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ABSTRACT: Molecular doping is a charge-transfer process
intended to improve the electrical properties of organic
semiconductors and the efficiency of organic electronic devices,
by incorporation of a complex-forming, strong molecular electron
acceptor or donor. Using density functional theory methods with
dispersion corrections, we seek to monitor charge transfer and
estimate its amount via calculations of experimental observables.
With 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F,-TCNQ) as a p-dopant (electron acceptor) and an array of
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m-conjugated molecules as hole-transport materials (donors), the amount of charge transfer is seen to be a non-monotonic
function of the offset defined by the donor ionization potential (IP) and the acceptor electron affinity (EA), IP — IEAL
Interestingly, a well-defined, linear relationship between the amount of charge transfer and IP — |EAl is obtained when the IP and
EA values are adjusted to reflect intramolecular geometric changes in the final form of the complex. This study offers a
straightforward way to match donor—acceptor pairs with desired doping effects and to estimate the resulting charge density in

organic semiconductors.
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1. INTRODUCTION

Molecular doping of organic semiconductors has become a very
attractive venue for the development of efficient organic
(opto)electronic devices." Here, molecular doping refers to the
formation of charge-transfer complexes by combining appro-
priate pairs of electron donors and acceptors, with an aim to
achieve improvement on electrical properties such as charge
injection and conductivity.l_3 In p-type doping, an electron
acceptor acts as the dopant, and in n-type doping, an electron
donor does. It is commonly considered that, for efficient
p-doping, for instance, the electron affinity (EA) of the dopant
must be larger in magnitude than the ionization potential (IP)
of the host material."

The phenomenon of charge transfer in molecular complexes
is a well-studied subject, the foundation of which was laid by
Mulliken over half a century ago.* There are a number of
factors that govern the charge transfer, a few of the most
important being the donor IP—acceptor |IEAl offset and various
of

molecular doping as an effective tool to improve the

. . .56 .1
intermolecular interactions.” Successful demonstrations

performance of organic semiconductor devices have renewed
interest in charge transfer, now in a different context. For
example, by systematically varying the IP of the host material,
using various conjugated polymers, with respect to the EA of a
p-dopant, Yim et al. showed” that the smaller the IP of the
polymer, the more effective the doping is in increasing the
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electrical conductivity. Also, Avilov et al. investigated®
theoretically the role of charge transfer in the formation of
interface dipoles at organic—organic interfaces.

How the IP—IEAI offset affects the amount of charge transfer
depends critically on the strength of electronic coupling between
the donor and the acceptor. In the weak coupling limit, charge
transfer does not take place until the offset reaches a threshold
value, at which one electron is transferred;®° because of its bi-
radical nature, the ground-state electronic structure of such a
charge-transfer complex would require a multi-configurational
description.® However, with increasing electronic coupling, this
step-function-like transition is smeared and takes the form of a
stretched S-shape, and continuous partial charge transfer is
allowed.” When a large amount of partial charge transfer is
involved, as in molecular doping, single-reference methods such
as those based on the current formulation of density functional
theory (DFT) become a suitable alternative because these
methods inherently predict a continuous transfer of partial
charge.”

Here, we investigate p-doping by a very strong electron
acceptor, of a number of hole-transport molecules with
varying IPs, using dispersion-corrected density functional
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theory (DFT-D) methods. The electron acceptor we have
chosen is 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
(F,-TCNQ), a widely used p-dopant with a very high EA'*™"”
(see Figure 1 for the chemical structures). We explore how the
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Figure 1. Chemical structures of oligothiophene derivatives and
4,4',4"-tris(N,N-diphenylamino )triphenylamine (TDATA), as hole-
transport molecules, and 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodi-
methane (F,-TCNQ), as a p-dopant.

amount of charge transfer is manifested through experimental
observables, such as bond lengths, vibrational frequencies, and
the IP—IEAI offset, in the limits of strong electronic coupling
and high partial charge transfer. In doing so, we validate our
theoretical approach by comparing the results against a variety
of experimental data.

2. METHODOLOGY

The geometries of the charge-transfer complexes were optimized by
using DFT methods with the B3LYP functional and Grimme’s
dispersion corrections'®'® (B3LYP-D), and the 6-31+G(d) basis set.
The dispersion corrections, made at an empirical level, add little
computational cost. Initial guesses for the complex geometry were
constructed by varying intermolecular distance and orientation and
were subjected to geometry optimization without any geometrical
constraints. The geometries of the individual molecules in the neutral
and charged states were optimized at the B3LYP/6-31+G(d) level.
The crystal structure of pristine F,-TCNQ_ was optimized at the
B3LYP/6-31G(d) level with a uniform Monkhorst—Pack k-point mesh
of 4 X 6 X 6, in which the atomic positions in the unit cell were
relaxed, while the cell parameters were kept fixed at the experimental
values. For comparison, some of the calculations were also carried out
at the RI-MP2/aug-cc-pVDZ level (resolution of the identity, second-
order Moller—Plesset perturbation theory with the aug-cc-pVDZ basis
set). RI methods are based on the approximate evaluation of the four-
centered two-electron integrals by using three-centered integrals,
which makes the calculation considerably faster.*°

Harmonic vibrational frequencies and intensities were calculated
(at the I'-point only in the case of the crystal). Calculated frequencies
were scaled by a factor of 0.9614, which has been shown to reproduce
the experimental frequencies very well.”' The simulation of IR spectra
was carried out by a Lorentzian convolution with a full width at half
maximum (fwhm) of 4.5 or 8§ cm™.

