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Efficient Benzodithiophene/Benzothiadiazole-Based n-
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A series of donor-acceptor small molecules based on electron-
deficient benzothiadiazole (BTD) and electron-rich benzodithio-
phene (BDT) featuring an A-D-A structure is presented. Exhaus-
tive spectroscopic, electrochemical, and computational studies
evidence their electroactive nature and their ability to form
well-ordered thin films with broad visible absorptions and low

Long-dreamed-of, light-weight, low-cost, and flexible electronic
devices are close to becoming a reality. Advances in organic
electronics have made it possible to improve not just the fabri-
cation of the devices but also the properties of the active or-
ganic materials. Easy-to-process soluble organic semiconduc-
tors (OSC) with enhanced stability and electronic properties al-
ready are a reality."® Obtaining materials with high charge
carrier mobilities (u) is of the utmost importance, allowing
faster operating transistors that save energy by reducing the
calculation time, and also leading to more efficient organic
photovoltaic (OPV) cells by improving the short-circuit current
(Jsc). From a molecular point of view, it is the m-electronic cou-
pling between the molecule’s inner components, along with
its lattice interactions with the neighboring molecules, that
dictates the charge carrier transport properties and band gap.
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band gaps (ca. 2 eV). Time-resolved microwave conductivity
(TRMC) studies unveil unexpected n-type charge transport dis-
playing high electron mobilities around 0.1 cm?V~'s™". Efficient
electron transport properties are consistent with the low elec-
tron reorganization energies (0.11-0.17 eV) theoretically pre-
dicted.

It has recently been demonstrated that incorporation of elec-
tron-deficient groups has a stabilizing effect since they reduce
the electron density of the molecules (lowering in termlturn?
W the HOMO energy).”” In this sense, the combination of elec-
tron-rich m-conjugated polyaromatic heterocycles (overwhelm-
ingly thiophene derivatives) as donors (D) with electron-defi-
cient moieties as acceptors (A) in A-D-A motifs has emerged as
an efficient strategy to improve both stability and intermolecu-
lar packing.

Compounds bearing benzothiadiazole (BTD) fragments are
found widespread in fields ranging from drug design®~” to or-
ganic_electronics. BTD has been extensively applied in the
latter due its remarkable electron-accepting properties. Be-
sides, its ability to lower the band gap by generating ground-
state quinoid structures when flanked by five-membered aro-
matic rings, has allowed the synthesis of a number of materials
with excellent photovoltaic response."™ However, despite
their widespread use in OPV devices, most of the reported sys-
tems are related with lmentioned in terms of W their incor-
poration into polymeric materials and there are few studies of
BTD-based small-molecule systems being applied as charge
transporters.'> The lack of studies, and the relevance the
BTD fragment has recently gained, prompted us to investigate
this electron-deficient group in a series of molecules featuring
A-D-A architectures. The benzodithiophene (BDT) donor frag-
ment is ubiquitous in most of the moderate-to-high-efficiency
small-molecule OPV devices and some polymeric organic field-
effect transistors (OFETs). Its association with BTD in A-D-A
structures has showed potential for application in high-per-
formance organic solar cells,"*although their application in
OFETs has not been yet tested. All previously reported systems
bearing BTD units display (apparently without any reason) the
same substitution pattern at the 4- and 7-positions. In this
work we have decided to investigate the effect of the substitu-
tion at position 5 of the BTD in an A-D-A configuration as
shown in Scheme 1. Interestingly, in addition to the easy
HMreadyl synthetic availability of these compounds, they ex-
hibited a less-explored n-type semiconducting behavior.
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Scheme 1. BTD-BDT-BTD systems with thiophene bridges of increasing
length.

