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Di- and Tetracyano-Substituted Pyrene-Fused Pyrazaacenes:
Aggregation in the Solid State

Lucas Ueberricke,[a] Ioana Ciubotaru,[a] Farhad Ghalami,[b] Felix Mildner,[a] Frank Rominger,[a]

Marcus Elstner,[b] and Michael Mastalerz*[a]

Abstract: Five di- and tetracyano-substituted pyrene-fused

pyrazaacenes were synthesized and studied as potential

electron acceptors in the solid state. Single crystals of all
compounds were grown and the crystal packing studied by

DFT calculations (transfer integrals and reorganization ener-

gies) to get insight into possible use for semiconducting

charge transport.

Introduction

Organic molecules with low lying LUMOs have many desirable

properties, which make them an interesting class of materials

for a wide range of applications, for example, as n-type semi-
conductors in organic field-effect transistors (OFETs),[1] as elec-

tron acceptors in solar cells or for organic light-emitting diode-
s.[1a,e, 2] In the field of OFETs low LUMO levels favor electron in-

jection and alignment with the work function of gold electro-
des.[3] Low-lying LUMO levels further improve stability by re-

ducing the decomposition of negatively charged species on

exposure to oxygen or water and are therefore valuable for
operating organic electronic devices under ambient condition-

s.[1a, 4] However, only a few n-type semiconductors with high
electron mobility have been reported so far [e.g. , aromatic dii-

mides (me = 1.30–8.60 cm2 V@1 s@1),[5] tetraazapentacenes (me =

11.0–13.3 cm2 V@1 s@1),[6] cyano-terminated quinoidal terthio-
phenes (me = 3.00 cm2 V@1 s@1),[7] and B-N-fused dibenzoazaa-

cene (me = 1.60 cm2 V@1 s@1).[3a] The design and synthesis of new
electron-transport materials therefore remains an attractive
goal. The general strategy is to attach or include electron-with-
drawing groups or atoms (e.g. , halogens, boron, cyano or acyl

groups) to or in an aromatic backbone.[1a, 7–8] In this context,
pyrene-fused pyrazaacenes (PPAs) are especially promising due

to their high stability and their already considerably low LUMO

energies.[3b, 9] By attaching cyano groups to PPAs, electron ac-
ceptors that fulfill certain criteria to be attractive for organic

electronics should be readily available by condensation reac-

tions. Surprisingly, to date only a few cyano-substituted PPAs
have been reported. To the best of our knowledge, the first

such derivatives were mentioned in 1975 by Wçhrle et al.[10]

The synthesis as well as IR spectra and UV/Vis spectroscopic

analysis of PQDC and H-PPQTC were described. These com-
pounds were studied for the formation of amino-iminopyra-

zines as valuable precursors for phthalocyanines, which was re-

alized by Nardi et al. for H-PPQTC in 2014 on Cu surfaces.[11] A
tert-butyl-substituted derivative of PPQTC was synthesized by

Liu and co-workers in 2011.[12] tBu-PPQTC and H-PPQTC were
thoroughly investigated by UV/Vis, photoluminescence, and

cyclovoltammetry, which clearly identifies these compounds
with LUMOs comparable to that of PCBM61 as potential elec-
tron acceptors for applications in organic electronics. In the

same year Abdel-Razik described the synthesis of the larger
congener tBu-QPPTC as precursor for polymer networks based
on phthalocyanine formation.[13] Mateo-Alonso obtained solu-
ble derivatives of both core structures by attachment of triiso-

propylsilylethynyl substituents to the 2,7-positions of the
pyrene core.[3b]

Besides the molecular electronic structure, intermolecular or-

bital overlap plays a crucial role for charge transfer. Therefore,
knowledge of the molecular arrangement of fused aromatic

molecules in the solid state is of utmost importance to calcu-
late transfer integrals for charge transfer to evaluate the poten-

tial of these structures for electronic applications in more
detail.[14]

Despite the attractive low-lying LUMOs of the few literature-

known cyano PPAs of Scheme 1, no X-ray structures giving
more detailed information about the above-mentioned possi-

ble arrangement were described to date. The only exception is
PQDC, for which a solid-state structure was described recent-

ly.[15] This contribution had a different focus, and therefore no
discussion of transfer integrals was done. Because of the high
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potential of such cyano PPAs and the lack of detailed structural
information in the solid state, we revisited this class of com-

pounds to grow single crystals, study packing, and calculate
transfer integrals.

Results and Discussion

Synthesis and characterization

Phenanthroquinoxalino dicarbonitrile (PQDC) and phenanthro-

phenazine dicarbonitrile (PPDC) was synthesized by acid-cata-
lyzed condensation of pyrenedione 1[16] with 2,3-diaminomalo-

nitrile 3 and 4,5-diaminophthalonitrile 4, respectively
(Scheme 2).[3b] Pyrazinophenanthroquinoxaline tetracarbonitrile

derivatives H-PPQTC and tBu-PPQTC, as well as quinoxalino-

phenanthrophenazine-tetracarbonitrile derivative QPPTC were
synthesized accordingly from pyrenetetraone 2 a.[16–17] After the

reaction the crude products were isolated by filtration and
washed with methanol. Subsequently, PQDC, H-PPQTC, and

tBu-PPQTC were heated to reflux in 30 % nitric acid and fil-
tered while still hot.[11]

During this step a color change from dark brown to beige
was observed. After filtration and washing with water and
methanol the solids were extracted in a Soxhlet apparatus to

obtain PQDC as a metallic golden powder and the two PPQTC
derivatives as light-yellow solids. The yields of the three com-

pounds were 64–65 %. PPDC was purified by washing with
THF and methanol and isolated as an orange powder in 82 %
yield. Soxhlet extraction with THF gave QPPTC as yellow
powder in 53 % yield. PPDC could be further purified by subli-

mation in a kugelrohrofen at 300 8C and (5–8) V 10@3 mbar.

PQDC and the two PPQTC derivatives could be sublimed
under similar conditions, but showed additional signals in the
1H NMR spectra indicating decomposition (see Supporting In-
formation).

All compounds were fully characterized by 1H and 13C NMR
spectroscopy, IR spectroscopy, HRMS, and elemental analysis

(for details, see Supporting Information).

Optoelectronic properties

All compounds were studied by UV/Vis and fluorescence spec-
troscopy in dichloromethane or ortho-dichlorobenzene (oDCB)

in the case of H-PPQTC for solubility reasons (Figure 1). Ab-
sorption spectra of PQDC and H-PPQTC have already been re-

ported,[10] but are included in the discussion as well. Pro-

nounced differences for di- and tetrasubstituted compounds
were observed, whereas similar spectra for di- and tetracyano

compounds were obtained. PQDC shows absorption peaks at
447, 354, 313, 284, and 258 nm corresponding to n–p* and p–

p* transitions.[10, 18] Due to the elongation of the aromatic core,
a bathochromic shift of the longest-wavelength absorption

peaks towards labs = 485 nm is observed. Two peaks at 348

and 333 nm are much better resolved compared with PQDC.
Both compounds have very similar emission spectra with a

Scheme 1. Overview of literature-known cyano-substituted PPAs.

