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Two donor—acceptor molecules with different zz-electron conjugative units, 1-((10-methyl-10H-phenothiazin-
3-ylethynyl)anthracene-9,10-dione (AqMp) and 1,1’-(10-methyl-10H-phenothiazine-3,7-diyl)bis(ethyne-2,1-
diyl)dianthracene-9,10-dione (Aq,Mp), have been synthesized and investigated for their photochemical and
electrochemical properties. Density functional theory (DFT) calculations provide insights into their molecular
geometry, electronic structures, and properties. These studies satisfactorily explain the electrochemistry of
the two compounds and indicate that larger conjugative effect leads to smaller HOMO—LUMO gap (E,) in
Aq,Mp. Both compounds show ICT and st — sv* transitions in the UV —visible range in solution, and Aq,Mp
has a bathochromic shift and shows higher oscillator strength of the absorption, which has been verified by
time-dependent DFT (TDDFT) calculations. The differences between AqMp and Aq,Mp indicate that the
structural and conjugative effects have great influence on the electronic properties of the molecules.

Introduction

Donor—acceptor (D—A) molecules have recently attracted
considerable academic and technological research attention since
they are finding growing applications in molecular electronics
and optoelectronics, including organic light-emitting diodes
(OLEDs),'? electrogenerated chemiluminescence (ECL),** pho-
tovoltaic devices,® biochemical fluorescent technology,® and
nonlinear optics.” Usually, designing proper D or A building
blocks over a wide range of different functional units could
rationally control unique electrical, optical, redox, and elec-
troluminescent properties of the D—A materials. Moreover, their
physical properties could also be adjusted by appropriate
manipulation of their chemical structures such as different
connections linking the D/A building blocks, distance between
the D/A units, and molecular geometry in the D—A systems.
So synthesis and investigation of new D—A molecules are
essential for improving the electronic and optoelectronic proper-
ties of such materials.

Among the current explored D—A molecules, triarylamine,
carbazole,>* fluorene,'? thiophene, and oligothiophenes!! have
mostly been used as electron-donating moieties, whereas oxa-
diazole,* diarylboron, * quinoline,*4¢%<14 quinoxaline, > thienopy-
razine,'® and benzothiadiazole®*!7 are commonly used as
electron-accepting moieties. Recently, phenothiazine and its
derivatives, the outstanding heterocyclic compounds with high
electron-donor ability, are getting more research interest because
of their favorable electro-optical properties, which can make
these molecules good candidates as light-emitting diodes,'®
organic field effect transistors,'” and photovoltaic cells.?’ Besides
their potential applications in materials science, phenothiazines
are also active in pharmacology as effective pharmacophores
in tranquilizers, antituberculosis agents, antitumor agents, and
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bactericides,?' and they may even be helpful in treating with

the new variant Creutzfeldt—Jacob disease (nvCJD)?*? and HIV-
1.2 On the other hand, it is well-known that quinones are widely
distributed in nature and function as pigments and intermediates
in cellular respiration and photosynthesis, so they are often
employed as electron and hydrogen atom acceptors in thermal
and photochemical processes in artificial systems.?* Nowadays,
current investigations also show that some quinones, especially
9,10-anthraquinones, are responsible for DNA damage and
possess anticancer activities.?

Up to now, although a considerable amount of work has been
published on the D—A compounds concerning phenothiazines
or anthraquinones on account of their excellent electroactive
and photoactive properties, fewer studies were emphasized on
D—A chromophores involving both phenothiazines and an-
thraquinones. This motivates us to design novel D—A archi-
tectures using phenothiazines as donors and anthraquinones as
acceptors to probe the electronic structure/property relationships.

In this general context, we present herein the synthesis and
electrical properties of two new D—A compounds, 1-((10-
methyl-10H-phenothiazin-3-yl)ethynyl)anthracene-9,10-dione
(AgMp) and 1,1’-(10-methyl-10H-phenothiazine-3,7-diyl)bis-
(ethyne-2,1-diyl)dianthracene-9,10-dione(Aq,Mp), in which the
donor 10-methyl-10H-phenothiazine (Mp) and the acceptor 9,10-
anthraquinone (Aq) are covalently linked by ethynylene spacers
(Scheme 1). It is evident that the AqQMp dyad and Aq,Mp triad
have different sr-electron conjugative units, which may lead to
different electronic structure and different interchromophoric
electronic interactions. Detailed results and discussion are
elaborated in the following sections.