As shown in Scheme S1 in the Supporting Information (SI),
the benzothiadiazole component was obtained by reaction of
4-bromo-1,2-diaminobenzene with thionyl chloride following
a previously reported method." The resulting brominated
product was coupled with a benzodithiophene organotin de-
rivative by a Stille cross-coupling reaction to yield product MO.
This orange-red solid showed a noticeably upfield shift (at 6 =
7.84 ppm) for the singlet belonging to the BDT aromatic pro-
tons, allegedly attributed toMwhich is rationalized byl the
strong electron-withdrawing effect of the BTD unit. The BTD
component could be modified by attaching a thiophene unit
to the brominated benzothiadiazole through a cross-coupling
reaction with tributyl(4-dodecylthiophen-2-yl)stannane, yield-
ing a pale yellow solid. This product was brominated with N-
bromosuccinimide (NBS) and then coupled to a thiophene or-
ganotin derivative. These last two steps could be repeated to
provide BDT units bearing thiophene bridges of increasing
length (see Scheme S1). These final product precursors exhibit
the characteristic d, d, dd patterns in the '"H NMR spectra of 4-
substituted BTDs (signals at 6~8.15, 8.00, 7.90 ppm, respec-
tively) followed by a number of low-field singlets correspond-
ing to the number of thiophene units of the bridge. Finally,
products M1-M3 were obtained by Stille reaction with the
BDT organotin derivative. NMR and HRMS characterization was
consistent with the structures of the final products. All systems
but M1 showed good thermal stability up to about 350°C; M1
showed 4.5% weight loss over 150°C, with a stability plateau
up to 350°C (Figures S13-S16 in the SI).lPlease check careful-
ly. Paragraph edited to remove compound numbersill

Absorption experiments in dichloromethane (DCM) solution
showed that all molecules present a broad band in the 400-
500 nm region peaking Ewith a maximum[l around 450 nm
(Figure 1 top and Figure S11 in the SlI). As the thiophene
bridge increases in length, higher-energy bands decrease in in-
tensity to finally virtually disappear or merge with the lower
energy absorption band. In a way that might seem counterin-
tuitive, this band experiences a hypsochromic shift (from
Amax =456 nm for MO to 443, 445 and 447 nm for M1, M2, and
M3, respectively) as longer thiophene linkers are introduced
between the BDT and BTD units. This behavior might be attrib-
uted to the steric hindrance induced by the dodecyl ancillary
side chains linked to the thiophene spacers (vide infra), as is
also observed when they are used to disrupt electronic com-
munication in m-conjugated systems.'”! Despite this, a signifi-
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Figure 1. Normalized UV/Vis absorption spectra recorded for MO-M3 in
DCM solution (top) and in thin film (bottom).

cant broadening of the absorption is observed for M1-M3
with onsets going up to 532 nm. A completely different pat-
tern is obtained for the absorption of thin films (Figure 1
bottom). In the case of MO, the A,,,, of the thin film is red-shift-
ed 30 nm relative to that of the DCM solution. This red-shift is
ascribed to the planarization of the structure, induced by the
solid-state packing of the molecules in the thin film. More im-
portant changes and the expected shift to longer wavelengths
are observed in the spectra as additional thiophene units are
introduced into the m-conjugated bridge. For M1-M3 mole-
cules, with increasing length of the thiophene bridge, the thin-
film spectra are dominated by a broad absorption ranging
fromElbetweenll 360 to 800 nm. This band shows the charac-
teristic vibronic structure featuring two peaks indicative of ef-
fective m-m interactions between different molecule back-
bones.!"®

The electrochemical behavior of M0-M3 was studied by
means of cyclic voltammetry (CV). As expected for A-D-A sys-
tems, samples showed both oxidation and reduction processes
(Table 1 and Figure S12 in the SI). All molecules experience
a single reversible reduction around —1.62 V with an apparent-
ly negligible effect of the thiophene bridge length. In contrast,
molecules show a much more complicated behavior upon oxi-
dation; their oxidation potentials are shifted anodically as the
molecules bear more thiophene units. Compounds M0 and M1
show two reversible oxidation processes, whereas M2 and M3
show many irreversible oxidation processes (see Figure S12 in
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Table 1. Redox potentials recorded for MO-M3.”!