Scheme 2. Synthesis of di- and tetracyanopyrazines PQDC, PPDC, H-PPQTC,
tBu-PPQTC, and QPPTC. Conditions: i) EtOH/AcOH (1:1), Ar, 80 8C, 11–16 h.

Figure 1. Absorption and emission spectra of PQDC, PPDC, H-PPQTC, and
tBu-PPQTC, measured in CH2Cl2 (1 V 10@6 mol L@1) at RT and of QPPTC mea-
sured in oDCB (1 V 10@6 mol L@1) at RT.
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maximum at lex = 533–534 nm and a blueshifted shoulder at
510 nm for PQDC, resulting in Stokes shifts of EStokes =

3609 cm@1 for PQDC and EStokes = 1891 cm@1 for PPDC, indicat-
ing a decrease of reorganization energy from the transition of

the ground state to the first excited state.[19] This might be ex-
plained by the larger aromatic system of PPDC, which is less

influenced by structural change when excited. Photolumines-
cence quantum yields (PLQY) were 31 % for PQDC and 22 %
for PPDC. Both H-PPQTC and tBu-PPQTC have a weak absorp-

tion maximum at labs = 426 nm and labs = 437 nm and a broad
absorption band at labs = 330 nm and labs = 345 nm, respective-
ly. The p–p* transition bands (&215 nm) are significantly re-
duced compared to those of the dicyano compounds PQDC
and PPDC. H-PPQTC emits at lem = 437 nm (PLQY of 37 %), re-
sulting in a Stokes shift of EStokes = 1448 cm@1. For tBu-PPQTC
the emission maximum is redshifted compared to H-PPQTC by

24 nm to lem = 461 nm and shows an additional peak at
529 nm, which might be due to excimer formation. The corre-

sponding Stokes shift (EStokes = 2231 cm@1) is larger than that of
H-PPQTC (1448 cm@1), and the PLQY (15 %) was lower than

that of H-PPQTC (37 %). Both values are in agreement with
data reported in the literature.[12] QPPTC shows distinct ab-

sorption maxima at labs = 440, 412, 390, 335, and 309 nm. The

emission maximum at lem = 449 nm with a small Stokes shift of
EStokes = 455 cm@1 is indicative of the formation of a J-aggre-

gate.[20] A second emission maximum is found at lem = 475 nm
with a shoulder at approximately 526 nm. The PLQY was 8 %.

The optical bandgaps estimated from the onset wavelength lie
between 2.4 eV (PPDC) and 2.9 eV (H-PPQTC).

All compounds were studied by cyclovoltammetry in di-

chloromethane, except QPPTC, which was studied in oDCB
(Figure 2). For PQDC only one quasireversible reduction poten-

tial at Ered =@1.42 V was observed, whereas for the other three
compounds two potentials were detected.

For PPDC, the first reduction potential was found at Ered,1 =

@1.32 V and the second at Ered,2 =@1.99 V. Both H-PPQTC
(Ered,1 =@1.26 V; Ered,2 =@1.49 V) and tBu-PPQTC (Ered,1 =

@1.31 V and Ered,2 =@1.54 V) showed similar reduction poten-

tials, which is in agreement with prior reported values in the
literature.[12] For QPPTC the solubility is very low, even in

oDCB, and therefore only a signal of low intensity could be
found. QPPTC has one quasireversible reduction potential at
Ered =@1.74 V. From the first reduction potentials the electron

affinities were estimated by the commonly used expression
EA =@(Ered,1 + 4.8) eV. They are 3.1 eV for QPPTC and 3.4–3.5 eV
for the other four compounds.

DFT calculations (B3LYP/6-311 + + G**) for all compounds

were done to compare frontier molecular orbitals of these
electron-acceptor compounds (Figure 3). The HOMO of PQDC
is found at EHOMO =@6.6 eV with orbital coefficients that are

larger on the pyrene core than on the pyrazine units and the
cyano substituents. This is similar for the HOMOs of all other

compounds. The LUMO energy is calculated to be ELUMO =

@3.3 eV, and here the orbital coefficients are mainly located at

the pyrazine unit and the substituents. Again, this is similar for
all other compounds of this series. PPDC has one more fused

ring between the pyrene core and the pyrazine unit, and thus

the gap between HOMO and LUMO is smaller with a slightly
stabilized LUMO at ELUMO =@3.5 eV and a destabilized HOMO at

EHOMO =@6.5 eV. In comparison with PQDC, for H-PPQTC with
two pyrazine units and four cyano substituents, both LUMO

and HOMO are significantly stabilized (ELUMO =@3.9 eV and
EHOMO =@7.4 eV). The frontier molecular orbital energies be-

tween PPDC and the larger QPPTC are comparable, with

ELUMO =@3.9 eV and EHOMO =@7.3 eV. The energy levels of the
two larger compounds H-PPQTC and QPPTC are quite compa-

rable. The introduction of two tert-butyl groups at the pyrene
2,7-positions (tBu-PPQTC) destabilizes the LUMO by about

+ 0.2 eV to ELUMO =@3.7 eV. This is slightly lower than that of
the corresponding triisopropylethynyl-substituted tetracyano
derivatives (ELUMO =@3.4 to @3.5 eV).[3b] The optoelectronic

properties are summarized in Table 1.

Figure 2. Cyclic voltammograms of PQDC, PPDC, H-PPQTC, tBu-PPQTC
(CH2Cl2, nBu4NPF6 (0.1 m), and QPPTC (oDCB, nBu4NPF6 (0.1 m), measured at
room temperature with a Pt electrode, an Ag/Ag+ pseudo-reference elec-
trode, and Fc/Fc+ as internal reference (scanning speed: 50 mV s@1). Note,
that the scale of the y axis of QPPTC is different from that of the other com-
pounds because of the much lower signal intensity.

Figure 3. HOMO–LUMO diagrams of PQDC, PPDC, H-PPQTC, tBu-PPQTC,
and QPPTC (calculated using DFT-B3LYP:6-311 + + G**).
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Single-crystal X-ray structure analysis

Crystal packing plays a crucial role for charge-transport in or-
ganic semiconductors. For all compounds except QPPTC,

single crystals were obtained by vacuum sublimation with a
kugelrohrofen. Crystals were also grown from solution for

PQDC, H-PPQTC, tBu-PPQTC, and QPPTC. In total, eight differ-
ent modifications were obtained.