Experimental Section

Materials. All chemicals were purchased reagent grade and
used without further purification. Dry dichloromethane was
obtained by refluxing and distilling over CaH, under nitrogen.
Anhydrous triethylamine was dried over KOH overnight, and
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SCHEME 1: Synthetic Procedure of the Two D—A Compounds AqMp and Aq,Mp
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then distilled from fresh KOH under nitrogen. 10-Methyl-10H-
phenothiazine,? 3-bromo-10-methyl-10H-phenothiazine,? 3,7-
dibromo-10-methyl-10H-phenothiazine,* 3-ethynyl-10-methyl-
10H-phenothiazine,?® 3,7-diethynyl-10-methyl- 10H-phenothia-
zine,”® and 1-bromo-9,10-anthraquinone® were prepared ac-
cording to literature procedures. All the reactions were moni-
tored by TLC (silica gel plates, GF254). Silica gel 60 (100—200
mesh) was used for column chromatography.

Instruments and Measurements. Elemental analyses (C, H,
and N) were carried out on a Perkin-Elmer 240 analyzer. The
IR spectra were obtained on a VECTOR TM 22 spectrometer
with KBr pellets in the 4000—400 cm™' region. The electronic
absorption spectra were carried out on a LAMBDA-35 UV/vis
spectrophotometer. 'H NMR spectra were recorded on a Bruker
DRX-500 spectrometer at ambient temperature with tetrameth-
ylsilane as an internal reference. The MALDI-TOF-MS spectra
were measured on a Bruker Daltonics flexAnalysis autoflexTOF/
TOF spectrometer using cinnamic acid as a matrix. Cyclic
voltammetry experiments were performed under nitrogen in dry
and degassed CH,Cl, at a scan rate of 100 mV s™! with a CHI
660B potentiostatic instrument at room temperature. The three-
electrode cell comprises a 1 mm platinum disk working
electrode, a platinum wire auxiliary electrode, and an Ag/Ag"
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reference electrode. The electrolyte is n-BusNCIO4 (0.1 mol
dm™%). The potentials were corrected to the internal standard
of Fc/Fct in CH,Cl, (126 mV vs Ag/Agt electrode).
Theoretical Methods. All calculations on compounds AqMp
and Aq,Mp, together with their building units of 9,10-an-
thraquinone (Aq) and 10-methyl-10H-phenothiazine (Mp), were
done on the Gaussian03 program package®® by using density
functional theory (DFT) and time-dependent DFT (TDDFT):
Becke’s three-parameter functional®! combined with Lee, Yang,
and Parr’s correlation functional®?> (B3LYP), along with 6-31G*
basis set, was used. Geometry optimizations attempt to locate
the minima on the potential energy surface to predict equilibrium
structures of a given molecule. Single-point energy calculations
of the electronic properties of AqMp and Aq,Mp at their
optimized ground-state geometries were carried out by utilizing
DFT at the B3LYP/6-31G* level. All the geometries and
electronic properties were calculated by assuming AqMp and
Aq,Mp to be isolated molecules. The lowest 20 singlet—singlet
transitions up to a wavelength of ca. 260 nm for AqQMp and 30
singlet—singlet transitions for Aq,Mp up to a wavelength of
ca. 310 nm were computed by TDDFT calculations.
Synthesis of AqMp. In N, atmosphere, 3-ethynyl-10-methyl-
10H-phenothiazine (67.0 mg, 0.2823 mmol), 1-bromo-9,10-
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anthraquinone (87.1 mg, 0.3034 mmol), bis(triphenylphosphine)-
palladium(II) dichloride (2.2 mg, 0.003103 mmol), and copper(I)
iodide (1.2 mg, 0.006301 mmol) were dispersed in anhydrous
triethylamine (10 mL) and the suspension was refluxed with
stirring for 12 h until complete consumption of 3-ethynyl-10-
methyl-10H-phenothiazine (monitored by TLC). Then the
solvent was evaporated under vacuum. The residue was dis-
solved in dichloromethane and washed with water for several
times, dried with anhydrous MgSO, and filtered off. The product
in the filtrate was chromatographed on silica gel using
ether—hexane (1:8 v/v) as eluent. The third red-brown band was
collected, and then evaporated under vacuum to give red-brown
solid. Yield: 35.5 mg (27.5%). IR (KBr disk): 2197 cm™! (ve=c),
1673 cm™! (vc=0). '"H NMR (500 MHz, CDCl;): 6 8.35 (d, J =
7.5 Hz, 1H), 8.28 (t, J = 7.5 Hz, 1H), 7.92 (d, J = 7.5 Hz,
1H), 7.82—7.75 (m, 2H), 7.71 (t, J = 7.5 Hz, 1H), 7.52 (d, J =
8.0 Hz, 1H), 7.48 (s, 1H), 7.17 (t, J = 7.5 Hz, 1H), 7.14 (d, J
= 7.5 Hz, 1H), 6.95 (t, J = 7.5 Hz, 1H), 6.82 (d, J = 8.0 Hz,
1H), 6.79 (d, J = 8.5 Hz, 1H), 3.40 (s, 3H). Anal. Calcd for
CyH70,NS: C, 78.53; H, 3.86; N, 3.16. Found: C, 78.31; H,
4.04; N, 3.12. MS: m/z 444.206 [M + 1]* (calcd 444.106).

