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Abstract: Phenothiazine (PTZ)-Anthracene (An) compact electron donor/acceptor dyads were
synthesized. The molecular conformation was constrained by rotation restriction to achieve an
orthogonal geometry between the electron donor (PTZ) and the electron acceptor (An), with the
aim to enhance the spin-orbit charge-transfer intersystem crossing (SOCT-ISC). The substitution
positions on the PTZ and An moieties were varied to attain dyads with different mutual
orientation of the donor/acceptor as well as different rotation-steric hindrance. The electronic
coupling strengths between the electron donor and the acceptor were quantified with the matrix
elements (Vpa, 0.04 — 0.18 eV); the smallest value was observed for the dyad with orthogonal
geometry. Charge-transfer absorption and fluorescence emission bands were observed for the
dyads, for which the intensity varied based on the V'pa values. The fluorescence of the An moiety
was significantly quenched in the dyads, efficient ISC and the formation of triplet state were
confirmed with nanosecond transient absorption spectroscopy (®a = 65%, tr = 209 us). The
rotation-steric hindrance was analyzed with potential energy curves and PTZ was found to be an
ideal electron donor to attain SOCT-ISC. Time-resolved electron paramagnetic resonance
(TREPR) spectra revealed the electron-spin polarization (ESP) of the triplets of the dyads, which
is drastically different from that of anthracene, thus confirming the SOCT-ISC mechanism.
Moreover, we found that the ESP patterns of the dyads strongly depend on the topological
features of the molecules and the structure of the electron donor, thus indicating that the
relationship between the molecular conformation and the ESP parameters of the triplet state of

the dyads cannot be described solely by the orthogonal geometry, as was previously suggested.

1. INTRODUCTION

Controlling the electronic excited states of chromophores is crucial to developing functional

organic molecular materials that are suitable as molecular probes,' charge separation systems for
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photovoltaics or photocatalysis,>™* fluorescent molecular probes,>® molecular logic gates or

7-10

switches,” activatable (or targeted) photodynamic therapeutic reagents, or external

stimuli-responsive triplet-triplet annihilation (TTA) upconversion.'!-1?
A few typical strategies have been studied to tune the excited states of organic chromophores.
The most straightforward way is to modify the m-conjugation framework by introducing

16-18 which will

electron-donating or -withdrawing substituents on the m-conjugation moiety,
induce changes in the UV—Vis absorption, luminescence and the redox properties of the
chromophore. Another method is to construct supramolecular chromophore systems with
different components, such as light-harvesting systems based on Forster-resonance-energy
transfer (FRET),'"”?! or dyads or polyads with charge-separation (CS) ability upon
photoexcitation.”?® In an ideal situation, for the m-conjugation framework, the different
moieties in the molecule are electronically fully coupled, even in the ground state. For the latter,
however, the components are fully decoupled at ground state under ideal circumstances.
Recently, as an alternative to the above-mentioned two typical approaches of tuning the
electronic excited states of chromophores by full coupling or decoupling, dyad (or polyad)
systems, in which the two components (very often an electron donor and an electron acceptor)
are weakly coupled have attracted considerable attention.?>***°-33 The electronic coupling can be
quantified by the electronic coupling matrix element (¥pa);**-¢ the magnitude of this value is
normally manifested by the intensity of the charge transfer (CT) bands in UV—-Vis absorption
and/or luminescence spectra of the compounds.®’*!
In systems with moderate V'pa values, new spectral features are often observed as compared to

the individual chromophores, for instance, the occurrence of CT absorption or luminescence

bands.>’**** Weakly coupled systems could furthermore develop interesting properties, for
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instance thermally-activated delayed fluorescence (TADF).**~*° In molecules that exhibit TADF,
a delicately balanced electronic coupling between the electron donor and the acceptor must be
attained to keep the electron exchange energy (J) small, but at the same time to make the
radiative transition from the CT emissive state efficient.***’ Investigating the relationship
between V'pa and the photophysical properties of organic molecules is an interesting topic, but up
to now, research in this area is to a large extent limited to studies of the formation of CT
states.?>?>348 The radiative decay of the CT state, especially the formation of triplet states by
charge recombination (CR) were rarely investigated.?*31:4%-50

Concerning the above-mentioned aspects, a chromophore attached to an electron donor (or
acceptor) with moderate coupling between the components is of particular interest. Different
from the molecular structure profiles with fully coupled or decoupled components, moderate
coupling between electron donor/acceptor will result in singlet-state energy levels different from
the chromophore itself. Furthermore, recently it was shown that in weakly coupled multi-
chromophore systems, intersystem crossing (ISC) can be induced through CR, especially in cases
where the two moieties are arranged in an orthogonal conformation. In this situation, the electron
transfer between the poorly overlapped molecular orbitals will cause molecular orbital angular
momentum change, thus generating a magnetic torque to flip the electron spin. In other words,
the electron spin moment change during the ISC (spin rephrasing or flip) will be compensated by
the change of molecular orbital momentum.?” Under such circumstance the ISC is greatly
facilitated, with the so-called spin-orbit charge-transfer (SOCT) process.*”#>31-3 SOCT-ISC is
different from the conventional CR-induced ISC process (very often via a radical pair

mechanism, through the Zeeman and hyperfine coupling interactions).>>’
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The relationship between the SOCT-ISC efficiency and the electronic coupling, the molecular
geometry and the structure of the electron donor/acceptor, is far from being fully understood. It
was recently found that the ISC efficiency is greatly enhanced in case of julolidine/anthracene
dyads with orthogonal geometry, as compared to analogous systems showing less rotation
restrictions and a more coplanar geometry.’” It was proposed that a higher triplet state with
similar energy to the CT state is mandatory for efficient SOCT-ISC, but more examples are
needed to confirm this postulation. Although previously the coupling between a dialkylamine
and an anthracene unit was studied with variation of the conformation restriction on the
dialkylamine, the formation of triplet states was not studied.*

Herein, we constructed several dyads with the aim to understand the structure-function
relationships in a few SOCT-ISC systems. We selected phenothiazine (PTZ) as electron donor
and anthracene (An) as electron acceptor to construct compact electron-donor—anthracene dyads
(Scheme 1). The connection (C—C or C—N bonds) between the two moieties was varied such as
to systematically tune the geometry constraint (rotation hindrance), which will reflect in different
electronic coupling strengths (V/pa), subsequently affecting the photophysical properties, in
particular the triplet state quantum yields. We observed that the fluorescence of the anthracene
moiety is significantly quenched in the dyads, and high ISC quantum yields (ca. 80%) are
attained. We postulate that SOCT plays a significant role in ISC. This postulate is corroborated
by time-resolved electron paramagnetic resonance (TREPR) data, in which electron spin
polarization (ESP) was revealed for the triplet excited state of the dyads. We found that the ESP
phase and the population ratio of the triplet sublevels (T, To, and T-) strongly depend on the
topological features of the dyads. Radical-pair ISC (RP-ISC) is unlikely for these compact

electron donor/acceptor dyads, due to the strong electron exchange interaction (J).
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2. EXPERIMENTAL SECTION

2.1. General method. Compounds 9,10-dibromo-9,10-dihydroanthracene, PTZ-N-9An and
DPA-9An were synthesized according to methods reported in the literature.”*® All chemicals
used are analytically pure grade and were used as received. Petroleum ether (boiling point:
60-90 °C) was used for column chromatography. Solvents were dried and distilled prior to use.
UV-Vis absorption spectra were obtained on UV-2550 UV-VIS spectrophotometer (Shimadzu
Ltd, Japan). Fluorescence spectra were measured on RF-5301PC spectrofluorometer (Shimadzu
Ltd, Japan) Fluorescence lifetimes were measured on an OB920 (Edinburgh Instruments Ltd, UK)
luminescence lifetime spectrometer.