Crystals of PQDC were grown from solution, either by vapor

diffusion of methanol into a THF solution or by slow evapora-
tion of a CH2Cl2 solution, as well as by vacuum sublimation in

a kugelrohrofen (200 8C, 5 V 10@3 mbar). In each case the same
unit cell was obtained independent of the crystallization

method, indicating that this packing motif is highly robust.
PQDC crystallized in the monoclinic space group P21/c with

four molecules per unit cell and one molecule in the asymmet-

ric unit (polymorph a). Recently, the same packing and unit
cell have been reported by Sutherland et al.[15] The cyano

groups are slightly contorted out of planarity by approximately
2.58. Adjacent molecules form p-stacked dimers, in which

these are rotated by 1208 (Figure 4 a). The molecules assemble
in parallel one-dimensional p-stacked columns with dA = 3.38 a
along the crystallographic c axis (Figure 4 b). Adjacent columns

interact either by twofold hydrogen bonding between the

cyano groups and aromatic protons (dB = 2.54–2.58 a), or to

protons of the K-region (dC = 2.60 a, Figure 4 c). Similar twofold

hydrogen-bonding motifs are known for other aromatic 1,2-di-
cyano compounds as well.[21]

However, when PQDC was crystallized by slow evaporation
of a chloroform solution two different crystals were found in

the same batch. One was identical with the previously de-
scribed a modification. The other one was a different poly-

morph in monoclinic space group P21/n, with four molecules

in the unit cell and one molecule in the asymmetric unit (poly-
morph b). Here, the molecules form two different face-to-face

p-stacked dimers with antiparallel orientation of the two
PQDC molecules and pronounced molecular overlap (Fig-

ure 4 d and e). Whereas dimer Ap has the longest p–p distance
(dA = 3.51 a) of all structures in this work, dimer Bp has the

shortest (dB = 3.29 a). PQDC forms one-dimensional stacks of

alternating dimers Ap and Bp along the crystallographic a axis
(Figure 4 f). These stacks are arranged in layers within the ab

plane and interact through van der Waals interactions
(dArH…HAr = 2.43 a). Adjacent layers are stabilized by triple hy-

drogen bonding of the cyano groups with aromatic protons
(dCN…H = 2.68–2.81 a, Figure 4 g). By using the UNI force field
method[22] implemented in Mercury, intermolecular potentials

between p-stacked dimers for both polymorphs were calculat-

Table 1. Optoelectronic and electrochemical properties of PQDC, PPDC, H-PPQTC, tBu-PPQTC and QPPTC.

Compound labs
[c]

[nm]
lonset

[nm]
lem [nm]
(lex) [nm]

EStokes

[cm@1]
F

[%]
EgðoptÞ

½dA

[eV]
E red ½eA

[V]
EA
[eV][f]

E DFT
HOMO

½gA

[eV]
E DFT

LUMO
½gA

[eV]
E DFT

g
½gA

[eV]

PQDC[a] 447 492 510sh, 533 (445) 3609 31 2.5 @1.42 @3.4 @6.6 @3.3 3.3
PPDC[a] 485 514 534 (475) 1891 22 2.4 @1.32, @1.99 @3.5 @6.5 @3.5 3.0
H-PPQTC[a] 411 426 437 (401) 1448 37 2.9 @1.26, @1.49 @3.5 @7.4 @3.9 3.5
tBu-PPQTC[a] 418 437 461, 529 (408) 2231 15 2.8 @1.31, @1.54 @3.5 @7.2 @3.7 3.5
QPPTC[b] 440,[h] 412 451,[h]427 449,[h] 475, 526sh[i] (430) 455,[h] 3219 8.9 2.7,[h] 2.9 @1.74 @3.1 @7.3 @3.9 3.4

[a] Measured in CH2Cl2 at RT. [b] Measured in oDCB at RT. [c] absorption maximum at the longest wavelength. [d] Estimated from onset; Eg(opt) =
1242
lonset

.
[e] Cyclic voltammogram measured with a Pt electrode and nBu4NPF6 as electrolyte. Scan speed: 50 mV s@1; ferrocene/ferrocenium (Fc/Fc+) was used as in-
ternal reference. [f] Electron affinity estimated by EA =@(Ered,1 + 4.8) eV. [g] Obtained from quantum-chemical calculations at the DFT-B3LYP/6-311 + + G**
level of theory. [h] J-aggregate. [i] sh: shoulder.

Figure 4. a–c) Single-crystal X-ray structure of PQDC (polymorph a) crystallized by sublimation in a kugelrohrofen (200 8C, 5 V 10@3 mbar), vapor diffusion of
MeOH into a THF solution, or by evaporation of a CH2Cl2 solution. a) p-Stacked dimer Ap with dA = 3.38 a. b) Infinite face-to-face stacking pattern along the
crystallographic c axis, indicated with red arrows. c) Hydrogen-bonding motif in dimers B and C (dB,1 = 2.58 a, dB,2 = 2.54 a, dC = 2.60 a. d)–g) Polymorph b crys-
tallized by slow evaporation of a CHCl3 solution. d), e) p-Stacked dimers Ap (dA = 3.51 a) and Bp (dB = 3.29 a). f) Infinite face-to-face stacking pattern along the
crystallographic a axis, indicated with red arrows. g) Hydrogen-bonding motif in dimer D (dD,1 = 2.81 a, dD,2 = 2.68 a, dD,1 = 2.79 a).
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ed. In the a polymorph a potential of Ep =@96 kJ mol@1 for
dimer A was found; in the b polymorph the potentials are Ep =

@92 kJ mol@1 for dimer Ap and Ep =@112 kJ mol@1 for dimer Bp.
The total packing energies are similar for both modifications,

that is, Etot =@182 kJ mol@1 for a and Etot =@187 kJ mol@1 for b,
which explains the simultaneous competitive formation of

both polymorphs from CHCl3. The robustness of the a poly-
morph under the other conditions seems to have kinetic rather
than thermodynamic reasons.

Crystals of PPDC were grown by vacuum sublimation in a
kugelrohrofen (250 8C, (3–6) V 10@3 mbar). Like PQDC, PPDC
also crystallized in monoclinic space group P21/c with four mol-
ecules in the unit cell and one molecule in the asymmetric

unit. The molecules assemble in p-stacked columns of two al-
ternating dimers with dA = 3.34 a and dB = 3.37 a along the

crystallographic b axis (Figure 5 a–c). In both dimers the mole-

cules are oriented in an antiparallel fashion and have a pro-
nounced molecular overlap of the aromatic backbone (Fig-

ure 5 a and b). Adjacent columns form a layered structure,

which is stabilized by hydrogen bonding between cyano
groups and protons of the K-region. (dC = 2.47 a, Figure 5 c).