Synthesis of Aq,Mp. In N, atmosphere, the reaction mixtures
of 3,7-diethynyl-10-methyl-10H-phenothiazine (129.6 mg, 0.4959
mmol) and 1-bromo-9,10-anthraquinone (290.1 mg, 1.0104
mmol), together with bis(triphenylphosphine)palladium(II) dichlo-
ride (3.6 mg, 0.005129 mmol) and copper(I) iodide (2.0 mg,
0.01050 mmol) in anhydrous triethylamine (20 mL) were stirred
and refluxed for about 7 h until complete consumption of 3,7-
diethynyl-10-methyl-10H-phenothiazine (monitored by TLC).
Then the solvent was removed under vacuum. The residue was
dissolved in dichloromethane and washed with water for several
times and then dried with anhydrous MgSQO,. After filtration
and concentration, the desired product Aq;Mp was separated
by column chromatography on silica gel using dichloromethane
as eluent. Yield: 170.0 mg (50.9%). IR (KBr disk): 2194 cm™!
(Ve=c), 1673 cm™! (ve=o). 'H NMR (500 MHz, CDCls): 6 8.38
(d, J =1.5 Hz, 2H), 8.32 (d, J = 7.5 Hz, 2H), 8.24 (t, J=17.5
Hz, 2H), 7.95 (d, J = 8.0 Hz, 2H), 7.83—7.79 (m, 4H), 7.74 (t,
J ="1.5 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.51 (s, 2H), 6.84
(d, J = 8.0 Hz, 2H), 3.45 (s, 3H). Anal. Calcd for C4sH»304NS:
C, 80.22; H, 3.44; N, 2.08. Found: 80.27; H, 3.59; N, 1.95.
MS: m/z 674.098 [M + 1]* (calcd 674.142).

Results and Discussion

Synthesis and Characterization of Materials. Scheme 1
describes the synthetic procedures and the structures of the main
intermediates and the respective products. The target dyad and
triad compounds, comprising phenothiazine as electron-donor
and anthraquinone as acceptor chromophore linked by the
m-conjugated spacer of ethynylene, were successfully synthe-
sized by the Sonogashira cross-coupling reaction using bis-
(triphenylphosphine)palladium(I) and copper(I) iodide as cata-
lysts and triethylamine as a base. They were fully characterized
by IR, 'H NMR spectra, MS, and element analysis. Both
compounds exhibited the characteristic —C=C-— triple bond and
the C=0O carbonyl stretching vibrations around 2200 and 1670
cm™!, respectively. They also showed the characteristic reso-
nance bands of the anthraquinonyl moiety in the 8.35—7.55 ppm
range and the characteristic resonance bands of the phenothi-
azinyl moiety in the 7.52—6.79 ppm range and at about 3.4
ppm. In addition, MALDI-TOF-MS experiments revealed the
most prominent peak at m/z 444.206 and 675.087, respectively,
which were perfectly in agreement with the corresponding
calculated value of [M + 1]*, and displayed an isotopic pattern