2.2, Compound PTZ(2)-C-9An. Under N> atmosphere, 9,10-dibromo-9,10-dihydroanthracene
(1.02 g, 3.57 mmol) was dissolved in dry chloroform (20 mL, ethanol free). The mixture was
cooled to 0 °C, and a N-n-butyl-phenothiazine (1.54 g, 6.0 mmol) solution in chloroform (5 mL)
was added dropwise over 35 min. After stirring for another 2.5 h at 0 °C, the mixture was stirred
overnight at room temperature. The solvent was removed under reduced pressure, and the
residue was purified with column chromatography (silica gel, petroleum ether/CH>Cl= 1/3, v/v)
to give a yellowish solid (40 mg, yield 3.0%). 'H NMR (CDCls, 400 MHz): §8.47 (s, 1H), 8.03
(d, 2H, J=8.5 Hz), 7.73 (d, 2H, J = 8.7 Hz), 7.47-7.33 (m, 4H), 7.23-6.98 (m, 7H), 3.97 (s, 2H),
1.96-1.89 (m, 2H), 1.60-1.50 (m, 2H), 1.04—1.00 (t, 3H). '3C NMR (CDCls;, 100 MHz): &
145.09, 144.77, 136.04, 132.75, 131.39, 130.40, 130.20, 129.96, 128.32, 127.59, 127.34, 126.91,
126.56, 125.35, 125.12, 124.78, 122.52, 115.51, 115.08, 47.33, 29.73, 29.20, 20.38, 13.95.
MALDI-HRMS: Calcd ([C30H25NS]"), m/z = 431.1708; found, m/z = 431.1681.

2.3. Compound PTZ-N-9An. Under N; atmosphere, phenothiazine (56 mg, 0.28 mmol), 9-

bromoanthracene (64 mg, 0.25 mmol), Pdx(dba); (3% mol), PfBus (6% mol), NaOsBu (5 eq.)
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were mixed in 1,4-dioxane (5 mL). The mixture was stirred for 11 h at 100 °C. After the reaction,
the mixture was extracted with dichloromethane (3 x 15 mL) and washed with brine, dried over
anhydrous Na>SOs. The solvent was evaporated under reduced pressure, the crude product was
purified by column chromatography (silica gel, petroleum ether) to give a yellowish solid (12 mg,
yield 13%). 'H NMR (CDCls, 400 MHz): §8.63 (s, 1H), 8.29 (d, 2H, J= 9.6 Hz), 8.14 (d, 2H, J
= 7.4 Hz), 7.55-7.48 (m, 4H), 7.05 (d, 2H, J = 7.6 Hz), 6.73-6.58 (m, 4H), 5.73 (s, 2H).
MALDI-HRMS: Calcd ([C26H17NS]"), m/z = 375.1082; found, m/z = 375.1096.

2.4. Compound PTZ-N-2An. Under N, atmosphere, phenothiazine (200 mg, 1.0 mmol), 2-
bromoanthracene (384 mg, 1.5 mmol), Pdx(dba); (3% mol), PfBus (6% mol), NaOsBu (3 eq.)
were mixed in toluene (5 mL). The mixture was stirred for 11 h at 100 °C. After the reaction, the
mixture was extracted with dichloromethane (3 x 15 mL) and washed with brine, dried over
anhydrous Na>SOs, and the solvent was evaporated under reduced pressure. The crude product
was purified by column chromatography (silica gel, petroleum ether) to give a yellowish solid
(220 mg, yield 59%). '"H NMR (CDCls, 400 MHz): §8.53 (s, 1H), 8.45 (s, 1H), 8.23 (d, 1H, J =
8.9 Hz), 8.07-8.01 (m, 3H), 7.53-7.51 (m, 2H), 7.44-7.42 (d, 1H, J = 8.9 Hz), 7.07-7.05 (m,
2H), 6.84-6.82 (m, 4H), 6.34—6.31 (m, 2H). TOF—HRMS: Calcd ([C26H17NS]"), m/z = 375.1082;
found, m/z = 375.1093.

2.5. Compound DPA-9An. Under N> atmosphere, diphenylamine (169 mg, 1 mmol), 9-
bromoanthracene (384 mg, 1.5 mmol), Pdx(dba); (3% mol), PfBus (6% mol), NaO7Bu (3 eq.)
were mixed in toluene (5 mL). The mixture was stirred for 11 h at 100 °C. After the reaction, the
mixture was extracted with dichloromethane (3 x 15 mL) and the organic layer was washed with
brine, dried over anhydrous Na;SO4. The solvent was evaporated under reduced pressure, and

finally the crude product was purified by column chromatography (silica gel, petroleum ether) to
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give a yellowish solid (80 mg, yield 23%). 'H NMR (CDCls, 400 MHz): 6 8.50 (s, 1H),
8.12-8.05 (m, 4H), 7.46-7.36 (m, 4H), 7.17-7.13 (m, 4H), 7.07-7.05 (m, 4H), 6.88—6.85 (m,
2H). TOF-HRMS: Calcd ([C26H19N]"), m/z = 345.1517; found, m/z = 345.1519.

2.6. Nanosecond Time-Resolved Transient Absorption Spectra. The nanosecond transient
absorption spectra were measured on a LP980 laser flash photolysis spectrometer (Edinburgh
Instruments, UK). A collinear mode was used in the measurement to enhance the signal-to-noise
ratio. The signal was digitized on a Tektronix TDS 3012B oscilloscope, and the data were
analyzed using the L900 software.