Compound Ee4 V] o [V] 2 [v]
Mo -1.614 0.835 1.204
M1 -1.614 0.735 0.957
M2 —1.633 0.659 0.815
M3 —-1.611 0.615 0.769

[a]l Measured by CV in CH,Cl, solution using 0.1 M Bu,NPF; as the sup-
porting electrolyte, glassy carbon as the working electrode, Pt wires as
counter and reference electrodes. Fc was added as internal standard re-
cording E,,,=0.284V for the Fc/Fc™ process.

the SI) presumably due to the mixture of states from the oligo-
thiophene bridge and the BDT donor core. Frontier orbital en-
ergies and electrochemical gaps were estimated from the
redox potential onsets (Table S3 in the SI). The energy of the
highest occupied molecular orbital (HOMO )increases as more
thiophene units are introduced into the bridge, ranging from
—5.24 to —5.04 eV. The energies calculated for the lowest un-
occupied molecular orbital (LUMO) by using either electronic
or electrochemical gaps show good agreement and, as expect-
ed, are negligibly affected by the bridge size.

To shed light onto the optical and electronic properties of
MO0-M3, quantum chemistry calculations were performed for
the isolated molecules within the density functional theory
(DFT) framework. The aliphatic chains attached to the BDT core
and the thiophene rings were replaced with methyl groups to
alleviate the computational costlleffortll. C; symmetry con-
straints were imposed for all compounds. Geometry optimiza-
tions at the B3LYP/cc-pVDZ level indicate that the minimum-
energy structures of the A-D-A derivatives are mainly planar,
showing small twisting angles (<20°) between adjacent rings
due to short H-H (23A) and H-S (2.7-29 A) contacts
(Figure 2 for M1 and Figure S18 in the Sl for the rest of com-
pounds).

Figure 3 shows the frontier molecular orbital energy dia-
grams calculated for M0-M3, along with representative exam-
ples of the molecular orbitals’ topology for the M1 derivative.
The HOMO and HOMO-1 are localized on the electron-donor

Figure 2. Top and side views of the minimum-energy geometry calculated
for the M1 derivative, including the values of dihedral angles ® and 6 and
relevant inter-ring short contacts (in A).
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Figure 3. Frontier molecular orbital diagram including the HOMO-LUMO
gap (left) and the isovalue contours (+0.03 a.u.) calculated for the M1 deriv-
ative (right). H and L denote HOMO and LUMO, respectively.

BDT unit with some contribution from the thiophene mt-conju-
gated bridge, whereas the HOMO—2 mainly spreads over the
bridge. Conversely, the LUMO and LUMO+1 are fully located
on the electron-acceptor BTD moieties, whereas the LUMO+-2
spreads over the whole molecule. The description of the fron-
tier MOs is maintained in derivatives MO, M2, and M3, al-
though the nature of HOMO—1 and HOMO-2 is predicted to
be swapped in M2 and M3 (see Figures S19 and S20 in the SI).
This swap stems from the larger increase in energy the orbital
located over the thiophene spacer experiences with increased
spacer length, compared to the energy of the orbital localized
over the BDT core (Figure 3). The HOMO energy systematically
increases on going from MO (—5.60 eV) to M3 (—4.84 eV) with
increasing numbers of thiophene units in the m-conjugated
bridge. This trend is in good accordance with the anodic shift
recorded experimentally for F*' (Table 1). In contrast, the
LUMO and LUMO+1 are predicted to remain practically unal-
tered at ca. —2.7 eV, regardless of the length of the thiophene
m-spacer, due to the localization of these orbitals over the elec-
tron-acceptor BTD units. This is also in good agreement with
the CV experiments. As expected, the energy difference be-
tween the LUMO and LUMO+1 decreases as the electron-ac-
ceptor moieties get more separated, reaching practically the
degeneracylland the MOs become practically degeneratell
for M3 (Figure 3). The HOMO-LUMO gap is predicted to signifi-
cantly narrow from 2.79 eV in MO to 2.18 eV in M3. The theo-
retical trends calculated for the HOMO-LUMO gap and the
HOMO and LUMO energies along the M0-M3 series are in
good agreement with the experimental trends obtained from
optical and electrochemical data (Table S3 in the SI).