Adjacent layers also form twofold hydrogen bonds (dD =

2.50 a, Figure 5 d). The parent structure of PPDC without

cyano groups has been recently described:[15] p-stacked col-
umns with a parallel orientation of the molecules. Thus, the an-

tiparallel orientation observed in PPDC is related to the pres-
ence of the cyano groups and can be explained by the dipole

moment induced by them favoring an alignment with close

contacts of opposite poles.
For H-PPQTC two modifications could be obtained. The first

one was grown by slow evaporation of a CH2Cl2 solution (sol-
vate a). Here H-PPQTC crystallized in triclinic space group P1̄

with four molecules in the unit cell and two molecules in the
asymmetric unit. Two solvent molecules are enclathrated as

well. Two different p-stacked dimers can be found (Figure 6 a

and b). In dimer Ap adjacent molecules are twisted by approxi-
mately 908, and in dimer Bp the twist angle is 638. The p–p dis-

tance is the same for both dimers (dA = dB = 3.38 a). Both
dimers form independent p-stacked columns along the crystal-

lographic a axis (Figure 6 c), which interact through dipolar
CN···CN interactions (dD1,2 = 3.49–3.55 a) and hydrogen bond-

ing (dD,3 = 2.75 a) between adjacent cyano groups and aromat-

ic protons (Figure 6 d).
Another polymorph of H-PPQTC was obtained by vacuum

sublimation in a kugelrohrofen (300 8C, 5 V 10@2 mbar) (poly-
morph b). This time it crystallized in the orthorhombic space

group Pbca with eight molecules in the unit cell and one mole-
cule in the asymmetric unit. Again, dimers with dA = 3.36 a and

a twist of 628 (Figure 6 e) very similar to dimer Bp found in the

a modification are formed, which arrange in one-dimensional
p-stacked columns along the crystallographic b axis (Figure 6 f).

The columns are aligned in layers in the crystallographic bc
plane and are stabilized by dipolar C···N interactions (dB = 3.35–

3.69 a) between adjacent cyano groups (Figure 6 g) and by
twofold hydrogen bonding (dC = 2.65–2.69 a, Figure 6 h). Short

Figure 5. Single-crystal X-ray structure of PPDC (polymorph a) crystallized
by sublimation in a kugelrohrofen (250 8C, (3–6) V 10@3 mbar). a), b) p-
Stacked dimers Ap (dA = 3.34 a) and Bp (dB = 3.37 a). c) Packing; asymmetric
unit colored in red. Infinite face-to-face stacking pattern along the crystallo-
graphic b axis, indicated with red arrows. d) Twofold hydrogen-bonding
motif in dimer D (dD,1 = dD,2 = 2.50 a).

Figure 6. a–d) Single-crystal X-ray structure of H-PPQTC (solvate a) crystallized by evaporation of a CH2Cl2 solution. a), b) p-Stacked dimers Ap (dA = 3.38 a)
and Bp (dB = 3.38 a). c) Packing; the colors correspond to molecules of the two different dimers shown in a) and b). Solvent molecules omitted for clarity. Infin-
ite face-to-face stacking pattern along the crystallographic a axis, indicated with red and blue arrows. d) CN···CN short contacts and hydrogen-bonding motif
in dimer D (dD,1 = 3.49 a, dD,2 = 3.55 a, dD,3 = 2.75 a). e–h) Polymorph b crystallized by sublimation in a kugelrohrofen (300 8C, 5 V 10@2 mbar). e) p-Stacked dimer
Ap (dA = 3.36 a). f) Packing; asymmetric unit colored in red. Infinite face-to-face stacking pattern along the crystallographic b axis, indicated with red arrows.
g) CN···CN dipolar interaction motif B (dB,1 = 3.58 a, dB,2 = 3.68 a). h) Twofold hydrogen-bonding motif in dimer C (dC,1 = 2.65 a, dC,2 = 2.69 a).
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contacts between cyano groups and phenazine nitrogen

atoms (dD = 3.48 a) are also found. Similar intermolecular po-

tentials calculated by the UNI force field method exist for the
p-stacked dimers (@116 to @120 kJ mol@1) in both modifica-

tions, whereas the total packing energy is much higher for the
solvate of the a polymorph with CH2Cl2 (Etot =@976 kJ mol@1)

than for the structure of the sublimed b polymorph (Etot =

@238 kJ mol@1), probably due to additional stabilization by in-

teraction with the solvent molecules.

On slow evaporation of a solution in CH2Cl2, tBu-PPQTC
crystallized in the monoclinic space group P21/n with four mol-

ecules in the unit cell and one molecule and one solvent mole-
cule in the asymmetric unit (solvate a). The molecules form p-

stacked dimers (Figure 7 a) with dA = 3.36 a, which are arranged
in one-dimensional columns along the crystallographic a axis.
Adjacent columns form sheets in the crystallographic ab plane

(Figure 7 b), which are stabilized by dipolar CN···CN contacts
(dB = 3.26–3.66 a) similar to those found in the previous struc-
ture (Figure 7 c). Adjacent sheets interact through van der
Waals interactions of the tert-butyl groups.

When sublimed in vacuo in a kugelrohrofen (250 8C, 5 V
10@3 mbar) tBu-PPQTC crystallized in triclinic space group P1̄

with one molecule per unit cell and half a molecule in the
asymmetric unit (polymorph b). Similar to the a modification,
p-stacked dimers (Figure 7 d) with dA = 3.37 a form one-dimen-

sional columns along the crystallographic a axis, which are ar-
ranged in sheets in the ab plane (Figure 7 e). Within the sheets

molecules interact through twofold hydrogen bonding (dB =

2.73 a) (Figure 7 f). Adjacent sheets are stabilized by van der

Waals interactions. Similar to the previous two structures the

intermolecular potentials between the p-stacked dimers A are
similar in both modifications (@140 to @143 kJ mol@1), whereas

the total packing energy is higher for the solvate a (Etot =

@314 kJ mol@1) than for the sublimed polymorph b (Etot =

@277 kJ mol@1). A comparison between the crystal structures of
H-PPQTC and tBu-PPQTC reveals that the tert-butyl groups in-

fluence the p stacking. Whereas H-PPQTC p stacks with a twist

of the p planes of either 60 or 908, parallel p stacking with

smaller overlap of the planes is found in the presence of tert-
butyl groups.