2.7. Femtosecond Time-Resolved Transient Absorption Spectra. Transient absorption
spectra (TAS) with 150-fs time resolution were acquired on a system based on a Ti:sapphire
regenerative amplifier (BMI Alpha 1000) pumped by a Ti:sapphire oscillator (Spectra Physics
Tsunami). The system produces 100-fs pulses at 785 nm, with a repetition rate of 1 kHz and
average power of 450-500 mW, and excitation pulses at 390 nm by second-harmonic generation
of the fundamental laser output through a BBO crystal. The probe pulses were generated by
focusing a small portion of the fundamental laser output radiation on a 3 mm thick calcium
fluoride window. The pump beam polarization has been set to the magic angle with respect to the
probe beam by rotating a A/2 plate. Pump-probe delays were introduced by sending the probe
beam through a motorized stage. Multichannel detection was achieved by sending the white light
continuum after passing through the sample to a flat field monochromator coupled to a home-
made CCD detector [http://lens.unifi.it/ew]. TAS measurements were carried out in a quartz cell
(2 mm thick) mounted on a movable stage to avoid sample photo-degradation and multiple-
photon excitation. The recorded kinetic traces and transient spectra have been analyzed by using

a global-analysis procedure.”” The number of kinetic components has been estimated by
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performing a preliminary singular values decomposition (SVD) analysis.®® Global analysis was
performed using the GLOTARAN package (http://glotaran.org),®! employing a linear
unidirectional (“sequential’’) model.

2.8. Time-Resolved Electron Paramagnetic Resonance (TREPR) Spectroscopy. All
TREPR experiments were performed at 80 K using a setup described previously.®>®* Optical
excitation at 355 nm was carried out using a Nd:YAG laser GCR 190-10 (Spectra Physics, Santa
Clara, CA). The repetition rate of the laser was set to 10 Hz (pulse duration: 10 ns) at an energy
of 1 mJ per pulse. A Bruker ESP-300 (Bruker, Rheinstetten, Germany) spectrometer was used in
combination with a Bruker ER046 MRT (Bruker, Rheinstetten, Germany) microwave bridge.
The samples were placed in synthetic quartz tubes (Ilmasil PS, Qsil GmbH, Langewiesen,
Germany) with inner diameter of 3 mm, and irradiated in a dielectric-ring resonator ER 4118-
MD5 (Bruker, Rheinstetten, Germany). The resonator was immersed into a CF935 (Oxford
Instruments, Oxford, UK) helium-gas flow cryostat and the temperature stabilized by a
temperature controller ITC503 (Oxford Instruments, Oxford, UK). The microwave power was
set to 2 mW and the microwave frequency read out by a frequency counter 5352B (Hewlett-
Packard, Boblingen, Germany). Signal acquisition was performed with a transient recorder
9354A (LeCroy, Chestnut Ridge, NY) at an overall detection bandwidth of 25 MHz. Distortions
of the signal baseline introduced by the laser pulse were corrected by subtracting a signal
collected at an off-resonant magnetic-field position.

2.9. DFT Calculations. Geometry optimizations and calculations of absorption spectra of the
compounds were performed at the density functional theory (DFT) and its time-dependent
extension (TDDFT) levels, respectively. To select the best protocol, several exchange and

correlation functionals, B3LYP,**% cam-B3LYP,* M06, MO6L, M062X,%” B97D,*® »B97XD,*
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PBE,”® PBE0’! and LC-wPBE,’>"* were employed and coupled with the 6-31G** basis set on
computing absorption spectrum of DPA-9An, optimizing the structure at each level. No
imaginary frequencies were found for all optimized structures. The environment, toluene (¢ =
2.37), was taken into account by means of the integral equation formalism of polarizable
continuum model (IEFPCM).” The excitation energies and the energy gaps between the Sy state
and the excited states of the compounds were approximated based on the ground-state
equilibrium geometry at the TDDFT level. All these calculations were performed with Gaussian
09W.%:7> Based on the outcomes of benchmark studies on DPA-9An, the PBEO functional was
selected, as it provides the best agreement with the experimental absorption bands.

Spin-orbit matrix elements were computed with the DALTON code’® using the atomic-mean-

7

field approximation’’ and following the procedure reported previously.”® For this purpose,

B3LYP has been employed in combination with the cc-pVDZ basis set for all atoms.

3. RESULTS AND DISCUSSION

3.1. Design and Synthesis of the Compounds. As electron donor, phenothiazine (PTZ) was
used for synthesis of the dyads (Scheme 1).26-283133.7980 PT7 forms a stable radical cation upon
electron transfer. This moiety has been used previously in studies of SOCT-ISC.>> For
comparison with the previous studies, anthracene (An) was selected as electron acceptor and
visible light-absorbing chromophore in the current dyads (Scheme 1).7 Three dyads with
different linkage between the two chromophores were synthesized (Scheme 1). In PTZ(2)-C-
9An, the C—C connection is at the 2- and 9-positions of PTZ and An, respectively. For PTZ-N-
9An and PTZ-N-2An, the 9- or 2-positions of the An moiety form a C—N bond with PTZ,
respectively. We envisaged an orthogonal geometry for the two moieties in PTZ-N-9An, due to

the steric hindrance generated by the rotation about the linker. In PTZ(2)-C-9An and PTZ-N-

10
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2An the steric hindrance between the two moieties is expected to be smaller. DPA-9An was used
as a reference compound. We note that recently an analogue to PTZ-N-9An was reported, which
has an extra phenyl substituent at the anthracene unit.** However, the previous study of the
analogue PTZ—-An was focused on tuning the CT state energy level and its application in
electroluminescence, but not on triplet states.

Scheme 1. Synthesis of the Compounds ¢

0
O S
2

PTZ(2)-C-9An

%5 oo -

PTZ-N-2An

H Br
eosky

H Br

00 0

PTZ-N-9An

SOPAE.

DPA-9AN

¢ Key: (a) Under N2, Brz, CSz, 0 °C, 30 min; (b) Under N, chloroform (ethanol-free), N-
butylphenothiazine, 0 °C to room temperature, overnight; yield: 3.0%; (c) under No,
phenothiazine, Pd>(dba)s, PrBus, NaO7Bu, 1,4-dioxane, 100 °C, 11 h; yield: 13%; (d) similar to
(c), yield: 59%; (e) similar to (c), yield: 23%.

Based on the Buchwald-Hartwig coupling reaction, PTZ-N-9An, PTZ-N-2An and DPA-9An
were synthesized and the overall yields are moderate (more than 10%). DPA-9An and PTZ-N-
9An were reported previously but their photophysical properties were not studied.’*>® An
analogue of PTZ(2)-C-9An, with a different alkyl chain on the nitrogen atom, was studied for

synthesis methodology, but the photophysical properties were not studied.®! The molecular

structures of all compounds were verified with 'TH NMR and HR MS spectra.

11
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3.2. UV-Visible Absorption and Fluorescence Emission Spectra. UV—Vis absorptions of
the compounds are shown in Figure 1. Due to the steric hindrance in PTZ-N-9An, we assume
that the two components adopt an orthogonal geometry, thus the electronic coupling between the
phenothiazine and the anthracene moieties in PTZ-N-9An should be weak.>”** On the other
hand, PTZ(2)-C-9An is anticipated to be in a coplanar geometry, thus the electronic coupling
between the PTZ and An moieties will be stronger than that in PTZ-N-9An. This is in agreement

with the rotation potential energy studies (see later section).