J. Phys. Chem. A, Vol. 113, No. 37, 2009 9999

TABLE 1: UV—Vis Absorption Properties of AqMp and
Aq,;Mp in Solvents of Varying Polarity

j'maxzlbs j'cdgc Egop‘
compd  solvent (nm)

e(10*M'em™)  (am)®  (eV)®

AgMp toluene 283 4.61
370 1.88
474 0.72 570 2.18
CH,Cl, 258 4.67
274 4.67
369 1.22
473 0.44 560 2.21
THF 254 9.60
365 2.50
470 0.92 556 2.23
AqMp  toluene 284 4.62
372 2.11
480 1.30 578 2.15
CH,Cl, 259 6.14
276 5.78
371 1.68
477 0.89 565 2.20
THF 256 9.85
369 2.64
472 1.53 559 222

“The onset value of absorption spectrum in long wavelength
direction. ® The optical band gap was obtained from the equation
EP' = 1240/ Acqge-

identical with the simulated one. All the results given above
were in good accordance with the proposed structures.

Electronic Properties. AQMp and Aq,Mp could dissolve in
some normal organic solvents, such as chloroform, toluene,
THF, etc. Their solution-phase UV —vis absorption spectra in
different polarity solvents were recorded at room temperature.
All the photoelectrical properties are collected in Table 1.
Representative optical absorption spectra of the two D—A
molecules in dilute dichloromethane are shown in Figure 1. Both
of them display several characteristic bands in different solvents:
two bands in the 470—480 and 365—375 nm ranges with lower
intensity; one or two bands in the 250—290 nm range with
higher intensity. Weak solvatochromism is observed in the
absorption bands for both compounds. Generally, these bands
can be assigned to ICT (intramolecular charge transfer) and 7
— % and n—m* transitions.?*¢24¢283334 The computational
study discussed later will give a detailed band assignment.

The main difference in the absorption spectra of these two
compounds is that all the ICT, & — 7*, and n—n* transitions
of AqMp are bathochromic shifts compared with those of
AgMp. Moreover, the oscillator strength (e,,,x) of all the bands
of Aq,Mp is larger than that of AqMp, suggesting a higher
probability for ICT, 7 — *, and n—z* transitions in Aq,Mp.**
All the above indicates a better electronic coupling between
the Mp and Aq subunits and a larger sr-conjugative effect in
Aq,Mp. Actually, it can be understandable that better coplanarity
between Mp and Aq moieties (vide post) and more conjugative
subunits in Aq,Mp will lead to a more remarkable s-electron
delocalization and a larger ;-conjugation.

Electrochemical Properties. The electrochemical properties
of compounds AqMp and Aq,Mp were measured by cyclic
voltammograms (CV). Both of them are electrochemically
stable. Figure 2 shows their CV in dichloromethane. Three
couples of reversible or quasi-reversible redox peaks were
observed for each molecule under CV conditions. The reversible
one-electron oxidation process around 0.5 V vs Fc/Fc™ is derived
from the phenothiazinyl moiety, resulting in the formation of
phenothiazinyl radical cation.’®3* The other two quasi-
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Figure 1. UV—vis absorption spectra of AgMp (1.0 x 107> mol-L™") and Ag;Mp (1.0 x 107> mol-L™") in dichloromethane.
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Figure 2. Cyclic voltammograms of compounds AqgMp and Aq,Mp in dichloromethane (20 °C, 1 mM of AqgMp and 0.5 mM of Aq,Mp, 0.1 M
TBAP, Pt disc as a working electrode, Ag/Ag™ as a reference electrode, and Pt wire as a counter electrode, scan rate 100 mV/s).