To highlight the effect that the linking position of the BTD
units has on the electronic properties, the two BTD-BDT-BTD
derivatives recently reported by Du etal.,'™ which present
a structure similar to M2 with the BTD units linked at the 4,7-
positions, were also calculated at the B3LYP/cc-pVDZ level. The
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main structural effect of the 4,7-substitution pattern is that the
BTD units are less twisted from planarity (twisting angles of
only 0.5-1.5° Figure S21 in the SI) than in M1-M3 (twisting
angles in the 16-22° range, Figure 2 and Figure $18) in which
the BTD units are linked in 5-position. The 4,7-substitution pat-
tern leads to a significant reduction of the HOMO-LUMO gap
(2.07 and 2.22 eV, depending on the inner or end-capping po-
sition of the BDT units, respectively; Figure S23 in the SI) com-
pared to M2 (2.32 eV). The narrowing of the HOMO-LUMO gap
stems from a lowering of the LUMO energy due to the copla-
narity of the BTD moieties in the m-conjugated path.
Time-dependent DFT (TD-DFT) calculations of the singlet ex-
cited states (S,) were conducted to fully rationalize the nature
and trends experimentally recorded for the low-lying absorp-
tion bands of MO0-M3. Theoretical calculations at the TD-
B3LYP/cc-pVDZ level predict for MO two intense electronic
transitions to the low-lying excited states S, and S; at 2.50 and
2.97 eV with oscillator strengths of f=0.590 and 0.485, respec-
tively (Table 2). The S,—S, and S,—S; transitions are best de-

Table 2. Lowest-lying singlet excited states calculated for MO-M3 at the
TD-B3LYP/cc-pVDZ level. Vertical excitation energies (E), oscillator
strengths (f), description in terms of monoexcitations (contributions
within parentheses), and nature of the excited state are summarized.
Only the most relevant S1 and S3 states are included for M1-M3.

State E[eV] E[nm] f Description  [%)] Nature

S, 2.502 496 0.5896 H—L (96) CT

S, 2719 456 0.0000 H—L-+1 97) CT
MO S, 2968 418 0.4849 H-1—L (95) CT

Ss 3515 353 03641 H—L42 (96) donor

Sio 3950 314 03978 H-1—L+2 (87) donor
M S, 2215 560 09674 H—L 99 CT

Ss 2.860 434 1.0985 H—L+2 (95) donor (CT)
M2 S, 2.069 599 17438 H—L (98) CT

Ss 2.600 477 13371 H—L+2 (80) donor (CT)
M3 S, 1.942 639 2.0687 H—L (94) CT

Ss 2316 535 1.7056 H—L+2 (86) donor (CT)

scribed by one-electron promotions from the HOMO and
HOMO—1 to the LUMO, respectively, which mainly imply
a charge transfer (CT) from the electron-donor BDT moiety to
the electron-acceptor BTD units, and give rise to the experi-
mental bands recorded at 456 and 387 nm in DCM for MO
(Figure 1). Moving to higher energies, the electronic transitions
to Ss and S,,, predicted at 3.52 and 3.95 eV, respectively, with
relatively high oscillator strength (f>0.35), lead to the peak ex-
perimentally recorded at 329 nm (Figure 1), and are mainly
centered on the electron-donor BDT unit (Table2 and
Figure 3). A large number of high-energy electronic states cal-
culated at energies higher than 5.0 eV explain the spectroscop-
ic features recorded for MO below 300 nm (see Figure S22 in
the SI).