A fragment orbital approach,22 in combination with a basis set
orthogonalization procedure,23 was used to evaluate the effective
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transfer integral between the donor and the acceptor in the complex.
These calculations were performed at the B3LYP/6-31+G(d) level.

Time-dependent density functional theory (TDDFT) was used at
the B3LYP/6-31+G(d) level on the optimized ground-state geo-
metries to calculate the excitation energy and oscillator strength for
electronic transitions from the ground to excited states. The simulated
absorption spectra were then obtained as a Gaussian convolution with
a fwhm of 0.1 eV. The natural transition orbital (NTQ) approach,****
which provides a simple orbital interpretation of excitation, was used
to analyze and visualize the electronic excitations.

The TURBOMOLE 6.0°° and CRYSTAL06> packages were used
for molecular and crystal calculations, respectively, with the exception
of the transfer integrals, for which the Gaussian 03 package was used.”®
All presented results are those of the molecular calculations unless
labeled appropriately with “crystal.”

3. RESULTS AND DISCUSSION

3.1. Dispersion Interactions and Intermolecular
Geometry. The London dispersion forces represent an
attractive interaction arising from fluctuating charge distribu-
tions,” which is essential to describe the properties of many
molecular complexes in general.”'®*” In quantum-mechanical
terms, the dispersion interaction is a dynamic, long-range electron
correlation effect that is not captured by popular density
functionals.®® The DFT-D approach adds a simple empirical
dispersion correction to the DFT calculation,"®'®*' ™5 and has
been shown to provide a very efficient means to accurately
calculate binding energies®**” and geometries.*® In the following
example of p-doping of quaterthiophene (4T) by F,-TCNQ, we
illustrate the impact of having a proper description of the
dispersion interaction on the intermolecular structure, and thus the
amount of charge transfer, of a charge-transfer complex.

The F,-TCNQ/4T pair is a particularly relevant model
system for studying the doping process because one of the first
successful demonstrations of doping polymeric hole-transport
layers using F,-TCNQ was made in the case of poly(3-
hexylthiophene) (P3HT),”*’ which one can effectively
represent by 4T. Calculations at the B3LYP-D/6-31+G(d)
level, where F,-TCNQ_is moved along the long molecular axis
of 4T in a cofacial arrangement, lead to three energy-minimum
intermolecular geometries (see Figure 2).

[Fs-TCNQ/AT(2)] CT: 0.46¢

[F+-TCNQ/4T(3)] CT:0.43¢

Figure 2. B3LYP-D/6-31+G(d)-optimized geometries of the F,-
TCNQ/4T complex at three energy minima (top view, left; side view,
right). Interatomic distances between two molecules (in A) and the
amount of charge transfer, CT, are shown. For clarity, hydrogen atoms
are not shown in the side views.

The lowest energy geometry, denoted here by F,-TCNQ/
4T(1), is found when the F,-TCNQ center is located above the
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bond connecting the two inner thiophene rings; the complex
binding energy is calculated to be —35.6 kcal/mol. A second
geometry, F,-TCNQ/4T(2), is 3.0 kcal/mol higher in energy,
and places F,-TCNQ above the bond connecting the outer and
inner thiophene rings. F,-TCNQ/4T(3) is 5.6 kecal/mol higher
than the first geometry and finds the dopant above one of the
inner thiophene rings. The F,-TCNQ moiety, fully planar as an
isolated molecule, is now distorted and asymmetric in all three
optimized complexes. The shortest interatomic distance
between two molecules is in the range of 3.08—3.17 A. The
amount of charge transfer increases from 0.43e to 0.5le, with
increasing stability of the formed molecular complex.

When switching off the dispersion correction to recover the
standard B3LYP/6-31+G(d) methodology, we find, for F,-
TCNQ/4T(1), that there are three notable changes: (i) the
intermolecular distance increases significantly from 3.09 to 3.57 A;
(i) the intermolecular interaction energy decreases from —35.6
to —9.6 kcal/mol; and (iii) the charge transfer decreases from
0.51e to 0.36e. Additionally removing the diffuse functions
from the basis set, which leads to 6-31G(d), affects only slightly
the intermolecular distance (3.51 A) and charge transfer
(0.32¢). The results are collected in Table 1.

Table 1. Intermolecular Distance, d (A), Intermolecular
Interaction Energy, AE (kcal/mol), and the Amount of
Charge Transfer, CT (e), for the F,-TCNQ/4T(1) Complex,
as Calculated by DFT, DFT-D, and MP2

method® b AE CT

B3LYP/6-31G(d)//B3LYP/6-31G(d) 3.51 -92 0.32

B3LYP/6-31+G(d)//B3LYP/6-31+G(d) 3.57 -9.6 0.36

B3LYP-D/6-31+G(d)//B3LYP-D/6-31+4G(d)  3.09  —35.6 0.51
—31.0°

RI-MP2/aug-cc-pVDZ//B3LYP-D/6-31+G(d) ~ 3.09  —63.0 0.51
—41.2°

RI-MP2/aug-cc-pVDZ//RI-MP2/aug-cc-pVDZ ~ 2.82 -73.6 0.58
—48.0°

“In A//B, A denotes the method to calculate AE and CT, and B
denotes the method to optimize the geometry of the complex.
bShortest interatomic distance between two molecules. “Counterpoise-
corrected value.

RI-MP2/aug-cc-pVDZ gives a smaller intermolecular dis-
tance of 2.82 A and a larger interaction energy of —48.0
kcal/mol (counterpoise-corrected) than B3LYP-D/6-31+G(d).
This can be expected because MP2 tends to overestimate the
m—7 interaction energy.lg"m‘41 The amount of charge transfer is
0.58¢; however, at the same MP2 level but using the B3LYP-D/
6-31+G(d) geometry, the DFT-D value of 0.51e is recovered.