QPPTC was crystallized by slowly cooling a hot, saturated
solution in benzonitrile. It crystallized in monoclinic space

group P21 with two molecules of QPPTC and two solvent mol-
ecules in the asymmetric unit. One-dimensional p-stacked col-

umns along the crystallographic c axis with dA = 3.40 a are

formed (Figure 8 a), with pronounced molecular overlap (Fig-
ure 8 b). Adjacent columns are stabilized by a fourfold comple-

mentary combination of hydrogen bonding of the cyano nitro-
gen atom to the phenylene proton (dB = 2.58–2.67 a) and dipo-

lar C···N interactions (dC = 3.39–3.46 a) (Figure 8 c). Enclathrated
benzonitrile molecules are strongly contorted out of planarity
(Figure 8 d), and this indicates that this fourfold interaction

motif has a highly directing and stabilizing effect on the overall
packing. Table 2 summarizes all crystallographic details.

The parent structure of QPPTC without cyano groups ob-
tained by sublimation has already been described.[23] Here, col-

umnar p stacks with similar molecular overlap and p–p dis-

Figure 7. a–c) Single-crystal X-ray structure of tBu-PPQTC (solvate a) crystallized by evaporation of a CH2Cl2 solution. a) p-Stacked dimer Ap (dA = 3.36 a). b) In-
finite face-to-face stacking pattern along the crystallographic a axis, indicated with red arrows. Solvent molecules omitted for clarity. c) CN···CN short-contact
motif in dimer B (dB,1 = 3.26 a, dB,2 = 3.38 a). d–f) Polymorph b crystallized by sublimation in a kugelrohrofen (250 8C, 5 V 10@3 mbar). d) p-Stacked dimer Ap

(dA = 3.37 a). e) Infinite face-to-face stacking pattern along the crystallographic a axis, indicated with red arrows. f) Twofold hydrogen-bonding motif in
dimer B (dB = 2.73 a).

Figure 8. Single-crystal X-ray structure of QPPTC crystallized by cooling of a
hot solution in benzonitrile. a) Infinite face-to-face stacking pattern along
the crystallographic c axis, indicated with red arrows. Solvent molecules
omitted for clarity. b) p-Stacked dimer Ap (dA = 3.40 a). c) Hydrogen-bonding
and dipolar C···N interactions in dimer B (dB,1 = 2.58 a, dB,2 = 2.67 a,
dB,3 = 3.49 a, dB,4 = 3.46 a. d) Contortion of enclathrated benzonitrile.
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tance (3.42 a) are found that only differ in the relative orienta-

tion of the columns.

Calculated charge-transfer integrals

To evaluate the potential of the obtained structures for appli-

cation as OFET materials, the electronic couplings between ad-
jacent molecules of all obtained crystal structures were calcu-

lated. The electronic coupling (charge-transfer integral) be-

tween molecules can be used to quantify the charge-transport
capability and depends on the relative orientation between

the molecules. Different transfer integrals result in varying mo-
bilities. For example, the charge-transport mobility in an an-

thracene crystal differs in different directions with respect to
the orientation of the molecules.[24] Both HOMO transfer inte-

grals th responsible for hole transport and LUMO transfer inte-
grals te responsible for electron transport were calculated by

the DFTB method (see the Supporting Information for details
of the calculation).[25] The results for p-stacked dimers are
listed in Table 3. Couplings of other molecular pairs with short

contacts are negligibly small and are therefore not discussed
herein (for details, see the Supporting Information). This also

means that charge-carrier transport is expected to be highly
anisotropic and occurs predominantly along the p-stacking

axis, which is parallel to the shortest crystallographic axis in all

structures, as indicated in Table 3. For most dimers in this work
electron transport is favored over hole transport, as expected

due to the electron-deficient nature of the compounds and
the low-lying LUMOs.

For the a polymorph of PQDC a moderate coupling for elec-
tron transport (te = 49 meV) and a lower coupling for hole

transport (th = 20 meV) were calculated for p-stacked molecules

along the crystallographic c axis. For the b polymorph both
electron and hole couplings are larger. Hole-transfer integrals

for the two alternating p-stacked dimers along the a axis are

th,A = 88 meV and th,B = 57 meV. For electron transport the trans-
fer integrals are exceptionally large (te,A = 113 meV and te,B =

252 meV), which makes this polymorph highly promising for
potential application in n-type OFETs. However, due to similar

packing energies of both a and b polymorphs, polymorphic
mixtures are to be expected, which is a drawback for device

Table 2. Crystallographic parameters, distances, and short contacts of PQDC, PPDC, H-PPQTC, tBu-PPQTC, and QPPTC.[a]

Compound Method Space
group

Nasym
[f] Z[g] dp–p

[a][h]

Vp–p

[8][i]

Ep–p

[kJ mol@1][j]

Etot

[kJ mol@1][j]

Other short contacts [a; 8][a]

PQDC

THF/MeOH,[b] CH2Cl2,
CHCl3,[c] sublimation,[d] a

P21/c
(monoclinic)

1 4 3.38 120 @96 @182 2.54–2.60; 115–135 (CN···H), 3.30; 146
(CN···N)

CHCl3,[c] b P21/n
(monoclinic)

1 4 3.51 (A),
3.29 (B)

180,
180

@92 (A),
@112 (B)

@187 2.68–2.81; 107–160 (CN···H), 3.25; 105
(CN···N)

PPDC

sublimation[d] P21/c
(monoclinic)

1 4 3.34 (A),
3.37 (B)

180,
180

@116 (A),
@118 (B)

@203 2.47–2.67; 110–136 (CN···H)

CH2Cl2,[c] a

P1
@

(triclinic)

4 V 0.5,
2 V CH2Cl2

4 3.38 (A),
3.38 (B)

89,
63

@116 (A),
@120 (B)

@976 3.42–3.82; 73–89 (CN···CN), 2.59–2.75;
128–132 (CN···H)

H-PPQTC

sublimation,[d] b Pbca
(orthorhombic)

1 8 3.36 62 @118 @238 3.35–4.02; 81–113 (CN···CN), 2.49–2.69;
129–144 (CN···H), 3.12; 146 (CN···N)

CH2Cl2,[c] a P21/n
(monoclinic)

2 V 0.5,
1 V CH2Cl2

4 3.37 0 @140 @314 3.26–3.66; 72–85 (CN···CN), 2.67; 152
(CN···H)

tBu-PPQTC sublimation,[d] b

P1
@

(triclinic)

0.5 1 3.37 0 @143 @277 2.73; 135.9 (CN···H)

QPPTC benzonitrile[e] P21

(monoclinic)
2,
2 V C6H5CN

4 3.40 0 @178 @368 3.39–3.49, 88–94; 2.47–2.81; 127–142
(CN···H)

[a] Values were determined for two adjacent molecules. For the determination procedure, see the Supporting Information. [b] Vapor diffusion. [c] Slow
evaporation at RT. [d] Under vacuum in a kugelrohrofen. [e] Cooling a hot, saturated solution to RT. [f] Number of molecules in the asymmetric unit ; refined
molecules of solvation not counted. [g] Total number of molecules in the unit cell including refined molecules of solvation. [h] The p–p distances; the
numbers in parentheses indicate the p-stacking motifs shown in Figures 4–8; p distances were calculated as the mean distance of all atoms of the aromat-
ic backbone (see the Supporting Information for details). [i] Torsion angle between two p-stacked molecules as shown in Figures 4–8. [j] Intermolecular po-
tentials between p-stacked dimers and total packing energy calculated by the UNI force field method implemented in Mercury.[22]

Table 3. Charge transfer integrals for hole (th) and electron (te) transport
for all crystal structures of PQDC, PPDC, H-PPQTC, tBu-PPQTC, and
QPPTC and reorganization energies.