Moving from MO to M1-M3, TD-DFT calculations predict
a significant increase in the oscillator strength of the electronic
transitions associated with the brightllcorrect?ll lowest-lying
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S, and S; states (Table 2 and Figure S24) due to the extension
of the thiophene m-conjugated bridge. These electronic transi-
tions, which are computed with a large CT naturelcontribu-
tion, component?ll, are predicted to undergo a significant
red-shift to longer wavelengths (lower energies) upon exten-
sion of the thiophene bridge. The S,—S, HOMO —~LUMO tran-
sition goes from 2.50 eV in MO to 1.94 eV in M3 in accord with
the evolution of the HOMO-LUMO gap (Figure 3) and the elec-
trochemical data (Table 1). This trend, however, does not repro-
duce the hypsochromic shift-experimentally recorded in DCM
(Figure 1 top) as longer thiophene linkers are introduced in be-
tween the BDT and BTD units. The inconsistency might in prin-
ciple be attributed to the deviation of the conjugated back-
bone from planarity which can occur in solution due to the
steric hindrance lrepulsion ll induced by the dodecyl ancillary
side chains attached to the thiophene spacers. Theoretical cal-
culations were performed in order to analyze the effect that
the inter-ring twisting angles between the thiophene rings
and the BTD units have over the absorption features in the
low-energy range (see the Experimental Section for computa-
tional details). Figure 4 displays the evolution of the energy
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Figure 4. Evolution of the energy calculated for lowest-lying singlet excited
state S, of the M1 derivative as a function of the inter-ring twisting angles
® and 0. See Figure 2 for the definition of ® and 0.

calculated for the lowest-lying S, excited state as a function of
the two twisting angles @ and 0 characterizing the rotational
isomerism of the M1 derivative (Figure 2). Similar studies were
performed for MO, M2, and M3 (Figure S26 in the SI). Theoreti-
cal calculations at the B3LYP/cc-pVDZ level indicate that the in-
ternal rotation of the first thiophene ring with respect to the
BTD unit (® angle) barely impacts on the lowest-lying S,
energy. Conversely, the variation of 0 angle between the thio-
phene units provokes a significant shift to higher energies of
the CT S, state, which is calculated going from 2.19eV
(530 nm) at 0° to 2.68 eV (460 nm) at 90°. Considering that the
long aliphatic chains can lead to large distortions from planari-
ty in solution, the theoretical red-shift (0.56 eV from MO to M3)
predicted for S; upon increasing spacer length might be coun-
terbalanced by the blue-shift resulting from the nonplanarity
of the bridge (up to 0.49 eV in M1). This would explain the
spectroscopic features observed for the lowest-lying absorp-
tion band in solution (Figure 1, top). In the thin film, effective
mt—7t intermolecular interactions induce the planarization of the
m-conjugated spacer, thus causing this band to undergo the
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expected red-shift of ca. 0.4eV moving from MO to M3
(Figure 1 bottom).

To assess the electronic conductivity and the charge carrier
mobility of electrons and holes, time-resolved microwave con-
ductivity (TRMC) measurements were performed on pristine
solid films of compounds MO0-M3 under 355 nm excitation
(Figure 5). The photoconductivity maxima depend on the

(b) r.t.
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Figure 5. a) Kinetic traces of transient conductivity (p=u; product of photo-
carrier generation yield (¢) and the sum of mobilities (Zu«)) observed for the
series of compounds M0-M3 under 355 nm excitation after annealing at
120°C. b) Kinetic traces observed for compound M2 before and after ther-
mal annealing.llgraphic ok? i

length of the thiophene bridge, maximizing for M2. Notewor-
thy, observed kinetic traces for all compounds of the series
seem to almost overlap, meaning an almost negligible effect
of the thiophene bridge length, without significant accelera-
tion in the case of the shortest bridged compound (MO). Alto-
gether, this suggests that the kinetics are due to bulk recombi-
nation of the photo-generated free charge carriers. Optimiza-
tion of photoconductivity was also examined by thermal an-
nealing of the best performing material (M2), which showed
no significant change in its conductivity before/after the an-
nealing. This is also confirmed by the identical XRD patterns
observed during the annealing processes. XRD analyses dem-
onstrate that the above-mentioned solid-state - interactions
induce highly ordered crystalline films featuring the character-
istic (100) low-angle diffractions (see Figurellok?ll S17 in the
S).