TABLE 2: Electrochemical Potentials of Compounds AqMp
and Aq,Mp (vs Fc'/Fc¢)

compd redox couple Ey (V) Ey (V) Ep (V)
AgMp Mp"*/Mp 0.390 0.501 0.446
Ag/Aq~ —1.323 —1.226 —1.275
Aq/AQ* —1.766 —1.640 —1.703
AgqxMp Mp"*/Mp 0.427 0.546 0.486
Ag/Aq~ —1.371 —1.255 —1.313
Aq/Aq” —1.782 —1.641 —1.712

reversible one-electron reduction processes at about —1.3 and
—1.7 V vs Fc/Fc™ are originated from the anthraquinonyl unit,
leading to the formation of anthraquinonyl mono- and dianions.*
The data of the redox peaks and the corresponding half-wave
potentials are detailed in Table 2. The close match of the redox
potentials of both AqMp and Aq,Mp to those of the parent D/A
building blocks, Mp and Aq, suggests selective oxidation of

Mp and reduction of Aq subunits in each D—A molecule. It
implies that the orbital of the HOMO in the D—A molecules is
almost localized on the phenothiazinyl moiety, while that of
LUMO is nearly localized on the anthraquinonyl moiety, and
hence weak intramolecular D/A coupling exists in the ground
state.>3 This will also be supported by DFT calculations on
them where the orbital coefficient in HOMO is predominantly
phenothiazinyl centered, while in the LUMO it is almost
anthraquinonyl centered (vide post).

In comparison with the electrochemical potentials of AqMp
and Aq,Mp, it is clearly seen that the oxidation process of
Aq,Mp is anodic shift to higher potential, while its reduction
process is cathodic shift to lower potential than that of AqMp.
It is in accordance with the results of some other mono- and
diacceptor substituted phenothiazines.’” This can be attributed
not only to stereoelectronic aspect but also to sr-conjugative
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Figure 3. Optimized ground-state geometries of AqMp and Aq,Mp
as predicted by quantum-chemical calculations.

effect. On the one hand, better coplanarity is found in Aq,Mp
than in AqMp (vide post), which favors the s-orbital overlap
and the orbital mixing. On the other hand, it is evident that
Aq,Mp is composed of more sr-conjugative subunits, which
results in larger sz-conjugative effect between the two an-
thraquinonyl moieties and one phenothiazinyl moiety. Thus the
stability of Aq,Mp is better than that of AqMp. From the
quantum-chemical calculation detailed below, the same result
can also be obtained since Aq,Mp has lower HOMO and LUMO
energy. As a consequence, it is more difficult for Aq,Mp to
lose or get electrons. That is to say, for compound Ag,Mp, the
oxidative phenothiazinyl radical cation is easier to get electron
to change back to its reduction state Mp, and the reductive
anthraquinonyl anion is also easier to lose electrons to turn back
to its oxidation state Aq. Therefore, more positive potential
corresponding to the phenothiazinyl centered oxidation and more
negative potential corresponding to the anthraquinonyl centered
reduction of AqMp will be obtained. The experimental results
match the theoretical analysis very well.

Study on Quantum-Chemical Calculation. In an effort to
understand the optical and electronic properties of these two
conjugated compounds at the molecular level, density functional
theory (DFT) was used to calculate the electronic structures and
time-dependent DFT (TDDFT) was adopted to investigate the
ground to excited-state transitions. Figure 3 shows the optimized
ground-state geometries of both AqQMp and Aq,Mp obtained
with the B3LYP/6-31G* basis set. Some main bond lengths,
bond angles, and dihedral angles of AqMp and Aq,Mp as
predicted by quantum-chemical calculations are shown in Tables
3 and 4, respectively. In both conjugated D—A compounds, the
—C=C- triple bond length is 122.1 pm, a little longer than
that in unconjugated molecules. The C—C single bond length
next to the ethynylene bond is about 142.0 pm, a little shorter
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TABLE 3: Selected Bond Lengths (pm), Bond Angles (deg),
and Dihedral Angles (deg) of AqQMp As Predicted by
Quantum-Chemical Calculations

bond lengths bond and dihedral angles

Cl16—C17 122.1 Cl2—-Cl16—C17 172.7
C12—Cl16 142.0 C16—C17—-C18 176.0
C17—-C18 141.9 C2—N1-C3-C5 35.7
C24-033 125.4 C2—C4—-S6—C5 34.0
C27-032 125.4 C3—N1-C2—-C4 —36.5