3.2. Bond Length Changes as a Quantitative Measure
of Charge Transfer. The extent of the intramolecular
geometric changes accompanying charge transfer is dictated
by the amount of charge transfer. Information on bond length
changes, as obtained by X-ray crystallography in particular, can
be used to estimate the transferred amount, as shown
experimentally for organic salts of TCNQ over a wide charge
transfer range.*~**

Shown in Figure 3a is the evolution of the bond lengths of
F,-TCNQ in going from the isolated neutral state to a charge-
transfer complex to the isolated anionic state. As expected, the
bond lengths of the complex fall between those of the neutral
and completely ionic species, an indication that the two
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Figure 3. Charge transfer as manifested in bond-length changes of
F,TCNQ. (a) Calculated bond lengths for the isolated neutral
molecule, the charge-transfer complex with 4T (CTC), and the mono-
anion. (b) Comparison of the charge transfer estimated from bond-
length changes (CTyong tengnn) Using eq 1, with the charge transfer
calculated directly from the natural population analysis (CT ), for all
complexes with various donors.

molecules in the complex have exchanged a partial charge. To
extract the amount of charge transfer p from the calculated
bond lengths of F,-TCNQ, we use the method proposed by
Kistenmacher et al.** for TCNQ;

Xct — %o
(X_l - (XO

P (1)
with a; = L/(l,+1,), where [ is the bond length, and subscript
i =0, —1, and CT denote the neutral molecule, the anion, and
the complex, respectively (see the inset of Figure 3a for the
bond labeling in our case of F,-TCNQ). This method accounts
for the lengthening of a double bond (bond 3) and the
shortening of two single bonds (bonds 2 and 4), all three of
which represent the most notable changes. The charge transfer
thus estimated from the (averaged) geometric changes is
plotted in Figure 3b against the charge transfer calculated
directly from the natural population analysis. The linearity of
the plot confirms the relevance of eq 1, which was derived from
experiment in the wide transfer range 0.2e—0.7¢,*~*
provides strong evidence of the suitability of our theoretical
method, especially in a high charge transfer regime.

Inspection of the fully optimized complex geometries
indicates that the intermolecular distance remains unchanged
among different complexes (or with increasing amount of
charge transfer) and thus confirms the validity of the frozen
geometry approximation commonly adopted for the inter-
molecular distance.*” Such an approximation, however, does
not hold for the intramolecular geometry; it is clear from Figure 3a
that constricting the intramolecular geometry would under-
estimate the amount of charge transfer to an extent that grows
with increasing amount of charge transfer.

and
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3.3. Vibrational Frequency Shifts as a Quantitative
Measure of Charge Transfer. Vibrational spectroscopy is an
important tool for investigating the degree of ground-state
charge transfer.**~*’ Stretching modes of the C=N triple
bonds in F,-TCNQ are sensitive to charge transfer and
observed in a spectral zone where no other resonance is found,
making these stretching modes ideally suited for such purposes.

Isolated F,-TCNQ is calculated to have four C=N
stretching modes with by, by, a, and by, symmetries, among
which only the b,, and b;, modes are IR-active to give rise to a
strong band at 2220 cm™! and a weak band at 2239 cm™},
respectively (see Figure 4 and Table 2). Experimentally, when
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ag 2234.83 cm’! by, 2238.68 cm™

Figure 4. Normal modes of C=N stretching in the isolated F,-TCNQ
molecule.

measured in chloroform solution, a strong peak is found at
2213 cm™! and a weak shoulder at around 2227 cm™.*
In going from the isolated neutral molecule to the isolated
anion, the calculated frequencies red-shift by 58 (b,,) and

46 (by,) cm™". These shifts are slightly larger than the experi-
mental values of 42 (b,,) and 34 (b,) cm™" for the anion in a
CH,CN solution.*

The frequencies of the C=N stretching modes in the
charge-transfer complexes, calculated at the B3LYP-D/
6-31+G(d) level, are collected in Table 3. There are four
common features among all complexes: (i) the red-shift with
respect to the neutral molecule is an increasing function of
charge transfer; (ii) the high-frequency b, mode has a stronger
intensity than the low-frequency b,, mode, which is the
opposite in the isolated neutral molecule; (iii) the by, and a,
modes that are IR-inactive in the neutral molecule and remain
inactive in the isolated anion are now IR-active as a result of the
lower symmetry of the complex; and (iv) the intensity of the a,
mode becomes so large as to exceed that of the neighboring b,
mode in some cases.

Figure S5 shows that the frequency red-shift grows
approximately linearly as the charge transfer increases, in
accord with the experimental observation that Bloch and co-
workers®® made among a number of TCNQ_salts. The lower
quality of the linearity visible in Figure S than what we saw in
Figure 3b can be related to the fact that the C=N stretching
modes in our complexes are quite uneven, unlike those in the
crystalline TCNQ_salts.