Reorganization energies (1) were calculated at the B3LYP/cc-
pVDZ level to give insight into the hole and electron transport
ability of the A-D-A derivatives MO-M3 (Table 3, see the Experi-
mental Section and Figure S27 in the SI for computational de-
tails). Theoretical calculations indicate that hole reorganization
energies (4,0.) for our derivatives are above 0.2 eV, suggesting
a limited ability for hole transport. In contrast, electron reor-
ganization energies (Aqecron) are predicted in the range of 0.11-

Table 3. Reorganization energies (A, in eV) related to the transport of
holes (Ae) and electrons (Agecron) Calculated at the B3LYP/cc-pVDZ level
of theory.

Mo M1 M2 M3
Ao 0.235 0.278 0.252 0.216
Aetectron 0.162 0.173 0.138 0.115

ChemPlusChem 2017, 82, 1-8 www.chempluschem.org

These are not the final page numbers! 22

CHEMPLUSCHEM
Full Papers

0.17 eV. These Agearon Values are as small as that obtained for
fullerene Cg, (0.129 V) at the same level of theory (reported
value of 0.13 eV)," pointing to BDT-BTD M0-M3 derivatives as
efficient electron-transporting materials. When the s-conjugat-
ed spacer is extended, both A, and Aqecron diminish, suggest-
ing that transport properties improve from M1 to M3. It
should be mentioned that the thiophene bridges are involved
in forming both the cation and the anion species. For instance,
0.63 e is extracted from the terthiophene bridges for M3 upon
oxidation to M3* and 0.44 e is introduced upon reduction to
M3~. NotwithstandinglRegardless, Neverthelessill, charge
carrier mobilities will ultimately be determined by the supra-
molecular arrangement of the derivatives in the films.

Based on the good film-forming properties of compound
M2 and the interesting results obtained from the theoretical
calculations, we examined the quantitative contributions from
positive and negative charge carriers to the semiconducting
nature of the compound by time-resolved microwave conduc-
tivity (TRMC) measurements at interfaces with the simple
metal-insulator semiconductor device. In this system, positive
and negative charge carriers are separately injected through
ultrathin electrodes by the applied modulated bias, and are ac-
cumulated at the semiconductor-insulator interface. The local
motion of the selectively injected charge carriers was traced by
noncontact 9 GHz microwave probes, directly providing the
product of number (n) and mobility («) of the injected charge
carriers. Figure S28 in the SI shows the observed microwave
absorption in the case of hole and electron injection, separate-
ly. It is noteworthy that the device is completely silent for hole
injection as much as ca. 0.05 nC, but active for electron injec-
tion in agreement with the theoretically predicted low Agectron
values (significantly smaller than A, Table 3). This is sugges-
tive of the n-type semiconducting nature of the compound
with its mobility x in the range of ca. 0.1 cm?V~"5"",

In summary, we have presented BDT-BTD oligomers with
a low band gap of about 2.0 eV, broad absorption in the 400-
750 nm region, and good thermal stability. These materials
form highly ordered crystalline films, evidenced by the vibronic
structure of the UV/Vis absorption spectra and confirmed by
XRD measurements. Interestingly, these BDT-BTD small mole-
cules featuring A-D-A architectures behave as n-channel
charge transporters, showing high electron mobilities u,
~0.1 cm?V~'s™". Considering that organic semiconducting ma-
terials often exhibit electron mobilities one to two orders of
magnitude lower, these molecules may well be suitable candi-
dates for photoelectric conversion.