C3—C5—S6—C4 —34.7

TABLE 4: Selected Bond Lengths (pm), Bond Angles (deg),
and Dihedral Angles (deg) of Aq,Mp As Predicted by
Quantum-Chemical Calculations

bond lengths bond and dihedral angles

C15—-C17 122.1 Cl11-C15—-C17 172.6
Cl11-Cl15 142.0 C15—-C17-C19 176.1
C17-C19 141.9 C12—C16—C18 172.6
C16—C18 122.1 C16—C18—C20 176.1
C12—Cl16 142.0 C2—N1-C3-C5 35.0
C18—C20 141.9 C2—C4-S6—C5 34.2
C31-049 125.4 C3—N1-C2—-C4 —35.0
C37-047 125.4 C3—-C5-S6—C4 —34.2
C32—-050 125.4

C38—048 125.4

than the common C—C single bond length. The C=O0 carbonyl
bond length in them is 125.4 pm, a little longer than that in the
parent compound of Aq (122.8 pm) calculated by the same
method. In addition, the —C=C— bond angle almost displays
linearity (for AqQMp: C12—C16—C17, 172.7°; C16—C17—Cl18,
176.0°. For Aq:Mp: C11—C15—C17 and CI12—C16—C18,
172.6°; C15—C17—C19 and C16—C18—C20, 176.1°). So it is
obvious that the s electrons in the two D—A molecules are
delocalized from the data given above. Since the coplanarity
of the Aq subunit and the benzo ring of the Mp subunit are
fairly well from the DFT results, and the ethynylene linker is
almost coplanar with both the Aq moiety and the benzo ring of
the Mp moiety, the dihedral angle of the heterocycle in the
characteristic butterfly conformation of the Mp core unit will
dominantly determine the extent of coplanarity and electronic
coupling between the D/A subunits. For compound AqMp, the
dihedral angles of C2—N1—C3—C5, C2—C4—S6—CS5, C3—
N1—-C2—C4, and C3—C5—S6—C4 in the Mp moiety are
+35.7°, +34.0°, —36.5°, and —34.7°, respectively. For Aq,Mp,
the dihedral angles of them are +35.0°, +34.2°, —35.0°, and
—34.2°, respectively. So it can be seen from the data that the
coplanarity of the phenothiazinyl moiety in compound AqMp
is a little better than that in AqMp. This would enable better
electronic coupling between Mp and Aq units and result in
superior conjugated effect in the ground state of Aq,Mp, which
satisfactorily explains the experimental photo- and electrochemi-
cal properties detailed above.

Figure 4 shows the plots of the most representative molecular
frontier orbitals in the ground states of AqQMp and Aq,Mp. Other
frontier orbitals relevant to discussion are available as Support-
ing Information. In both molecules, the HOMOs are nearly
completely localized between the Mp moiety and the ethynylene
bridge, while the LUMOs, (LUMO++1)s and (LUMO+2)s are
almost predominantly localized between the Aq moiety and the
ethynylene bridge. This indicates that the HOMO — LUMO,
HOMO — LUMO+1, and HOMO — LUMO+2 absorption
transitions bear a significant intramolecular charge-transfer (ICT)
character. The other absorption bands dominantly transferred
between the Mp or Aq characteristic orbitals suggest that these
kinds of transitions are mainly of st — z* character. The most
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Figure 4. HOMO and LUMO orbitals in the optimized ground-state
structure of AqQMp and Aq,Mp.

representative calculated optical transitions for them are col-
lected in Table 5. Except for the calculated lowest-energy ICT
band of HOMO — LUMO transition with lower oscillator
strength f not being observed in the two compounds, other
calculated transitions qualitatively agree with the experimental
ones.