The fact that the b;, mode becomes stronger in intensity
than the b,, mode upon complex formation can be easily
associated with intramolecular geometric changes, as is clear
from the reversed intensities also seen in the isolated anion
(Table 2). Intermolecular contributions, though less obvious,
can be expected as well. We show below that the pristine crystal
of F,-TCNQ _is calculated to have the reversed intensities and
that the effect of the intermolecular interactions is general and
not specific to those involving charge transfer. In the pristine
crystal, F,-TCNQ molecules pack into an orthorhombic lattice

Table 2. Calculated Vibrational Frequencies @ (cm™) (Scaled by 0.9614) and Intensities (km/mol) for C=N Stretching Modes

in the Isolated Neutral Molecule and Anion of F,-TCNQ

F,-TCNQ F,-TCNQ F,-TCNQ F,-TCNQ™ F,-TCNQ™
B3LYP/6-31G(d) B3LYP/6-31+G(d) exp. (soln)*® B3LYP/6-31+G(d) exp. (soln)*

sym. 0] int. w int. 0] int. w int. w int.

by, 2227.28 0 2219.69 0 2161.50 0

by, 2227.22 6.03 2219.64 623 2213 strong 2161.62 179.91 2172 weak

a, 2242.65 0 2234.83 0 2196.82 0

by, 2246.40 0.36 2238.68 1.31 2227 weak 2193.16 437.70 2194 strong

Table 3. Vibrational Frequencies @ (cm™) (Scaled by 0.9614) and Intensities (km/mol) for the C=N Stretching Modes of
F,-TCNQ in the Charge-Transfer Complexes Calculated at the B3LYP-D/6-31+G(d) Level

F,-TCNQ/4T(1) F,-TCNQ/4(3-ET) F,-TCNQ/4(3-OET)
sym. @ int. Ao® @ int. Aw @ int. Aw
b3g 2205.30 11.29 14 2197.15 20.02 23 2189.86 47.53 30
[ 2206.08 12.09 14 2200.26 20.27 19 2193.02 33.17 27
ag 2224.87 85.54 10 2218.74 112.61 16 2213.52 267.49 21
by, 2228.02 119.89 11 2222.53 156.45 16 2218.71 135.06 20
F,-TCNQ/ST F,-TCNQ/6T F,-TCNQ/TDATA
sym. 0] int. Aw @ int. Aw [0} int. Aw
b3g 2200.89 24.60 18 2201.28 4.67 18 2177.72 33.19 42
b, 2201.20 20.75 18 2201.39 28.79 18 2185.47 35.14 34
ag 2219.85 131.63 15 2220.47 116.94 14 2203.26 235.68 32
by, 2223.89 70.76 15 2224.16 152.79 15 2210.64 286.05 28

“The red-shift, Aw, is with respect to the isolated neutral F,-TCNQ molecule.
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Figure S. Evolution of the C=N frequency red-shifts with increasing
charge transfer in F,-TCNQ_complexes. Data points for the isolated
F,-TCNQ anion are also shown. Each panel is for a different stretching
mode. Red-shifts are with respect to the isolated neutral molecule.

(Pbca space group with the unit cell parameters a = 14.678,
b = 9337, and ¢ = 8.174 A).>' The unit cell comprises four
molecules, each at an inversion center, and gives rise to a total
of 16 C=N stretching modes (see Table 4); the five IR-active

Table 4. Vibrational Frequencies @ (cm™') (Scaled by
0.9614) and Intensities (km/mol) for the C=N Stretching
Modes in the Pristine F,-TCNQ_Crystal Calculated at the
B3LYP/6-31G(d) Level

crystal solid film (exp.)¢

sym.” ® int. sym.” ® int.

A, 2235.03 0 by, 214 weak

By, 2235.07 0

B, 2235.56 4527

B, 223543 16.25

By, 223549 0 b

B, 223536 0

B2g 2235.83 0

Ay 2235.84 0

By, 225074 0 3

By 2250.82 0

Ag 2250.98 0

By, 2251.26 0

B,, 2252.49 532.61 b, 2227 strong

By, 225252 10.76

A, 225321 0

B, 2254.87 669.61

“Capital letters are used to distinguish the crystal from the isolated
molecule and complexes. bCorrespondin% symmetries of the isolated
F,-TCNQ molecule. “From Pingel et al.®

modes out of the 16 modes form two bands, one at about
2235 cm ™' (weak) and the other at 2252—2255 cm™ (strong),
as calculated at the B3LYP/6-31G(d) level. By comparing to
the vibrational modes of the isolated molecule, we find that the
weak and strong bands correspond to the b,, and b;, modes,
respectively. The fact that the relative intensities are reversed in
the solid state vs the isolated molecule, as illustrated again in
Figure 6 in the form of a simulated IR spectrum, is in excellent
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Figure 6. Simulated IR spectra of the C=N stretching modes for the
pristine F,-TCNQ_crystal and the F,-TCNQ/4(3-ET) complex. The
IR-inactive modes (in parentheses) are also given in the labeling of the
peaks. A fwhm of 4.5 cm™ was used in the simulations. Experimental
spectra for pristine F,-TCNQ>? and F,-TCNQ-doped P3HT** are also
shown for comparison.

agreement with the experimental results on solid films of
F,-TCNQ.*?

Comparison of the crystal frequencies to those of the isolated
neutral molecule reveals that there is a nearly rigid blue-shift of
about 15 cm™ for all calculated crystal frequencies with respect
to the isolated molecule. Experimentally, no gas phase data are
available for comparison (solution data show®” no frequency
shift), but experimental data on other CN-containing
compounds indicate that a gas-to-solid phase change does
not appear to cause any frequency shifts.”> We relate the likely
sources of this discrepancy (that add to the stiffening of the
bonds) to the slightly smaller basis sets (no diffuse functions)
and the absence of the attractive part of dispersion interactions
(no dispersion corrections) considered in the crystal calcu-
lations. We note that reducing the basis set size from
6-31+G(d) to 6-31G(d) blue-shifts the frequencies by 8 cm™
in the case of the isolated molecule (see Table 2). (It is useful
to recall at this stage that the use of diffuse functions can be
problematic in the calculation of a periodic system because
undesirable effects can occur due to the basis set linear
dependence in tightly packed molecular arrangements.>*)
Without losing the generality of our theoretical approach
here, we will then use the 6-31+G(d) frequencies of the
isolated molecule, not of the crystal, as the reference when
evaluating the frequency shifts upon charge transfer.

