it
was proposed that the charge transfer is initiated by
charging the cyano groups60. These authors give the in-
terpretation that the ionization of the cyano groups aro-
matizes the central hexagon ring, which can only take
place by changing a specific bond from double to sin-
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gle. In such a scenario,the extra electron is thus ac-
commodated in one of the cyano groups, so that one of
the molecular ends remains radical in character, whereas
the other end loses the radicaloid character by accumu-
lating one extra electron. Bond conjugation at the di-
cyanomethylene ends, however, remains, so that both the
extra electron and the radical character are delocalized at
each cyano group. As a result one double bond is shifted
towards the central ring, which then would lead to the
formation of a delocalized (benzene-like) π-state at the
central ring. While there is no straightforward interpre-
tation of the shape of the Wannier functions in terms
of different types of bonding (single or double bonding),
inspection of the calculated Wannier functions Fig. 10
shows that an antisymmetric behavior of the LUMO is
conserved for both compounds and no delocalized π state
formation at the central ring seems to happen.

Additional support for this explanation can be gained
from the fluorine K-edge data. As can be deduced from
Fig. 7 (e)-(f), the LUMO shows up as the small signal E
at the low-energy onset of the NEXAFS spectrum, giving
evidence of a small overlap between F 1s and the LUMO
orbital. The same can be deduced from the small inten-
sity of the LUMO (at 0 eV) in the theory spectra (blue
curves in (e) and (f)). We also see from Fig. 10 (c) that
the LUMO has only a very small contribution located at
the fluorine sites.

V. SUMMARY

In summary, we have investigated the charge trans-
fer mechanism in single crystals of recently synthesized
DTBDT-TCNQ and DTBDT-F4TCNQ by considering a
combination of near-edge X-ray absorption spectroscopy
(NEXAFS) and density functional theory calculations
(DFT). We first tested various ab initio-based methods
in order to have an accurate interpretation of the NEX-
AFS observations including the sudden state approxima-
tion, the calculation of the excitation spectrum through
time-dependent DFT, the core-hole approximation and
the Z+1 or Z+1/2 approximation. This analysis showed
that a description that considers the partial screening of
the electron-hole Coulomb correlation on a static level as
well as the rearrangement of electronic density (half core-
hole approximation) best agrees with the experimental
observations and calls for a reinterpretation of previous
NEXAFS data on pure TCNQ. Furthermore we showed
that almost the same quality of agreement can be ob-
tained by the much faster Z+1/2 approximation, where
the core hole effects are simulated by replacing N or F
with atomic number Z with the neighboring atom with
atomic number Z+1/2.

Our calculations allowed a unique assignment of the ex-
perimentally observed NEXAFS peaks to molecular or-
bitals. For DTBDT-TCNQ and DTBDT-F4TCNQ the
peak at the lowest excitation energy in the nitrogen
and fluorine K-edge spectra were identified as originat-

ing from the LUMO orbital. The different behavior of
this peak comparing the two compounds indicates that
the charge transfer mechanism is modified by the fluo-
rine ligands and the resulting different crystal structure,
leading to approximately the same amount of electron
transfer, although the acceptor strength of F4TCNQ is
much larger. In particular, we found that while the
amount of intermolecular charge transfer is rather simi-
lar for both compounds, the intramolecular charge trans-
fer shows some differences that we quantified in terms
of LUMO weight distribution. In DTBDT-TCNQ the
LUMO has a larger weight at the cyano groups at both
ends of the TCNQ molecule while in DTBDT-F4TCNQ
the LUMO weight is shifted to the central region of the
F4TCNQ molecule, which might be caused by the strong
electronegativity of the four F atoms close to the central
region.

In conclusion, this study (i) sets a reliable and com-
putationally affordable theoretical framework for inves-
tigating NEXAFS spectra in molecular crystals and (ii)
shows that the charge transfer process in the newly syn-
thesized DTBDT-TCNQ and DTBDT-F4TCNQ differs
only in subtle details.
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