As for AqMp, the experimental band found at 473 nm
corresponds to the transition calculated at 445 nm. This band
is originated from HOMO — LUMO+1 transition with ICT
character. Another band exhibited at 369 nm is mainly originated
from two transitions, HOMO—1 — LUMO+1and HOMO—7
— LUMO, which can be assigned to ICT (58%) and & — 7*
(33%) transition of Aq moiety due to the orbital characters of
the corresponding starting and arriving states (see Supporting
Information). At shorter wavelength, an intense band found at
274 nm together with a shoulder around 299 nm may be related
to two calculated bands at 285 and 318 nm, respectively.
According to the orbital characters of the corresponding starting
and arriving states of the two bands (see Supporting Informa-
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tion), for examples, HOMO—9 and LUMO orbitals are mainly
Aq localized, while HOMO and LUMO+4 orbitals are domi-
nantly Mp localized; the absorption band at 285 nm is basically
due to the t — s transition of the Aq moiety (81%), while
the absorption band at 318 nm is mostly attributed to the &= —
sr* transition of the Mp moiety (60%). Moreover, the band at
285 nm also includes the = — sr* transition of the Mp moiety
(HOMO — LUMO+6), and the band at 318 nm contains some
ICT transitions (HOMO — LUMO+2 and HOMO—2 —
LUMO+1) and a little w — sr* transition of the Mp moiety
(HOMO — LUMO+5). The percentage of each composition is
also clearly listed in Table 5. It is worth noting that the 7 —
sr* transitions of AqQMp arising from the Aq or Mp moiety at
different wavelengths are in fairly good agreement with the
results obtained by TDDFT from the parent molecules of Aq
and Mp (see Supporting Information). So from the data given
above, it can be deduced that the calculated absorption bands
in AqMp are excellently consistent with the experimental values.

Similarly, concerning Aq,Mp, analogous results can be ob-
tained from TDDFT study. The experimental absorption band
of 477 nm at longer wavelength is of ICT character relevant to
several calculated bands from 470 to 430 nm composed of a
set of mixed ICT transitions between different orbitals listed in
Table 5. Among them, the calculated band at 464 nm coming
from the HOMO — LUMO+2 transition with larger oscillator
strength is of most importance. The band found at 371 nm is
derived from several transitions with different features: 350 nm
with larger oscillator strength is of ICT character, 337 nm with
lower oscillator strength is of 7 — s* and n — 7* character
relevant to the Aq moiety, and 334 nm is mainly of ICT
character. The composition and percentage of each transition
are also given in Table 5. Just as that discussed in AqMp, the
calculated absorption bands in Aq,Mp are also in good agree-
ment with the experimental results.

The calculated LUMO and HOMO energy levels of the two
molecules together with their parent building blocks of Mp and
Aq are listed in Table 6. The phenothiazinyl centered HOMO
levels for compounds AqMp and Aq,Mp are —5.11 and —5.14

TABLE 5: Main Calculated Optical Transitions for AqMp and Aq,Mp

compd cal (nm) f composition (%) character exp (nm)
AqMp 671.5 0.0850 100 (HOMO — LUMO) ICT
445.2 0.3226 100 (HOMO — LUMO-+1) ICT 473
344.9 0.2186 58 (HOMO—1 — LUMO++1) ICT 369
33 (HOMO—7 — LUMO) T — w* (Aq)
317.8 0.1232 60 (HOMO — LUMO++4) 7 — % (Mp) 299
10 (HOMO — LUMO+2) ICT (shoulder peak)
8 (HOMO—2 — LUMO+1) ICT
6 (HOMO — LUMO+5) 7w — w* (Mp)
284.8 0.2010 81 (HOMO—9 — LUMO) T — % (Aq) 274
10 (HOMO — LUMO-+6) 7w — a* (Mp)
AquMp 678.1 0.1037 100 (HOMO — LUMO) ICT
470.4 0.1378 30 (HOMO—2 — LUMO) ICT 477
55 (HOMO—1 — LUMO+1) ICT
469.0 0.1070 25 (HOMO—2 — LUMO++1) ICT
70 (HOMO—1 — LUMO) ICT
464.2 0.3542 90 (HOMO — LUMO+2) ICT
429.8 0.1388 100 (HOMO — LUMO++3) ICT
350.1 0.3696 55 (HOMO—2 — LUMO++2) ICT 371
12 (HOMO—1 — LUMO+3) ICT
26 (HOMO — LUMO+4) ICT
336.8 0.1209 48 (HOMO—8 — LUMO++1) T — w* (Aq)
39 (HOMO—7 — LUMO) n — a* (Aq)
13 (HOMO—6 — LUMO) n — a* (Aq)
333.8 0.1014 82. (HOMO—1 — LUMO+3) ICT

13 (HOMO—2 — LUMO+2) ICT
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TABLE 6: Calculated DFT Energy Levels of Frontier Orbitals (eV), E,(HOMO—-LUMO Band Gap) (eV), Ground-State
Mulliken Atomic Charges and Dipole Moments (debye) of Compounds AqMp, Aq,Mp, Mp, and Aq