With increasing chain length of the donor, as shown in Table 3
for thiophene oligomers, the red-shift of the F,-TCNQ_nitrile
stretching modes saturates at the level of the five-ring oligomer
(ST). This localization/saturation of charge transfer is
consistent with a recent experimental observation®> made in
doping homo- (P3HT) and copolymers of 3-hexylthiophene
with varying lengths of the thiophene blocks. The extra
experimental peak that only appears in the doped (co)polymers
about 6 cm™" below the by, peak is also very well reproduced in
the calculations, which enables assi§nment of this peak to the a,
mode that has gained IR intensity®” (see Table 3 and Figure 6).

We note that the calculated red-shifts of 23/19 (b3g/b2u),
16 (ag), and 16 (b,,) cm™" for F,-TCNQ/4(3-ET) are smaller
than the respective experimental values of 45, 39, and 33 cm™!

dx.doi.org/10.1021/cm201798x | Chem. Mater. 2011, 23, 5149-5159
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for the doped 3HT (co)polymers. To assess the effects of
having longer alkyl groups and a longer thiophene backbone,
we calculate the IP of S(3-HT), ST with hexyls or the hexamer
of P3HT, without calculating its complex with F,-TCNQ. The
calculated IP, as will be discussed further later, would only
increase the red-shifts to an extent that do not exceed those of
4(3-OET) (see Table 3); with those of 4(3-OET) as the upper
limit, the calculated red-shifts are still 13—18 cm™! short of the
experimental values. We therefore attribute the discrepancy to the
intermolecular effects that a single donor molecule cannot fully
account for in our dimer approach. In fact, a similar observation
was made by Bloch and co-workers in their original experimental
work that the red-shift can be off the linearity by as much as
12 cm™ for TCNQ, dependmg on the type of the donor at a given
amount of charge transfer.*® The sharp change of 7—12 cm™ with
an increment of only 0.03e in charge transfer (compare 4(3-OET)
with TDATA as the donor in Table 3 and Figure 5) is also an
indication of how sensitive the red-shifts can be to the surrounding
environment for a given charged state of the acceptor.

F,-TCNQ/TDATA is another excellent example that
allows us to test our theoretical approach and at the same
time to better understand the experimental vibrational spectra.
The calculated C=N stretching frequencies are 2178/2185
(b3g/b2u) em™! and 2203/2211 (ag/blu) cm™! (see Table 3).
Experimentally, there are only two bands, one peak at 2171
cm™' and the other at 2192 cm™' (see Figure 7 for a
comparison of the experimental and simulated spectra).>® The
2171 cm™" band can be assigned to b, ¢/ P2y as was done for the
doped thiophene (co)polymers. Con51der1ng that there exists
only one narrow band around 2192 cm™" that could correspond
to a, and/or by, we assign this band to a,, rather than to by, or
to both modes combined (the assignment in the original
experimental work was made to b,,). The reason for this
assignment comes from the fact that the experimental IR
spectrum was obtained on a heavily doped solid film with a 1:1
molecular ratio. The experimental work on the doping of
thiophene (co)polymers by F,-TCNQ showed’* that the peak
intensity of the b;, mode can become so weak at high dopant
concentrations that it can even disappear, leaving a, alone, all
without affecting the band frequencies. The suppression of the
b,, intensity is in line with our earlier finding that the peak
intensity of by, is sensitive to intermolecular interactions, which
are not fully taken into account in our dimer approach.

With the new assignment, the calculated red-shifts of 42/34
(b3g/b2u) and 32 (a ) ecm™! compare very well with the
experimental values of 43 and 36 cm™, respectively (the IR-
inactive a, frequency of 2228 cm ~! for the pristine state is taken
from the Raman spectroscopy of a pristine powder*”). The high
level of agreement with the experiment, which was not achieved
for the complex with P3HT, is attributed to the larger size and
three-dimensional shape of the TDATA molecule that could
minimize the missing condensed-phase effects more effectively
than the one-dimensional shape of an oligothiophene molecule
(see Figures 2 and 7 for comparison of their spatial extent).
The calculated charge transfer of 0.83e, which is the highest
calculated in our study, is consistent with a recent experimental
demonstration of doping TDATA with F,-TCNQ_ into a
hole-transport layer material with improved injection and
transport.56

Before leaving this subsection, we stress that it is the
frequencies, not the complex geometry or the amount of charge
transfer, that are prone to variance as a result of the missing
“secondary” intermolecular interactions (if we consider the
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Figure 7. Simulated IR spectrum for the C=N stretching modes in
F,-TCNQ/TDATA. The vertical lines denote the calculated
frequencies with their normalized intensities. A fwhm of 8 cm™ was
used in the simulation. The experimental spectrum measured on a
F,-TCNQ/TDATA solid film®® is reproduced for comparison (in red).
The snapshots of the complex structure from two different directions
are shown in the bottom panel.

donor molecule as the “primary” source of the intermolecular
interactions, which also determines the amount of charge
transfer).