' —An
0101 g - -- PTZ(2)-C-9An| b An
—o— PTZ-N-9An . PTZ-N-2An

80.%1 80.2 —— DPA-9An
% 4 .'I . %
£0.06- ' S
2 = 2
<004 d bt 20.1

0.021 \ A

0.004, S tous NN 0.0 S

300 350 400 450 500
Wavelength / nm

300 350 400 450 500
Wavelength / nm

Figure 1. UV—Vis absorption spectra of (a) An, PTZ(2)-C-9An and PTZ-N-9An, (b) An, PTZ-

N-2An and DPA-9An. ¢ = 1.0 x 10> M in toluene, 20 °C.

The absorption bands of PTZ(2)-C-9An, PTZ-N-9An and PTZ-N-2An in the short
wavelength region represent the So—> 'L, transition, which is localized on the An moiety (Figure
l1a). The structured absorption band of PTZ-N-9An is similar to that of An, except for a red-shift
and the appearance of a weak tailing CT absorption band. PTZ(2)-C-9An shows a broad
shoulder at the red edge, which is assigned to a charge transfer (CT) absorption.?”** The CT
absorption is more pronounced for PTZ-N-2An, where an absorption band in the 400—450 nm

range is observed (Figure 1b), indicating the occurrence of stronger electronic coupling between

12
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the PTZ and An moieties, due to the less restricted rotation around the C—N linker. For DPA-
9An, a distinct CT absorption band is observed at 424 nm (Figure 1b).>* The So— 'L, transitions
of DPA-9An are different from the other compounds, indicating that the m-conjugation
framework of the anthracene moiety is more significantly perturbed, due to the strong electronic
coupling between the two moieties in DPA-9An.*

The magnitude of the CT band indicates the electronic coupling (Vpa) between the electron
donor (PTZ) and the electron acceptor (anthracene). In PTZ-N-9An, the donor and acceptor are
almost completely decoupled, due to the conformation restriction exerted by the steric hindrance
of the rotation about the N—C linker. As such only a weak tailing CT band can be observed in the
UV-Vis absorption spectrum. In PTZ(2)-C-9An, however, due to the reduced steric hindrance
of the rotation about the C—C bond, the coupling becomes stronger, the tailing in the lower
energy region of UV—Vis absorption spectrum is therefore more significant. It should be pointed
out that for PTZ-N-9An and PTZ-N-2An, the rotational constraint of the cyclic structure of PTZ
restricts the rotation around the N—C linker, and breaks the conjugation between nitrogen atom
and anthracene, although both nitrogen atoms are directly attached to the anthracene moiety.*
DPA-9An is without an extended cyclic structure for the electron donor. Thus, the m-conjugation
between the electron donor and acceptor is significant, and as a result, a distinct CT band at 424
nm was observed for DPA-9An (Figure 1b).>° The CT band of PTZ-N-2An is more significant
than those of the previously reported DMJ—anthracene (DMJ: 4-(9-anthracenyl)-3,5-
dimethyljulolidine) dyads.’” For PTZ-N-9An, the absorption is similar to a previously reported
DMJ—-anthracene dyad, thus indicating weak coupling between the electron donor and the

acceptor.’’

13
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To quantify the probability of the So — 'CT transitions, the transition dipole moment Mabs was

calculated using eq.1:%

> 3Inl10 hc

= -
87°N, nv,,

j bandg(‘j)d“; (eq- 1)

| abs

where 5(\7) [M! ¢cm!] is the molar absorption coefficient on the wavenumber scale, v, [em™]

the absorption maximum of the So — 'CT band, 4 [erg s] Planck’s constant, ¢ [cm s~'] the speed
of light, n the refractive index of the solvent, and Na [mol~!] the Avogadro constant.
Table 1. Charge Transfer-Related Photophysical Parameters of the CT Band, Dipole

Moments and Electronic Coupling Matrix Elements of the Compounds “

Vi om™ 5ET¢/ cm! Mas?/ D Me¢/D  Vpal// eV

PTZ(2)-C-9An 25900 20100 0.45 2.20 0.16
PTZ-N-9An 22600 -8 0.29 -8 -8
DPA-9ARn 23600 20400 1.84 1.78 0.18
PTZ-N-2An 25400 19000 0.86 0.50 0.04

“In toluene. The maxima and area of the Sp—'CT and So«—'CT bands were evaluated by
Gaussian fitting. ” Absorption maximum, in wavenumbers. ¢ Emission maximum, in
wavenumbers. ¢ Transition dipole moment of the So — 'CT transition. ¢ Transition dipole
moment of the So<—!'CT transition. / Electronic coupling between the ground state and the CT
state. € Not observed.

The fluorescence transition dipole moment and electronic coupling matrix element between

donor and acceptor were calculated as follows: >3-
3hk
|M F |2 s g )
647* (n7<") (eq. 2)

14
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172

F 14X105 kr (eq. 3)

DA 3p2~CT
n R v,

oNOYTULT D WN =

In egs. 2 and 3, 77" (cm™) is the emission maximum of the CT band, 4 (s™') the radiative

13 rate constant of the emission of the CT band, n the solvent refractive index, and R. (A) the
15 center-to-center D—A distance, which was optimized by DFT calculations (R. (PTZ(2)-C-9An)
18 =6.79 A, R. (PTZ-N-9An) = 5.88 A, R (DPA-9An) = 5.16 A, R. (PTZ-N-2An) = 6.50 A). The

20 parameters are presented in Table 1 and Table 2.

22 , , , 120 —— : ,
a | b
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55 excitation wavelength, 4 = 0.050). Aex = 350 nm, 20°C.
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Fluorescence emissions of the compounds were studied (Figure 2). The fluorescence band of
An is structured, and both the emission intensity and the band positions are nearly solvent
polarity-independent (Figure 2a). Interestingly, for the PTZ—An dyads, two emission bands were
observed (Figure 2b). One is the structured locally excited (LE) emission band at 406 nm, the
other emission band is the broad, structureless emission band at longer wavelengths around 500
nm.* The emission of PTZ(2)-C-9An in toluene gives two distinct bands at 406 nm (structured)
and 501 nm (structureless) (Figure 2b). For PTZ-N-9An, a distinct LE emission band was
observed in low-polarity solvents. And in n-hexane, a rather weak broad emission band was
observed. However, in other solvents, even of high polarity, no obvious CT emission was
observed (Figure 2c¢). These emission features indicate that the electronic coupling matrix
elements, i.e., the V'pa value, is larger in PTZ(2)-C-9An than that in PTZ-N-9An (Table 1), for
which no obvious CT emission was observed in toluene.