Compound Modification[a] th
[b]

[meV]
te

[b]

[meV]
Direction[c] lh

[d]

[meV]
le

[d]

[meV]

PQDC
a 20 49 c

160 256b 88 (A),
57 (B)

113 (A),
252 (B)

a

PPDC a 13 (A)
(B), 0

172 (A),
101 (B)

b 152 190

H-PPQTC
a 37 (A),

26 (B)
27 (A)
(B), 46

a
136 121

b 12 36 b

tBu-PPQTC
a 53 76 a

141 129
b 50 69 a

QPPTC a 4 108 c 117 91

[a] See Figures 4–8 and Table 2. [b] Transfer integral for hole (h) and elec-
tron (e) transport calculated by DFTB along the p-stacking axis. [c] Crys-
tallographic axis parallel to p-stacking axis. [d] Reorganization energy for
hole (h) and electron (e) transport calculated by DFT (B3LYP/6-31G*).
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fabrication. For PPDC, too, an exceptionally large transfer inte-
gral for electron transport for dimer Ap (see Figure 5 a) was

found (te = 172 meV). For dimer Bp it is reduced to te =

101 meV, which is still a large value. Couplings in the same

range have been previously reported for dimers of triptycene
end-capped quinoxalino-phenanthrophenazines.[9aa] Both inte-
grals are in the same range as for some perylene diimine deriv-
atives (te up to 141 meV).[26] They are also similar to the transfer
integral for hole transport of rubrene (th = 100 meV),[27] which

is known to have excellent charge-carrier mobility in OFETs.[28]

Since both dimers alternate along the crystallographic b axis,
the coupling in dimer Bp most likely determines the overall
charge transport. The large values make PPDC a promising

candidate for potential application as an n-type semiconductor
in OFET devices.[1] In contrast to the large transfer integrals for

electron transport, couplings for hole transport are negligibly

small (0–13 meV). For the a modification of H-PPQTC moder-
ate couplings for both hole and electron transport were calcu-

lated along the a axis. They vary between th = 37 meV and te =

27 meV for dimer Ap and th = 26 meV and te = 46 meV for di-

mer Bp (see Figure 6 a and b). Modification b has a similar inte-
gral for electron transport (te = 36 meV) and somewhat smaller

integral for hole transport (th = 12 meV).

Both modifications of tBu-PPQTC show similar transfer inte-
grals along the a axis. For hole transport they are th = 50 and

53 meV, whereas for electron transport fairly large couplings of
te = 69 and 76 meV were obtained. These values are larger

than those of H-PPQTC due to more efficient orbital interac-
tion, and make tBu-PPQTC promising for potential device ap-

plications, whereas H-PPQTC seems to be unsuitable for effi-

cient charge transfer. Thus, the addition of tert-butyl groups
seems to be beneficial for this purpose. The longest fused aro-

matic system, namely QPPTC, shows a large electron-transfer
integral along the crystallographic c axis (108 meV), whereas

the hole coupling is negligible. This is contrary to the parent
structure of QPPTC without cyano groups, for which hole-

transfer integrals (63 meV) are much larger than those for elec-

tron transfer (14 meV).[23]

Reorganization energies for hole and electron transport

were calculated as well (DFT/B3LYP-6-31G*). They describe the
strength of local electron–phonon coupling and strongly affect

the charge-transport properties.[29] Small energies are desired
for high carrier mobilities.[14a, 30] The calculations revealed reor-

ganization energies for hole transport between 117 and
160 meV, comparable to those of rubrene (159 meV)[31] and un-
substituted QPP (118 meV)[23] and slightly larger than that of

pentacene (97 meV).[32]

For electron transport larger values were calculated for

PQDC and PPDC (256 and 190 meV), whereas for the two
PPQTC derivatives the energies were slightly smaller than for

hole transport (121 and 129 meV). These values are rather low

compared with electron-transfer reorganization energies of
other systems, such as perylene diimides (250–322 mV)[26]

QPPTC has the lowest reorganization energy (91 meV), which
is only slightly higher than for its parent structure (80 meV).[23]

Since for QPPTC reorganization energy is lower than the trans-
fer integral, this should lead to very efficient bandlike charge

transport, which is promising for high charge transport mobili-
ties.[29b] Table 3 summarizes transfer integrals and reorganiza-

tion energies.

Conclusions

The synthesis and optoelectronic characterization of five di-

and tetracyanopyrazines was presented. Due to the electron-
withdrawing effect of the cyano groups, all compounds have

low-lying LUMO levels of up to @3.9 eV, making them predes-
tined for electron transport. All compounds could be crystal-

lized by vacuum sublimation and/or from solution. Single-crys-
tal X-ray diffraction revealed in all eight structures columnar

face-to-face p-stacking motifs with short p–p distances (

&3.29–3.51 a; av 3.37 a). Hydrogen-bonding and dipolar
CN···CN interactions are found in all structures and seem to

have a strong impact on stabilizing the packing. PQDC crystal-
lized in the same unit cell regardless of the crystallization con-

ditions. Only in the case of chloroform a second polymorph
was also formed. For two compounds (i.e. , PPQTC and tBu-
PPQTC) two different modifications were obtained, but the p-

stacking motifs were similar in both cases. Calculated charge-
transfer integrals for electron transport of 69–76 meV for tBu-
PPQTC, 101–172 meV for PPDC, 108 meV for QPPTC and 113–
252 meV for PQDC (b), together with low reorganization ener-
gies (91–256 meV) indicate that those four compounds are
promising candidates for n-type semiconductors. Their low

molecular weight allows easy sublimation, which is beneficial
both for purification and device fabrication. We are currently
working on using these compounds in n-type OFET devices.
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mann, P. B. Woiczikowski, T. Kubař, M. Elstner, T. B. Steinbrecher, J. Phys.
Chem. B 2013, 117, 10769 – 10778; j) D. Holub, H. Ma, N. Krauß, T. Lamp-
arter, M. Elstner, N. Gillet, Chem. Sci. 2018, 9, 1259 – 1272; k) B. Aradi, B.
Hourahine, T. Frauenheim, J. Phys. Chem. A 2007, 111, 5678 – 5684.