3.4. Offset between the Donor IP and the Acceptor
EA. The original charge transfer literature identified the
difference between the donor IP and the acceptor |EAl as the
most important parameter in understandmg the charge-transfer
process in molecular complexes.® Although the same IP—|EAI
offset has been used as a working principle in doping research,
the [EAl of the dopant is, more often than not, greater than the
IP of the semiconductor if any doping action is to be effected.'
By using molecules considered here as an example, it is
observed that, in the solid state, the IEAl of F,-TCNQ, 5.24 eV
from inverse photoelectron spectroscopy (IPES),”” is greater
than the IP of TDATA, 4.65 eV from ultraviolet photoelectron
spectroscopy (UPS)® (see Table 5 for some other donors). It
is important to realize, however, that the difference IP — |EAl
reverses its sign to positive when solid-state effects are
removed, as seen from comparison with the gas-phase data.
In fact, such a reversal is quite general. Taking into account a
solid-state electronic polarization energy for holes (or the
difference between the gas-phase and solid- state IPs) of about
1.6 €V common for many organic molecules®® and assuming
the same value for electrons, it can be realized that for a
p-dopant with |EA| greater than the donor IP by as much as
3 eV in the solid state, a positive IP — |[EA| could still be found
in the gas phase.

DEFT values of the single-molecule IP and EA for some of the
compounds are collected in Table S, alon% with experimental
gas-phase results. Studies have shownsg 2% that the values of
vertical IP/EA, calculated in a self-consistent way by removing/
adding an electron from/to the molecule, compare well with
the measurements of photoelectron spectroscopy but that
such an agreement progressively deteriorates with increasing
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Table 5. Single-Molecule Ionization Potentials (IP) and Electron Affinities (EA) Calculated at the B3LYP/6-31+G(d) Level

IP of the donor (eV)

donor vertical Koopmans' exp.
4T 6.45 5.18 7.17¢
ST 6.14 5.00
6T 5.96 493 6.96° (5.3)4
TDATA 549 4.59 (4.65)¢

EA of F,-TCNQ (eV)
b

vertical

—4.03

Koopmans

—5.54

exp.
—3227 (-5.24)8

“Negative of the HOMO energy. bLuMo energy. “Gas-phase UPS.> 9Solid-state UPS.% Solid-state UPS.> Gas-phase value estimated from an

electrochemical measurement in solution.’’ $Solid-state IPES.%’

molecular size, as a result of the self-interaction errors of
commonly used DFT functionals that tend to over-delocalize
the extra charge.®® In the particular case of oligothiophenes, the
self-interaction errors can become very visible at six rings
(6T).%* On the other hand, the IP and EA values derived from
Koopmans® theorem® (that is, the negative of the HOMO
(highest occupied molecular orbital) energy and the LUMO
(lowest unoccupied MO) energy) have been shown to describe
a wide variety of molecules in the solid state extremely well (at
the B3LYP level) ;%% in other words, the —HOMO and LUMO
energies can be directly compared in a practical way with the
solid-state UPS and IPES values, respectively. This proves
particularly useful for F,-TCNQ (Koopmans' vs solid-
state = —5.54 vs —5.24 eV) and TDATA (4.59 vs 4.65 eV),
for which gas-phase experimental data are either indirectly
obtained or unavailable (Table S). Here, we define the “gas-
phase” IP and IEAl values, in eV, as [(HOMO energy) — 1.6l
and I(LUMO energy) + 1.6l respectively, where the adjustment
by 1.6 eV is simply the common experimental value of the
solid-state electronic polarization energy. Note that we will use
this definition for the remainder of our discussion unless
otherwise stated.

The electronic structure of a charge-transfer complex is
illustrated in Figure 8 in the case of F,-TCNQ/4T. For the

L (-2.076)

S

24

L+2 (-1.965) SESSSS88
P L+
L+1 (-3.062) SSESHBSS

Energy(eV)

H(-7.908) @ o~ ®
F,-TCNQ

CTC

Figure 8. Molecular orbital energy level diagram for F,-TCNQ/4T(1)
before and after formation of the charge-transfer complex. The
complex and isolated molecules are calculated at the B3LYP-D/6-
31+G(d) and B3LYP/6-31+G(d) levels, respectively.

systems studied here, the HOMO and LUMO of the complex
comprise a mixture of the HOMO of the donor and the LUMO
of the acceptor. Experimentally, the formation of a charge-
transfer complex can be easily detected by the appearance of
additional absorption bands in the near-infrared region that are
not shown by either component.”’
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Figure 9 shows the simulated absorption spectra obtained
from TDDFT results for F,-TCNQ/4T(1). In the isolated
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Figure 9. Simulated absorption spectra of F,-TCNQ/4T(1) obtained
from TDDFT results at the B3LYP/6-31+G(d) level.

neutral state, the Sy — S, transition in 4T appears at 2.85 eV
and the lowest-energy transition in F,-TCNQ_is to the S, state
(ag = by,) at 2.88 eV with the transition to S; (a; — bs,) being
forbidden; both correspond mainly to HOMO-to-LUMO
transitions (see Figure 10 for the corresponding natural

Molecule | Excited Hole Electron A
state
F4-TCNQ | S : % _ E : }%{ 1.0
4T Si prures N 1.0
Complex | S; Sl e O ) 1.0
e - e &

S e — v 0.89
N o
S$SeES2 6 ___ . ...