For DPA-9An, a weak LE emission band and one major structureless emission band were
observed, indicating strong coupling between the two components in the excited state, and the
emission arises from a singlet excited state with significant CT character. For PTZ-N-2An,
similarly to PTZ(2)-C-9An, both structured and structureless emission bands were observed
(Supporting Information, Figure S12), which indicates a stronger electronic coupling between
the electron donor and acceptor. These results clearly demonstrate that the emission features are
governed by the magnitude of the electronic coupling between the electron donor and acceptor
within a dyad, and the latter can be controlled by modulating conformational restrictions.

The fluorescence excitation spectra (with the CT emission band set as the emission wavelength)

of the dyads were analyzed (Supporting Information, Figure S14). The results show that the
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excitation spectra are superimposable to the UV—Vis absorption spectra, suggesting that the
'"LE—!CT transition is efficient.

The photophysical properties of the compounds are summarized in Table 2. The fluorescence
of the PTZ-An dyads (<10%) are much than those of

quantum yields lower

dialkylaminophenyl—anthracene dyads.** This is due to the competition between CT and the
radiative decay (fluorescence) from the S; state. Moreover, the occurrence of ISC may be
another reason for the weak fluorescence of the electron donor/acceptor dyads (Table 2).

Table 2. Photophysical Properties of the Compounds ¢

Javs!  €P Apl  tw¢/ O k107 kn'/ DA%/ % o1’

nm nm  ns /% g7 107 s7! / %

An 379  0.81 381 3.3 33 _i _i 44,507,70 % 37

PTZ(2)-C-9An 388 0.83 406, 4.0, 7.7, 4.14 86.0 56,81/,77% 32
501 1.1Y 46!

PTZ-N-9An 388  0.80 406 5.3 4.1 _i _i 60,657,59% 34

DPA-9ARn 372, 0.51, 406, 4.3, 44, 2.81 439 39 17/,55k _i
424  0.57 484 139! 39!

PTZ-N-2An 378  0.50 406, 4.0, 4.8, 0.18 227  52,667,36% 34
535 44" 08!

¢ In toluene (1.0 x 1073 M). ® Molar extinction coefficient at the absorption maxima. ¢ : 10*
M !'em™. ¢ Fluorescence lifetime of the LE emission band. ¢ Fluorescence quantum yield with
anthracene as standard (®r = 30% in ethanol). The estimated determination error is +2%.
Radiative rate constant of the CT emission band./ Nonradiative rate constant of the CT emission
band. ¢ Singlet oxygen quantum yield (!O2) with Ru(bpy)s[PFs]. as standard (®a= 57% in DCM)
in toluene. The estimated determination error is #2%. ” Triplet quantum yield with anthracene as
standard (Ot = 70% in ethanol) in toluene. The estimated determination error is +2%. ’ Not
observed./ In DCM. ¥ In acetonitrile. / For the CT emission band.

The singlet oxygen quantum yields (and the triplet state quantum yields) of the PTZ—-An dyads
are comparable to those of anthracene,®? thus we anticipate that the ISC of PTZ—An dyads is not

exclusively caused by the intrinsic ISC of the anthracene moiety; other ISC channels, such as the
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SOCT-ISC, must contribute to the ISC of the dyads. Because the fluorescence of the anthryl
moiety in the dyads was strongly quenched, the direct S;— T ISC (T state may be involved as a
transient intermediate state) should be reduced. Our TREPR measurements (see below) confirm
that the ISC mechanisms (SOCT-ISC) for the dyads are different from that of anthracene.

3.3. Electrochemical Studies: Cyclic Voltammetry and the Gibbs Free Energy Changes
of the Photo-induced Charge Separation (AGcs). In order to study the PET process, the

electrochemical properties of the compounds were observed with cyclic voltammetry (Figure 3).

a 1 b

1 0 4 =2 0 1 2
Potential / V Potential / V

1 C 1 | d

1 0 1 =2 1 0 4 =2
Potential / V Potential / V

Figure 3. Cyclic voltammograms of (a) PTZ(2)-C-9An, (b) PTZ-N-9An, (c) PTZ-N-2An and
(d) DPA-9An in deaerated acetonitrile containing 0.10 M BusN[PFs] as supporting electrolyte
and Ag/AgNOQOs as reference electrode. Scan rate: 100 mV/s. Ferrocene (Fc) was used as internal

reference (set as 0 V in the cyclic voltammograms), ¢ = 5.0 x 10™* M, 20°C.
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For anthracene, an irreversible oxidation wave at +0.90 V and a reversible reduction wave at
—2.40 V were observed. For diphenylamine and phenothiazine, only oxidation waves were
observed at +0.40 V, +0.56 V and +0.21 V, +0.54 V, respectively (Table 3). No reduction wave
was observed under the experimental condition, indicating that diphenylamine and phenothiazine
moieties are more likely to be as electron donors than acceptors.

Table 3. Redox Potentials of the Compounds *

Compounds  Erep/V Eox/V
Anthracene -2.40 +0.90
Diphenylamine ~b +0.40, +0.56
Phenothiazine _b +0.21, +0.54
PTZ(2)-C-9An 235 +0.30, +0.97
PTZ-N-9An -2.17 +0.33
DPA-9An -2.28 +0.58, +0.89
PTZ-N-2An -2.25 +0.29, +1.05

“Cyclic voltammetry measurements in Na-saturated acetonitrile containing a 0.10 M BusNPFs
supporting electrolyte. Redox potentials of the compounds were determined with Ferrocene (Fc)
as the internal standard (0 V). Counter electrode is Pt electrode and working electrode is glassy
carbon electrode, Ag/AgNO; couple as the reference electrode. ” Not observed.

For the phenothiazine derivatives PTZ(2)-C-9An, PTZ-N-9An, and PTZ-N-2An, a reduction
wave was observed, which is similar to that of anthracene (Figure 3). For PTZ(2)-C-9An, two
oxidation waves at +0.30 and +0.97 V were observed and one reduction wave was recorded at
—2.35 V. For PTZ-N-9An, one oxidation wave at +0.33 V was observed and one reduction wave
at —2.17 V was recorded. For PTZ-N-2An, two oxidation waves at +0.29 and +1.05 V were
observed, and one reduction wave was recorded at —2.25 V. For DPA-9An, two oxidation waves

at +0.58 and +0.89 V were observed and one reduction wave was recorded at —2.28 V (Table 3).
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The Gibbs free energy change (AGcs) of the electron-transfer process was calculated using the

Rehm-Weller equation (eq. 4),

AGes=el Egx — Eggp = Eyg +AG (eq. 4)
? (1 1 1 1
AG=-—2 ¢ [—+—j[———j (eq. 5)
dree R, 8me,\ Ry Ry )\ &per &
Ecs = e[on - ERED:I +AG (eq. 6)

in which AGs is the static Coulombic energy, which is described by eq. 5. In eq.4 and 5, e is the
electronic charge, Eox is the half-wave potential for one-electron oxidation of the electron-donor
unit (for irreversible oxidation, the anodic peak potential was used instead of the half-wave
potential), and Erep is the half-wave potential for one-electron reduction of the electron-acceptor
unit, Eoo 1s the energy level approximated with the crossing point of the normalized UV—-Vis
absorption and fluorescence emission spectra of the singlet excited state (LE state), in
acetonitrile solution, & is the static dielectric constant of the solvent, R. is the center-to-center
D-A distance optimized by DFT calculations, Rp (Ra) is the radius of the electron donor
(acceptor), erer the static dielectric constant of the solvent used for the electrochemical studies,
and & is the permittivity of free space.