[26] M. C. R. Delgado, E.-G. Kim, D. A. d. S. Filho, J.-L. Bredas, J. Am. Chem.
Soc. 2010, 132, 3375 – 3387.

[27] K. A. McGarry, W. Xie, C. Sutton, C. Risko, Y. Wu, V. G. Young, J.-L. Br8das,
C. D. Frisbie, C. J. Douglas, Chem. Mater. 2013, 25, 2254 – 2263.

[28] V. C. Sundar, J. Zaumseil, V. Podzorov, E. Menard, R. L. Willett, T. Someya,
M. E. Gershenson, J. A. Rogers, Science 2004, 303, 1644 – 1646.

[29] a) K. Sakanoue, M. Motoda, M. Sugimoto, S. Sakaki, J. Phys. Chem. A
1999, 103, 5551 – 5556; b) E.-G. Kim, V. Coropceanu, N. E. Gruhn, R. S.
S#nchez-Carrera, R. Snoeberger, A. J. Matzger, J.-L. Br8das, J. Am. Chem.
Soc. 2007, 129, 13072 – 13081.

[30] J.-L. Br8das, D. Beljonne, V. Coropceanu, J. Cornil, Chem. Rev. 2004, 104,
4971 – 5004.

[31] D. A. da Silva Filho, E.-G. Kim, J.-L. Br8das, Adv. Mater. 2005, 17, 1072 –
1076.

[32] V. Coropceanu, O. Kwon, B. Wex, B. R. Kaafarani, N. E. Gruhn, J. C. Duriv-
age, D. C. Neckers, J.-L. Br8das, Chem. Eur. J. 2006, 12, 2073 – 2080.

Manuscript received: May 14, 2020
Revised manuscript received: May 26, 2020

Accepted manuscript online: May 27, 2020

Version of record online: July 30, 2020

Chem. Eur. J. 2020, 26, 11634 – 11642 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim11642