—_—— 0.57
% 8 [ ’% ﬁ 5—%‘ <o [ ©
Sz
Pres s 328 ¢
= e

Figure 10. Natural transition orbitals for some lowest excited states
calculated by TDDFT at the B3LYP/6-31+G(d) level. The 1 value
refers to the fraction of the NTO pair contribution to a given
electronic excitation.

transition orbitals). The experimental absorption maximum is
found at 3.18 eV (390 nm) for 4T in dichloromethane,®® and a
broad absorption peak is measured at about 3.10 eV (400 nm)
for F,-TCNQ in toluene.”
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Upon formation of the complex, two new peaks are
calculated to appear in the visible-infrared region, one at 1.48
eV (838 nm) and the other at 1.87 eV (663 nm), whereas a
third peak is found at 2.81 eV (441 nm) near those of the
neutral isolated molecules. The first two transitions are
intermolecular in nature and a signature of the charge-transfer
state; the S, transition is predominantly from the donor
HOMO to the acceptor LUMO, and the S, transition from the
donor HOMO-1 to the acceptor LUMO (see Figure 10). The
third and strongest transition (S,) is intramolecular and is
dominated by the HOMO-to-LUMO transitions of the
individual molecules.

The TDDEFT results for F,-TCNQ/4T capture very well
the essential features of the charge-transfer state®  as
manifested in the experimental optical absorption spectra of
the F,-TCNQ-doped P3HT film;” in the latter, two additional
peaks appear at 1.55 eV (880 nm) and 1.61 eV (770 nm). The
difference between the two low-energy peaks, which provides
a rough measure of the energy gap between the HOMO and
HOMO-1 of the donor, is much larger in the calculation
(0.39 eV vs 0.06 eV), and is due to the narrowing of this gap
with increasing oligomer length. Improved agreement is
already seen in going to F,-TCNQ/S(3-ET), for which the
difference between S, (1.35 eV) and S, (1.65 eV) reduces to
0.3 eV.

So far, we have implicitly assumed that all donor—acceptor
pairs in our study are in the strong electronic coupling regime,
where a continuous partial charge transfer is to take place.”
Calculated values of the effective transfer integral t.; between
the donor HOMO and the acceptor LUMO, collected in Table 6,

Table 6. Values of the Effective Transfer Integral (Electronic
Coupling), t.4 between the HOMO of the Donor and the
LUMO of F,-TCNQ and the Amount of Charge Transfer for
All Complexes Calculated at the B3LYP/6-31+G(d) Level

complex t (meV) CT (e)
F,-TCNQ/4T 693 0.51
F,-TCNQ/5T 650 0.55
F,-TCNQ/6T 624 0.56
F, TCNQ/4(3-ET) 719 0.63
F,-TCNQ/5(3-ET) 666 0.69
E,-TCNQ/4(3-OET) 701 0.80
F,-TCNQ/TDATA 389 0.83

indicate that the electronic coupling is indeed strong for all
pairs (fs ~ 0.4—0.7 eV). We note that the amount of charge
transfer does not simply follow the strength of the electronic
coupling; for example, TDATA, which transfers the largest
amount of charge among all donors, exhibits the smallest t.g
(390 meV for TDATA vs 620 to 720 meV for the other
molecules). As discussed in more detail below, this suggests
that in the strong coupling regime the electronic coupling plays
a rather minor role in determining the exact amount of charge
transfer.

Plotted in Figure 11 is the amount of partial charge trans-
ferred to F,-TCNQ from the donor as the donor IP approaches
the acceptor |EAl. As we noted earlier, the IP—IEAl offset
calculated for the isolated molecules is positive for all
complexes. Overall, the amount of charge transfer increases
with decreasing offset, but clearly, the trend is far from being
consistent with the results of Toher et al.” In their study on the
use of self-interaction corrections to effectively mend the mono-
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Figure 11. Charge transfer as a function of the offset of the donor
IP with respect to the |EAl of F,-TCNQ. The IPs and EAs,
calculated at the B3LYP/6-31+G(d) level, are obtained using (a)
the isolated-molecule geometries; and (b) the optimized geo-
metries of the complexes. The lines connecting data points in (a)
are for viewing purposes only, while the straight line in (b) is a
result of data fitting. In the order of increasing CT amount, the
complexes reported here are those between the acceptor F,-TCNQ
and the donors 4T, ST, 6T, 4(3-ET), 5(3-ET), 4(3-OET), and
TDATA, respectively.

determinantal issue of DFT, Toher et al. showed that, in the
strong coupling limit, self-interaction-corrected DFT predicts a
charge transfer vs IP — |EAl curve that is very close to what
standard DFT calculates in the high charge-transfer range,
namely, a nearly straight line irrespective of the strength of
electronic coupling.®’

At this stage, it is important to realize that the fact that the
amount of charge transfer turns out not to be a monotonically
varying function of the IP—|EAl offset has a somewhat
distressing implication. This indeed suggests that matching up
a host material and a dopant based on their IP and EA values, a
common practice in doping research, might not produce
doping effects as desired. For instance, among the hole-
transport materials we study, the doping effect is less
pronounced for 4(3-OET) than for TDATA despite the former
having a more favorable IP—IEAl offset (see Figure 11a).

Importantly, however, when the IPs of the donor molecules
and the EA of F,-TCNQ_are calculated using the molecular
geometries taken out of the optimized complexes (consider a
two-step process where the donor and acceptor molecules
undergo full geometric changes upon forming a complex and
then exchange partial charge), instead of those of the optimized
isolated molecules, we find that, remarkably, all data points in the
resulting CT vs IP — [EAl plot fall onto a straight line (see
Figure 11b). A linear regression gives

CT = —0.33(IP — [EAl) + 1.35 2)

where CT is in e and IP and EA are in eV. The same level of
linearity is also achieved when the vertical IPs and EA,
calculated self-consistently, are obtained on such geometries
(CT = —0.28(IP — IEAl) + 1.08).