The values of AGcs indicated that the PET is thermodynamically allowed for all compounds
listed in Table 4, and the driving forces for PET were larger in polar solvents (such as
acetonitrile) than in nonpolar solvents (such as toluene), which corresponds to the fluorescence

changes.
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Table 4. Charge Separation Free Energy (AGcs) “ and Charge Separation Energy States

(Ecs) for Compounds in Different Solvents

AGcs (eV) Ecs (eV)
Toluene DCM ACN Toluene DCM ACN
PTZ(2)-C-9An? .16 —-0.44 —-0.51 2.94 2.66 2.59
PTZ-N-9An ¢ —-0.49 —-0.67 —-0.75 2.66 248 2.43
DPA-9An ¢ —-0.28 -0.39 —-0.46 2.90 2.79 2.51
PTZ-N-2An* -0.35 —-0.60 -0.71 2.83 2.58 2.51

“The redox potentials are approximated based on the redox potential measured in acetonitrile. ?

En=3.10eV.Ep=3.19¢eV.?Ep=3.21eV.°Eop=3.22 eV.

3.4. Nanosecond Transient Absorption Spectroscopy: Study of the Triplet Excited
State of the Dyads. To study the triplet excited states of the compact electron donor/acceptor
dyads, nanosecond transient absorption spectra of the compounds were investigated (Figure 4).
Upon pulsed laser excitation, a prominent excited-state absorption (ESA) band was observed at
430 nm for An (Figure 4a), which is the typical absorption of the T; state of anthracene (T1 — Tx
transitions).®® The triplet state lifetime under the experimental conditions was determined as 123
ps. The efficient ISC of An (triplet state quantum yield @t = 37% in toluene, Table 2) is
attributed to the closely-lying Si/T> states.®>-% High singlet oxygen quantum yields (®a = 70%
in acetonitrile) were observed for An (Table 2).

Interestingly, we also observed high 'O> quantum yields for the PTZ—An dyads (Table 2). For

instance, both PTZ(2)-C-9An and PTZ-N-9An show ®a up to 60%. In comparison, DPA-9An
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shows less efficient ISC with a quantum yield lower than those of An and other dyads studied.

Therefore, we assume that ISC upon photoexcitation is significant for the PTZ—An dyads.
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Figure 4. Nanosecond time-resolved transient absorption spectra of (a) An (4ex = 358 nm), (c)
PTZ(2)-C-9An (Lex = 368 nm), (¢) PTZ-N-9An (Jex = 368 nm), (g) PTZ-N-2An (Jex = 358 nm).
Decay curves of (b) An (at 430 nm), (d) PTZ(2)-C-9An (at 440 nm), (f) PTZ-N-9An (at 440
nm), (h) PTZ-N-2An (at 440 nm) after pulsed laser excitation. The estimated error for the

determination of the triplet state lifetime is +5 ps. ¢ = 1.0 x 107 M in degassed toluene at 20°C.

For all the PTZ-An dyads, a significant ESA band at 430 nm was observed upon
photoexcitation (Figure 4), which is similar to that of anthracene (Figure 4a). Thus, the triplet
state of PTZ—An dyads is localized on the anthracene moiety and does not show any charge
transfer state (*CT state) character. Our DFT computations support these notions (see below).
The triplet-state lifetime of PTZ-N-9An was determined as 209 us (the estimated error for the

determination is =5 us) (Figure 4f).
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The triplet quantum yields of PTZ-N-9An (34%) and PTZ(2)-C-9An (32%) are slightly lower
than that of the previously reported DMJ—An dyads (®isc = 45%).%” In the latter, the SOCT-ISC
was achieved by rotation restriction via inducing ortho-methyl groups to the C—C single-bond
linker. For PTZ—An dyads, however, the bulky PTZ itself exerts steric hindrance to the rotation.

For anthracene, the ESA band at 430 nm can be assigned to a T1—Tj3 transition. It is known
that the T, state energy level of anthracene is 1.84 eV. The T state (3.23 eV) is close to the S;
state (ca. 3.28 eV, based on the fluorescence emission data). However, the higher excited states
T3 and T4 lie 4.7 eV and 4.8 ~ 4.9 eV above the ground state, respectively.®*

The fluorescence quantum yields of PTZ—An dyads (®r < 8%) are substantially quenched as
compared to that of anthracene (®r = 33%. Table 2), but the singlet-oxygen quantum yield (®a)
does not decrease. We propose that SOCT-ISC plays a significant role, otherwise there will be a

competition between S;—T> and the CT process which will reduce ®@a.

3.5. Femtosecond Transient Absorption Spectra. The ultrafast dynamics of the PTZ—An
dyads has been analysed by applying pump-probe spectroscopy with sub-ps time resolution
(Figure 5). The aim of these studies was the determination of the time constants for charge
separation and triplet-state formation. All samples were excited at 390 nm, and the
measurements were performed with DCM and toluene solutions of the compounds. The acquired
kinetic traces were analysed by global fitting, using a sequential decay scheme with increasing
lifetimes.

Evolution Associated Decay Spectra (EADS) obtained from the analysis of the transient
absorption data of both PTZ-N-9An (Figure 5a) and PTZ-N-2An (Figure 5c¢) dyads, measured
in DCM (spectra in toluene are provided in Supporting Information, Figure S16), are presented
in Figure 5. Several spectral features are common to both systems. Soon after excitation, a broad
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Figure 5. EADS obtained by global analysis of transient absorption data recorded for (a) PTZ-
N-9An and (c) PTZ-N-2An in DCM. Panels (b) and (d) show the kinetic traces observed at 410

nm in DCM and toluene for the two systems, respectively. Aex = 390 nm.

ESA band is observed for PTZ-N-9An (Figure 5a), which develops in less than 1 ps, giving rise
to a more structured absorption band. In the second EADS of Figure 5a, two intense transient
absorption bands were observed at about 500 nm and 650 nm besides a less intense peak at about
435 nm. Based on the previous reports, the 500 nm band can be assigned to the absorption of the
phenothiazine cation (approx. 510 nm), while the assignment of the anthracene anion band is

more controversial.*’° An absorption band around 650 nm has been previously assigned to
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1 as well as a peak in the 435-450 nm region.®®*° The 650 nm band is however

anthracene anion,
also observed for the singlet excited state spectrum of anthracene, while the band at around
435-450 nm is in the same region to the absorption of the anthracene triplet state. In any case,
the clear observation of the phenothiazine cation band at 500 nm indicates the charge separation
in the dyad. Within about 1 ns the intensity of all these ESA bands decreases, while a new sharp
absorption, closely reminding that of the anthracene triplet state, as observed also in the nano-
microsecond regime (Figure 4), develops (Figure 5a). The triplet-state formation dynamics is
unaffected by the solvent, as shown from the comparison of the kinetic traces reported in Figure
5b.