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202002382

https://doi.org/10.1016/S0379-6779(97)80097-5
https://doi.org/10.1016/S0379-6779(97)80097-5
https://doi.org/10.1016/S0379-6779(97)80097-5
https://doi.org/10.1016/S0379-6779(97)80097-5
https://doi.org/10.1002/adma.201303392
https://doi.org/10.1002/adma.201303392
https://doi.org/10.1002/adma.201303392
https://doi.org/10.1002/adma.201101467
https://doi.org/10.1002/adma.201101467
https://doi.org/10.1002/adma.201101467
https://doi.org/10.1039/C5MH00190K
https://doi.org/10.1039/C5MH00190K
https://doi.org/10.1039/C5MH00190K
https://doi.org/10.1002/adma.201601171
https://doi.org/10.1002/adma.201601171
https://doi.org/10.1002/adma.201601171
https://doi.org/10.1002/adma.201601171
https://doi.org/10.1021/ja510003y
https://doi.org/10.1021/ja510003y
https://doi.org/10.1021/ja510003y
https://doi.org/10.1021/ja510003y
https://doi.org/10.1021/ja809045s
https://doi.org/10.1021/ja809045s
https://doi.org/10.1021/ja809045s
https://doi.org/10.1021/ja809045s
https://doi.org/10.1021/ja809848y
https://doi.org/10.1021/ja809848y
https://doi.org/10.1021/ja809848y
https://doi.org/10.1021/ja807528w
https://doi.org/10.1021/ja807528w
https://doi.org/10.1021/ja807528w
https://doi.org/10.1021/ja807528w
https://doi.org/10.1557/jmr.2016.8
https://doi.org/10.1557/jmr.2016.8
https://doi.org/10.1557/jmr.2016.8
https://doi.org/10.1557/jmr.2016.8
https://doi.org/10.1039/C4CS00119B
https://doi.org/10.1039/C4CS00119B
https://doi.org/10.1039/C4CS00119B
https://doi.org/10.1021/cm0492179
https://doi.org/10.1021/cm0492179
https://doi.org/10.1021/cm0492179
https://doi.org/10.1002/asia.200900373
https://doi.org/10.1002/asia.200900373
https://doi.org/10.1002/asia.200900373
https://doi.org/10.1039/C0CC02249G
https://doi.org/10.1039/C0CC02249G
https://doi.org/10.1039/C0CC02249G
https://doi.org/10.1021/ol301841h
https://doi.org/10.1021/ol301841h
https://doi.org/10.1021/ol301841h
https://doi.org/10.1021/ol301841h
https://doi.org/10.1039/C5CC02459E
https://doi.org/10.1039/C5CC02459E
https://doi.org/10.1039/C5CC02459E
https://doi.org/10.1039/C5CC03096J
https://doi.org/10.1039/C5CC03096J
https://doi.org/10.1039/C5CC03096J
https://doi.org/10.1021/acs.orglett.6b02332
https://doi.org/10.1021/acs.orglett.6b02332
https://doi.org/10.1021/acs.orglett.6b02332
https://doi.org/10.1039/C7QO00227K
https://doi.org/10.1039/C7QO00227K
https://doi.org/10.1039/C7QO00227K
https://doi.org/10.1039/C7QO00227K
https://doi.org/10.1002/ejoc.201700880
https://doi.org/10.1002/ejoc.201700880
https://doi.org/10.1002/ejoc.201700880
https://doi.org/10.1039/C8NR03516D
https://doi.org/10.1039/C8NR03516D
https://doi.org/10.1039/C8NR03516D
https://doi.org/10.1039/C8SC04845B
https://doi.org/10.1039/C8SC04845B
https://doi.org/10.1039/C8SC04845B
https://doi.org/10.1021/ja800311a
https://doi.org/10.1021/ja800311a
https://doi.org/10.1021/ja800311a
https://doi.org/10.1002/ejoc.201600005
https://doi.org/10.1002/ejoc.201600005
https://doi.org/10.1002/ejoc.201600005
https://doi.org/10.1002/ejoc.201600005
https://doi.org/10.1002/tcr.201600015
https://doi.org/10.1002/tcr.201600015
https://doi.org/10.1002/tcr.201600015
https://doi.org/10.1002/tcr.201600015
https://doi.org/10.1039/C7CC03898D
https://doi.org/10.1039/C7CC03898D
https://doi.org/10.1039/C7CC03898D
https://doi.org/10.1021/acs.chemmater.7b01318
https://doi.org/10.1021/acs.chemmater.7b01318
https://doi.org/10.1021/acs.chemmater.7b01318
https://doi.org/10.1021/acs.chemmater.7b01318
https://doi.org/10.1039/C9QM00656G
https://doi.org/10.1002/anie.201803230
https://doi.org/10.1002/anie.201803230
https://doi.org/10.1002/anie.201803230
https://doi.org/10.1002/anie.201803230
https://doi.org/10.1002/ange.201803230
https://doi.org/10.1002/ange.201803230
https://doi.org/10.1002/ange.201803230
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/jacs.9b01082
https://doi.org/10.1021/ol403383y
https://doi.org/10.1021/ol403383y
https://doi.org/10.1021/ol403383y
https://doi.org/10.1002/anie.201411972
https://doi.org/10.1002/anie.201411972
https://doi.org/10.1002/anie.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/ange.201411972
https://doi.org/10.1002/chem.201902002
https://doi.org/10.1002/chem.201902002
https://doi.org/10.1002/chem.201902002
https://doi.org/10.1002/chem.201502847
https://doi.org/10.1002/chem.201502847
https://doi.org/10.1002/chem.201502847
https://doi.org/10.1002/chem.201503863
https://doi.org/10.1002/chem.201503863
https://doi.org/10.1002/chem.201503863
https://doi.org/10.1002/cber.19751080320
https://doi.org/10.1002/cber.19751080320
https://doi.org/10.1002/cber.19751080320
https://doi.org/10.1002/cber.19751080320
https://doi.org/10.1021/jp508990s
https://doi.org/10.1021/jp508990s
https://doi.org/10.1021/jp508990s
https://doi.org/10.1080/00397911.2010.517893
https://doi.org/10.1080/00397911.2010.517893
https://doi.org/10.1080/00397911.2010.517893
https://doi.org/10.1002/app.34608
https://doi.org/10.1002/app.34608
https://doi.org/10.1002/app.34608
https://doi.org/10.1021/cr050140x
https://doi.org/10.1021/cr050140x
https://doi.org/10.1021/cr050140x
https://doi.org/10.1039/B509636G
https://doi.org/10.1039/B509636G
https://doi.org/10.1039/B509636G
https://doi.org/10.1039/B509636G
https://doi.org/10.1039/C9QM00710E
https://doi.org/10.1039/C9QM00710E
https://doi.org/10.1039/C9QM00710E
https://doi.org/10.1039/C9QM00710E
https://doi.org/10.1021/jo048509q
https://doi.org/10.1021/jo048509q
https://doi.org/10.1021/jo048509q
https://doi.org/10.1002/cber.19931261126
https://doi.org/10.1002/cber.19931261126
https://doi.org/10.1002/cber.19931261126
https://doi.org/10.1039/C5AY02982A
https://doi.org/10.1039/C5AY02982A
https://doi.org/10.1039/C5AY02982A
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/anie.201002307
https://doi.org/10.1002/ange.201002307
https://doi.org/10.1002/ange.201002307
https://doi.org/10.1002/ange.201002307
https://doi.org/10.1107/S0108270195001387
https://doi.org/10.1107/S0108270195001387
https://doi.org/10.1107/S0108270195001387
https://doi.org/10.1016/j.jorganchem.2008.11.037
https://doi.org/10.1016/j.jorganchem.2008.11.037
https://doi.org/10.1016/j.jorganchem.2008.11.037
https://doi.org/10.1016/j.jorganchem.2008.11.037
https://doi.org/10.1007/s10870-013-0459-1
https://doi.org/10.1007/s10870-013-0459-1
https://doi.org/10.1007/s10870-013-0459-1
https://doi.org/10.1007/s10870-013-0459-1
https://doi.org/10.1021/ar00046a004
https://doi.org/10.1021/ar00046a004
https://doi.org/10.1021/ar00046a004
https://doi.org/10.1021/j100069a010
https://doi.org/10.1021/j100069a010
https://doi.org/10.1021/j100069a010
https://doi.org/10.1016/j.molstruc.2015.03.057
https://doi.org/10.1016/j.molstruc.2015.03.057
https://doi.org/10.1016/j.molstruc.2015.03.057
https://doi.org/10.1246/bcsj.40.2073
https://doi.org/10.1246/bcsj.40.2073
https://doi.org/10.1246/bcsj.40.2073
https://doi.org/10.1103/PhysRev.119.1226
https://doi.org/10.1103/PhysRev.119.1226
https://doi.org/10.1103/PhysRev.119.1226
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1103/PhysRevB.58.7260
https://doi.org/10.1063/1.4867077
https://doi.org/10.1063/1.4867077
https://doi.org/10.1039/C4CP04749D
https://doi.org/10.1039/C4CP04749D
https://doi.org/10.1039/C4CP04749D
https://doi.org/10.1021/acs.jctc.5b00719
https://doi.org/10.1021/acs.jctc.5b00719
https://doi.org/10.1021/acs.jctc.5b00719
https://doi.org/10.1021/acs.jctc.5b00719
https://doi.org/10.1021/acs.jctc.6b00215
https://doi.org/10.1021/acs.jctc.6b00215
https://doi.org/10.1021/acs.jctc.6b00215
https://doi.org/10.1021/acs.jctc.6b00215
https://doi.org/10.1021/ja510550g
https://doi.org/10.1021/ja510550g
https://doi.org/10.1021/ja510550g
https://doi.org/10.1021/jp406319b
https://doi.org/10.1021/jp406319b
https://doi.org/10.1021/jp406319b
https://doi.org/10.1021/jp406319b
https://doi.org/10.1039/C7SC03386A
https://doi.org/10.1039/C7SC03386A
https://doi.org/10.1039/C7SC03386A
https://doi.org/10.1021/jp070186p
https://doi.org/10.1021/jp070186p
https://doi.org/10.1021/jp070186p
https://doi.org/10.1021/ja908173x
https://doi.org/10.1021/ja908173x
https://doi.org/10.1021/ja908173x
https://doi.org/10.1021/ja908173x
https://doi.org/10.1021/cm400736s
https://doi.org/10.1021/cm400736s
https://doi.org/10.1021/cm400736s
https://doi.org/10.1126/science.1094196
https://doi.org/10.1126/science.1094196
https://doi.org/10.1126/science.1094196
https://doi.org/10.1021/jp990206q
https://doi.org/10.1021/jp990206q
https://doi.org/10.1021/jp990206q
https://doi.org/10.1021/jp990206q
https://doi.org/10.1021/ja073587r
https://doi.org/10.1021/ja073587r
https://doi.org/10.1021/ja073587r
https://doi.org/10.1021/ja073587r
https://doi.org/10.1021/cr040084k
https://doi.org/10.1021/cr040084k
https://doi.org/10.1021/cr040084k
https://doi.org/10.1021/cr040084k
https://doi.org/10.1002/chem.200500879
https://doi.org/10.1002/chem.200500879
https://doi.org/10.1002/chem.200500879
http://www.chemeurj.org