To shed light on the linear dependence of CT on IP — IEAI,
we derive below the amount of charge transfer within the

dx.doi.org/10.1021/cm201798x | Chem. Mater. 2011, 23, 5149-5159



Chemistry of Materials

formalism of the electronic chemical potential and hardness by
Parr and Pearson.”® The formal and operational definitions of
the electronic chemical potential # and the absolute hardness
7 for an N-electron system with total energy E(N) and nuclear
charge Z are given by

u_(()_E) _ _IP+IEAl _
oN )/, 2 3)
) 1(0%) IP — [EAl
= — 2 =
2\0N")y g @

where y is the absolute electronegativity of Mulliken.”" We can
write the electronic chemical potentials for the donor D and the
acceptor A after charge transfer as

Wy = H + 2, CT

Mp = Hp = 20pCT

where u° and 7 are those of the isolated molecules in their
complex geometries. Equalization of the chemical potentials
upon complex formation leads to

0 0
cr=_‘A"*
2(ny +np) (s)
Before making further use of eq S for our discussion, we
confirm its validity by plotting CT estimated from eq S, CTpp,

against CT obtained directly from the population analysis,
CT,,p- The comparison is shown in Figure 12.
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Figure 12. Charge transfer estimated by eq S, CTpp, in comparison to
that of the population analysis, CT,,. The IPs and EAs (IHOMOIs
and LUMOs), calculated at the B3LYP/6-31+G(d) level, are those
obtained using the optimized geometries of the complexes. The
straight line is the result of data fitting. The complexes reported here
are the same as in Figure 11, except that the data point for TDATA is
not shown (for which the LUMO energy of —0.85 eV is too high to
form a stable anion).

Using eqs 3 and 4, we can rewrite eq S as

CT=————_
2(n, +1p)

(IPp — [EALl) + 0.5
(6)

A close examination of eq 6 shows that the linearity between
CT and IP — [EAl holds only when 7, + 7 is constant. We
recall that the linear relationship reported by Toher et al.” was
obtained when an external electric field was applied (to produce
the needed variation of the IP—|EAl offset) to a single system at
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a frozen geometry. The donor—acceptor model of Toher et al.
satisfies the linearity condition of eq 6, because 2(17, + 1) is
simply the sum of the energy gaps of one donor and one
acceptor and the energy gaps are not affected by the varying
electric field. This linearity condition, however, is not fulfilled in
our case where there are multiple donor molecules and they all
have different energy gaps; it is clear that the linearity we report
among a variety of donor molecules has an origin different from
those of the common frozen geometry—electric field models.

We stress here that although the derivation of eq § is
formally identical to that of Parr and Pearson,”® their original
formulation was presented as a first-order approximation, in
which the donor and the acceptor were considered in the
geometries of the respective isolated molecules. Using the IPs
and EA calculated from the isolated-molecule geometries
instead, we observe neither a one-to-one correspondence as
seen in Figure 12 between CTpp and CT,,, nor a systematic
evolution of CT with respect to IP — [EAl (results not shown).

To summarize the key findings of this subsection, we have
established a general relationship between the amount of
charge transfer and the IP—|EAl offset in strongly coupled
systems, by showing that the linearity of this relationship holds
among diverse doped systems and that the relevant IP—|EAl
offset is the “in situ” offset that is determined by the complex
geometry, not the offset defined by the individual molecules or
materials. We expect that our results remain valid for actual
solid-state scenarios, by noting the experimental observation
that charge transfer to F,-TCNQ_from thiophene (co)polymer
matrices is determined solely by the local IP as defined by a
chain segment of 4—35 thiophene rings, which is independent of
the composition of the segment’s immediate surroundings.>>
From the fact that among many chain segments surrounding a
particular dopant molecule, there is only one segment of finite
size that actually acts as a donor, we also expect that our dimer
approach is equally applicable to dopants of any size. An
important implication of these results from a practical point of
view is that the use of the intrinsic IP and EA values alone,
whether determined in the gas phase or the solid state, or
whether theoretical or experimental, could fail to predict the
doping effect even at a qualitative level.

4. CONCLUSIONS

We have theoretically investigated the charge-transfer process
in the p-doping by F,-TCNQ_of seven hole-transport molecules
of varying IPs, using dispersion-corrected DFT methods. By
calculating the fully optimized geometries of their charge-
transfer complexes, we established a relationship between the
amount of charge transfer and the offset between the donor IP
and the acceptor EA, IP — IEAl, in the strong electronic
coupling regime.

Importantly, the amount of charge transfer among various
complexes is not a monotonic function of IP — |EAl, which
contrasts with the commonly held views found in experimental
studies and earlier predictions based on simple theoretical
models. Linearity emerges, however, when the IP and EA values
are adjusted to reflect the inframolecular geometric changes
upon formation of the complex. The resulting offset represents
what would be the IP—I|EAl offset measured in situ within the
fully relaxed complex, yet without charge transfer.

The intermolecular complex geometries were shown to be
impacted greatly by the dispersion interactions but to be nearly
unaffected by the varying IP—I|EAI offset once proper dispersion
interactions are put in place. While the (static) bond-length
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changes upon complex formation are dictated by the amount of
charge transfer alone, the frequency red-shifts of the C=N
stretching modes in F,-TCNQ, a common experimental marker
for charge transfer, were found to be sensitive to the
intermolecular environment as well.

Our results, obtained with the mono-determinantal DFT
approach, are valid within the confines of strong coupling and
high charge-transfer limits. These are the conditions expected
to be encountered most often in molecular doping. Thus, our
study provides a practical tool, based on straightforward
theoretical calculations as described above, to find donor—
acceptor pairs for desired doping effects and to estimate the
resulting charge density in organic semiconductors.
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