A similar dynamic evolution is observed for PTZ-N-2An (Figure 5c). In this compound the
rise of the radical pair PTZ™-An"* signals occurs with an even faster kinetics, since the
characteristic absorption band of the PTZ" cation radical is observed already in the initial EADS
(at 1 ps), which is in agreement with the stronger electronic coupling estimated for these dyads,
due to their minor steric hindrance. The band at 650 nm has reduced intensity in this case, and it
is also observed again with relative weak intensity when the measurement is repeated for the
reference compound, DPA-9An, where charge separation occurs from the DPA to the An moiety
upon photoexcitation (see transient spectra in Supporting Information, Figure S17). A possible
explanation for the weak 650 nm band in PTZ-N-2An and DPA-9An is that it represents an
absorption feature of the An anion, which is enhanced when the donor molecule is perpendicular
to the acceptor, which is the case for PTZ-N-9An. The formation of An triplet state is also
observed in case of PTZ-N-2An, in about 950 ps (Figure 5c), but not in case of DPA-9An,
where the charge separated state has a longer lifetime (see Supporting Information, Figure S18).

For DPA-9An, the band at 670 nm can be assigned to diphenylamine radical cation,”” while that
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at 460 nm could be assigned to An radical anion, which shows some shifts due to the different
substitutent moiety.®® The triplet state of An was not observed on this time scale, which may due
to the extended lifetime of charge-separated state.

3.6. Time-Resolved Electron Paramagnetic Resonance (TREPR) Studies. Since
anthracene has intrinsic ISC capability, the ISC mechanisms of the dyads should be verifiable
with TREPR.” ISC is spin-state selective, thus the population rates of the three electron-spin
sublevels of a triplet state (Tx, Ty, Tz in the absence of an external magnetic field) are different,
which gives rise to a specific electron-spin polarization (ESP) pattern.®>°724-1% The energetic
degeneracy of the three triplet sublevels at zero magnetic field is lifted by the dipolar interaction
of the two spin-unpaired electron spins, which is typically quantized by the so-called zero-field
splitting parameters D and E. Different ISC mechanisms, such as the normal spin-orbit coupling
ISC (SO-ISC), RP-ISC (enhanced by the hyperfine coupling interaction, HFI) and the SOCT-ISC,
usually give rise to different ESP patterns of the triplet state. TREPR is an important tool for
studying triplet excited states, as well as the underlying ISC mechanisms.?***37 Moreover, the
method is also useful to discriminate among *LE states (locally excited state, such as localized on
anthracene) and CT states.”” Previously, *CT state was observed for some compact electron
donor/acceptor dyads.!”!~1% Especially the ZFS parameters, D and E, will be different for the
3LE and the 3CT state of a specific molecule.

Using TREPR, An was studied in frozen matrix (toluene at 80 K) upon pulsed laser excitation
(Figure 6, top curve). The spectral line shape reveals an (E, E, E, A, A, A) ESP pattern similar to
the previously published results.’” The zero-field spitting (ZFS) parameters extracted from
spectral simulations are D = 76.5 mT and £ = —8.65 mT. Following the convention, that the

energy levels of the zero-field triplet states are ordered according to Tx > Ty> Tz with D >0 and
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31 Figure 6. TREPR spectra of An, PTZ-N-2An and PTZ-N-9An in toluene recorded at 80 K and
33 300 ns after pulsed laser excitation (355 nm, ~10 ns, 1 mJ per pulse) defining time zero. The red
36 curves are computer simulations of the experimental triplet-state TREPR spectra with the
38 parameters given in Table 5. Positive signal amplitudes represent enhanced absorptive (A) and

40 negative amplitudes emissive (E) polarization of the respective transition. All spectra were

recorded at 9.687 GHz.

46 E <0, the following zero-field populations have been determined from least-squares fittings of
48 the simulated spectrum to the experimental one: Ax : Ay : Az=0.414 : 0.486 : 0.100 (The set of
populations is normalized according to Ax + Ay + Az = 1). These data are in good agreement with

53 the values published by Dance et al., confirming that mostly Tx and Ty are populated, with very
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little population of Tz’ Hence, SO-ISC is the dominant mechanism for generation of the zero-

field triplet state with its sublevels.

Table 5. Zero-Field Splitting Parameters (D and E) and Relative Population Rates Ay y,z of
the Zero-Field Spin States Obtained from Spectral Simulations of the Triplet-State TREPR

Spectra of An and the Dyads PTZ-N-2An and PTZ-N-9An in a Toluene Matrix at 80 K ¢

molecule D /mT E/mT Ax Ay Az

An 76.52 —8.65 0414 0.486 0.100
PTZ-N-2An  76.56 —8.67 0.359 0.066 0.575
PTZ-N-9An  75.41 —7.95 0.135 0.204 0.661

“ All zero-field populations are normalized according to Ay + Ay+ Az=1.

The two dyads, PTZ-N-2An and PTZ-N-9An, were also studied by TREPR (Figure 6, lower
curves). The zero-field splitting parameters D and E extracted from spectral simulations are only
marginally different from the ones of An but clearly different from those of the isolated PTZ unit,
which has D = 131.4 mT and E = (-)15.2 mT.'% This is a clear evidence, that the triplet state
observed by TREPR is largely localized on the An unit, and it is not a *CT state, otherwise the
ID | value should be significantly smaller.’’

Interestingly, the ESP patterns of the dyads are drastically different from that of An, thus
indicating that the ISC mechanism is strongly affected by attachment to PTZ. For instance, the
ESP pattern of PTZ-N-9An is (A, A, A, E, E, E); the thus over-populated magnetic sublevel of
the triplet state is clearly Tz opposite to that of An. Furthermore, this pattern does not coincide
with that expected for a radical-pair ISC mechanism (RP-ISC), which yields a (A, E, E, A, A, E)

pattern, due to the population of the high-field triplet level To.>* The observation of the CT
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absorption and the CT fluorescence emission bands indicated that the electronic coupling
between the electron donor and acceptor in the compact dyads is quite strong (Table 1 and Table
2), thus the electron exchange must be large, since 2J oc ¥'pa?, hence, RP-ISC is unlikely.