Experimental Section
Materials and methods

Materials obtained from commercial suppliers were used without
further purification. Solvents were dried and degassed following
standard procedures. Air-sensitive reactions were carried out under
argon atmosphere. Flash chromatography was performed using
silica gel (Fluorochem, Silicagel 60A, 40-63 micron). Analytical thin-
layer chromatography (TLC) was performed using aluminum-
coated Merck Kieselgel 60 F254 plates. NMR spectra were recorded

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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on a Bruker Advance 300 (‘H: 400 MHz; *C: 101 MHz) spectrome-
ter at 298 K using partially deuterated solvents as internal stand-
ards. Multiplicities are denoted as follows: s=singlet, d=doublet,
t=triplet, m=multiplet. FTIR spectra were recorded on a Bruker
Tensor 27 (ATR device) spectrometer. UV/Vis spectra were recorded
in a Varian Cary 50 spectrophotometer. Mass spectra and matrix-as-
sisted laser desorption ionization (coupled to a time-of-flight ana-
lyzer) (MALDI-TOF) mass spectra were recorded on a MAT 95
thermo-spectrometer and a Bruker REFLEX spectrometer, respec-
tivelyllok?l. Cyclic voltammetry (CV) experiments were conduct-
ed in a 0.1™ solution of NBu,PFs in DCM. A glassy carbon elec-
trode was used as the working electrode and platinum wires were
used as counter and reference electrodes. Before each measure-
ment, solutions were deoxygenated with N,. Ferrocene was added
as an internal standard.

Theoretical calculations

Calculations were performed for the BDT-BTD A-D-A derivatives
under the density functional theory (DFT) framework using the
Gaussian 09 (version DO1) suite of programs.?? The well-estab-
lished hybrid exchange-correlation B3LYP functional®’ was used in
combination with the correlation-consistent Dunning’s cc-pVDZ
basis set.”? First, fully relaxed minimum-energy structures were ob-
tained at the B3LYP/cc-pVDZ level in the gas phase and making
useltaking advantagell of the C; symmetry point group. Molecu-
lar orbitals were depicted by means of the Chemcraft 1.6 soft-
ware™ using isovalue contours of +0.03 a.u.

Time-dependent DFT (TDDFT) calculations” were carried out for
the A-D-A systems at the B3LYP/cc-pVDZ level in the gas phase.
The 60 lowest-lying singlet excited states were computed. The
TDDFT simulations presented in Figures S22 and S23 in the SI were
generated by convoluting each electronic transition with a Gaussian
function of full-width-at-half-maximum (FWHM) of 0.20 eV. A rigid
scan of the inter-ring twisting angles characterizing the rotational
isomerism of the m-conjugated A-D-A backbone was performed at
the B3LYP/cc-pVDZ level to analyze their influence on the lowest-
lying singlet excited state (S,). Due to the C; symmetry used for the
MO0-M3 derivatives, identical values from —90° to 0° to +90° were
set for equivalent twisting angles on both halves of the molecule
(Figure 4 and Figure S24). For the definition of the inter-ring twist-
ing angles, see Figure 2 and Figure S19.

Theoretical reorganization energies for the hole (4,,.) and electron
(Aelectron) transport of MO0-M3 derivatives were calculated at the
B3LYP/cc-pVDZ level according to the scheme depicted in Fig-
ure S18. The intramolecular reorganization energy (4) consists of
two terms related to the geometry relaxation energies of a mole-
cule on going from the fully relaxed ground state of the neutral
species to the charged state (cation or anion), and a neighboring
molecule evolving in the opposite way.””’ Thus, Aye and Agecon in
a molecular system can be defined by Equations (1) and (2), re-
spectively,

Anoie = AT + A5 = (B3 — EF") + (B2 — EY) M
/‘Lelectron = /‘L; +;LZ_ s (EI\71 - EE1) + (Eg - Egl) (2)

where E is the energy of the neutral (X=0), cation (X=+1), or
anion (X=—1) species at the minimum-energy geometry of the
neutral (Y=N) or the corresponding charged species (Y=C), and 4,
and 4, are the two contributions to the total intramolecular reor-
ganization energy (1). The cation and anion species were comput-
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ed as doublet open-shell species using the spin-unrestricted
UB3LYP approach.