Mulliken atomic charges

compd LUMO HOMO E, N S O dipole moment
AqMp —2.90 —5.11 2.21 —0.7146 0.4094 —0.4152, —0.4044 3.86
AquMp —2.95 —5.14 2.19 —0.7194 0.4236 —0.4156, —0.4042 3.93

Mp —0.56 —5.13 4.57 —0.2473 0.1514 2.46

Aq —3.17 —7.36 4.19 —0.4857, —0.4890 0.0031

eV, respectively, which are very close to the HOMO level of
the parent Mp (—5.13 eV). The anthraquinonyl centered LUMO
levels for them are —2.90 and —2.95 eV, respectively, which
are very close to the LUMO level of the parent Aq (—3.17 eV).
This clearly confirms the previously discussed hypothesis of
site-selective oxidation occurring on the donor phenothiazinyl
unit and site-selective reduction arising from the acceptor
anthraquinonyl moiety in the electrochemistry. Moreover, the
slightly higher HOMO and LUMO energy level in compound
AqgMp compared to Aq,Mp indicates that the stability of AqMp
is lower than that of Aq,Mp. So AgMp is a little easier to lose
or get electrons to occur site-selective oxidation or site-selective
reduction. Therefore, the DFT calculations predict the experi-
mentally observed trends in the redox properties of these two
compounds very well.

The calculated HOMO—LUMO gaps (E,) for conjugative
m-electron extending molecules AqMp and Aq,Mp are 2.21 and
2.19 eV, respectively, which are excellently consistent with the
experimentally estimated optical band gaps (E,**") shown in
Table 1. The calculated E, value of each 7-conjugated molecule
is much lower than that of the parent blocking compounds Mp
and Aq, where their E, values are 4.57 and 4.19 eV, respectively.
So the HOMO—LUMO gaps of the D—A molecules could be
decreased after the donor and acceptor subunits were bridged
by the sr-linker to emerge a larger zz-conjugated system. Besides
that, the E, value of Aq,Mp is a little lower, comparable to that
of AqMp, indicating larger delocalization and conjugative effect
of AquMp. This is also in agreement with the result obtained
from the optimized structures by quantum chemical calculations
discussed above.

In addition, it can be seen clearly from Table 6 that the
Mulliken atomic charges of N, S, and O are changed a lot after
the parent blocking units of Mp and Aq are combined to form
the two D—A compounds of AqMp and Aq,Mp. The negative
charges of O atoms in the conjugated D—A molecules are lower
than those in Aq, which indicates that the charges of O atoms
are more dispersive distributed due to the conjugation of ethynyl
phenothiazine. In the meanwhile, the negative charges of N
atoms in the D—A molecules increase a lot, accompanied by
the augment of the positive charges of S atoms. The larger
difference between the atomic charges of N and S in the
conjugated D—A compounds may lead to higher ground-state
dipole moment (3.86 D for AqMp, 3.93 D for Aq,Mp) relative
to the parent Mp molecule (2.46 D). So it can be inferred that
intramolecular interaction exists between the donor and acceptor
in the two D—A compounds.

Overall, the DFT and TDDFT calculations on the two com-
pounds discussed above provide deep insight into their electronic
structures and properties.

Conclusions

In summary, two conjugated D—A compounds with different
chromophores using phenothiazine as donor, anthraquinone as
acceptor, and ethynylene as linker are successfully synthesized

by Sonogashira coupling reactions. The structural effect on their
optical and electrochemical properties is investigated. DFT and
TDDFT calculations have allowed a detailed understanding of
the electronic structure and absorption spectra of the two
compounds. The DFT calculations showed that the HOMOs and
LUMOs of the two molecules are highly localized on the donor
and acceptor moieties, respectively, and better coplanarity and
m-electron conjugation is found in the frontier orbitals of
compound Aq,Mp. The different coplanarity, z-electron con-
jugation, DFT-calculated energy levels of frontier orbitals and
HOMO—LUMO energy gaps of the two compounds are in
excellent agreement with their experimental optical and elec-
trochemical results. Moreover, it could be deduced that better
coplanarity and larger conjugated effect may lead to lower
HOMO—-LUMO gaps.
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