Fabrication of films for flash-photolysis time-resolved micro-
wave conductivity (FP-TRMC) measurements

All the compounds were dissolved in toluene and spin-coated
onto quartz substrates (9x40 mm? 1 mm thick). The films were
dried under vacuum (<2x 107" Pa) for 1 h to remove residual sol-
vent, and successively annealed at 100 °C.

Measurement of FP-TRMC at interfaces® 2

Charge carrier mobility was evaluated by FP-TRMC at room tem-
perature under Ar-saturated conditions. Charge carriers were pho-
tochemically generated using a third harmonic generation (1=
355 nm) of a Spectra Physics model INDI-HG Nd:YAG laser with
a pulse duration of 5-8 ns and frequency of 10 Hz. The photon
density of a 355 nm pulse was 9.1x 10" photons cm™ pulse™. The
microwave frequency and power were set at ca. 9.1 GHz and
3 mW, respectively, and guided into a microwave cavity with Q-
factor of 2200, where the substrate with the compound films were
set at the point of electric field maximum. The reflected power of
the probing microwave, picked up by a diode (rise time <1 ns),
was monitored by a Tektronics model TDS3032B digital oscillo-
scope after amplification by Ciao Electronics CA812-304 FET ampli-
fier system. The observed change in the reflected microwave
power (AP) was normalized with the steady reflection of the mi-
crowave from the cavity (P), and converted into @Xu=(1/
eAloFign) (AP /P), where e, A, I, Figw @, and Zu are elementary
charge, sensitivity factor (S™' cm), incident photon density of the
excitation laser (photoncm™?), filling factor (cm™'), a photocarrier
generation yield, and the sum of the charge carrier mobilities. The
value of Fyg, was calculated based on the overlap of active area of
the sample with electric field strength distribution in the cavity de-
rived from a calculation code of CST Microwave Studio from AET
Inc.

Fabrication of metal-insulator semiconductor (MIS) devices

The MIS devices of the compounds were fabricated as follows: 1) a
quartz substrate (4.9x50 mm? 1 mm thick) was cleaned with UV-
O;; 2) Ti and Au (gate electrode, 5 and 30 nm, respectively) layers
were successively deposited on the quartz substrate by DC sputter-
ing and thermal vacuum deposition, respectively; 3) as an insulat-
ing layer, a 350-nm-thick polyimide (U-imide, UNITIKA Co. Ltd.) was
doubly overcoated asl.t-gl*the total thickness of 700 nm; 4) the
compound M2 was spin-coated from the corresponding toluene
solutions to reach a thickness of 30-50 nm, and dried under
vacuum <2x107*Pa for 1h; and 5)a 30-nm-thick top Au elec-
trode was overcoated Bapplied B by vacuum deposition.

Measurement of TRMC at interfaces

The microwave circuit was constructed using a waveguide system
with homodyne setup and the signal was picked up by a Schottky
diode.””” The TRMC at interfaces measurements were carried out
with a microwave at 9 GHz from a signal generator (Rohde &
Schwarz, SMF 100A). After the MIS device was loaded in the micro-
wave cavity, a pulse gate bias voltage V,(t) at an interval of 50 ms
was applied based on a multifunction generator (NF Corporation,
WF 1973). The response of the reflected microwave power (AP(t))

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KR These are not the final page numbers!


http://www.chempluschem.org
seki
取り消し線

seki
挿入テキスト
to lead

seki
取り消し線


\\,} ChemPubSoc

ok

due to accumulated charge carriers at the interface and the current
injected into the semiconductor-insulator interface (/(t)) were
monitored using a digital phosphor oscilloscope (Tektronix, MDO
3022). All experiments were conducted under ambient atmosphere
at room temperature.

XRD measurements

XRD patterns of the films on quartz substrates were measured by
a Rigaku model MiniFlex600 X-ray diffractometer equipped with
a X-ray tube using a Cu Ka radiation beam with a wavelength of
1.54 A and a semiconductor detector (Rigaku, D/teX Ultra). Diffrac-
tion intensities were recorded with 0.02° steps in 20.
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