Interestingly, we note that the ESP pattern of PTZ-N-9An, (A, A, A, E, E, E), is also different
from the previously reported anthracene—julolidine compact dyads, which has an ESP pattern of
(E, A, E, A, E, A).*” Both dyads are consistent with SOCT-ISC, and the molecular structure
profiles are literally the same. Our results indicate that even if the compact anthracene—electron-
donor dyads have very similar conformation, the ESP phase, thus the spin selectivity of the ISC,
may be different. Thus, not only the molecular conformation but also the structure of the electron
donor/acceptor units influence the ESP pattern. This result is different from the previous
conclusion that the ESP pattern solely depends on the molecular conformation.’’*> Herein we
demonstrate the ESP is also dependent on the electron donor/acceptor unit structure, this is a
novel finding for the SOCT-ISC.

PTZ-N-2An has a structural feature different from that of PTZ-N-9An, although in both
molecules the PTZ and An moieties are orthogonal to each other. The TREPR spectrum of the
triplet state of PTZ-N-2An was also recorded (Figure 6). Interestingly, the ESP phase (A, A, A,
E, E, E) is similar to that of PTZ-N-9An, however, the spectral shape is different. Based on our
spectral simulations, we conclude that again Tz is overpopulated, together with Tx. Its ID | value
(76.56 mT) is similar to that of An (76.52 mT) and PTZ-N-9An (75.41 mT). Thus we conclude
that the triplet state for PTZ-N-2An is also localized on the anthracene unit, and it is not a >*CT
state. Similar effects of the topological feature of the compact electron donor/acceptor dyads
were observed for naphthalene—acridine dyads.>” It is clear that ‘orthogonal’ is not sufficient to

describe the relation between the molecular geometry and the ESP pattern of the triplet state of
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the electron donor/acceptor dyads. The ESP of the triplet state of the dyads is unlikely due to the
transfer of electron spin polarization from the PTZ, although PTZ is known to undergo ISC.!%
ISC within the PTZ moiety is completed within ca. 1 ns.!% This is much slower than photo-
induced CS of the dyads (a few ps, Figure 5).

The time-profiles of the ESP signals after laser pulse were recorded (Supporting Information,
Figure S19) and showed a mono-exponential decay function. The fitted time constants are 2.08 +
0.01 ps, 1.50 £ 0.01 ps and 1.97 £ 0.01 ps for An, PTZ-N-2An and PTZ-N-9An, respectively.
The time constants of approximately 2 ps are due to the spin-lattice relaxation of the electron-
spin polarized population of the spin states at zero field, and consequently also at high field, to
the Boltzmann thermal equilibrium at 80 K. The decay kinetics were different from the triplet-
state lifetime of the compounds which were monitored with nanosecond transient absorption
spectroscopy (123 ps for An. Figure 5b). There are some slight oscillations at early time after the
laser pulse at T = 0 for An and PTZ-N-2An, which can be attributed to the Torrey oscillations
(or B oscillations).

3.7. DFT Computations to Rationalize the Photophysical Properties. The ground-state
geometries of the dyads were optimized with DFT method by using various exchange and
correlation functionals in order to well reproduce the maximum absorption wavelengths (see
computational details). In Figure 7, the optimized structures obtained at the B3LYP/6-31G* level
of theory are reported. For PTZ-N-9An, the dihedral angle between the PTZ and the An moieties
is 85°, very close to an orthogonal geometry. For both PTZ(2)-C-9An and PTZ-N-2An, the
energy-minimized geometry gives a dihedral angle of 80°. DPA-9An has the smallest dihedral
angle between the electron donor and the An moiety, 73°. The trend of the dihedral angles is in

full agreement with the UV—Vis absorption and the fluorescence spectra, i.e., the coupling is the
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weakest in PTZ-N-9An, and DPA-9An is the dyad with the strongest coupling. As a result, the

most significant CT band was observed for DPA-9An, but a weak tailing CT band was observed

oNOYTULT D WN =

for PTZ-N-9An (Figures 1 and 2).

Figure 7. Optimized conformations of (a) PTZ(2)-C-9An, (b) PTZ-N-9An, (c) PTZ-N-2An,
38 and (d) DPA-9An calculated by DFT at B3LYP/6-31G (d) level with Gaussian 09. Dihedral

40 angle of phenothiazine and anthracene units are indicated in red.

In order to investigate the conformational constraints in the dyads in a more effective way, the
46 potential energy curves of the rotation about the linker bonds were constructed (Figure 8). These
48 potential energy curves do yield not only the energy minima, but also the steric hindrance about

the rotation of the linkers, and the molecular conformations accessible at room temperature.
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Figure 8. B3LYP/6-31G (d) calculated potential energy curves of the rotation around the linker
bond of (a) PTZ(2)-C-9An and PTZ-N-9An, (b) PTZ(2)-C-9An and PTZ-N-2An, (c) PTZ-N-
9An and DPA-9An (d) J-An and DMJ—-An ground states. § is the dihedral angle between

phenothiazine or julolidine moiety and anthracene.

For PTZ-N-9An, the energy minimum is a conformation with a dihedral angle of 85°. The
rotation about the C—N bond will experience significant encumbrance if it deviates from
orthogonal geometry, and the energy increases sharply. At room temperature, the thermal energy
(ksT = 0.026 ¢V) is sufficient to populate the conformations with a dihedral angle in the range
73° ~ 97°* For PTZ(2)-C-9An, the potential energy curve is more shallow; at room
temperature the accessible conformations are those characterized by a dihedral angle ranging

from 56° to 120°.
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For PTZ-N-2An, the potential energy curve is drastically different from that of PTZ(2)-C-
9An and PTZ-N-9An. No significant increase of the potential energy was observed upon
rotation around the linker bond. However, the conformations accessible with the thermal energy
ksT is limited (from 75° to 95°).

The previously reported julolidine—An dyad was also studied (Figure 8d).*” Without the
methyl substituents the potential energy curve is flat and a vast number of conformations are
accessible at kg7 (61° ~ 120°). By introducing methyl groups on the julolidine moiety, the
conformation is restricted to a smaller range (between 69° ~ 102°). Thus, our approach was
verified to be efficient for conformational restriction, i.e., for SOCT-ISC purpose.

Based on the optimized ground-state geometry, the molecular orbitals were examined (Figure
9). In all compounds, the LUMO is always localized on An moiety. For PTZ-N-9An and PTZ-
N-2An, the dyad with the weaker electron coupling between the electron donor and acceptor, the
HOMO and LUMO are localized on PTZ and An moieties, respectively. For PTZ(2)-C-9An
with larger electronic couplings, the HOMO is more delocalized. This trend is clearer for DPA-
9An, since the HOMO is highly delocalized, indicating strong coupling between the electron
donor and the acceptors, which is in agreement with the UV—-Vis absorption and fluorescence
studies, as well as the V'pa values. The detailed transitions are reported in Table 6.

The simulated absorption spectra confirm what was experimentally found for DPA-9An and
PTZ(2)-C-9An, evidencing that the CT band is observed. This is not the case for PTZ-N-2An
and PTZ-N-9An, since the quite weak CT absorption band can be found in optical spectrum,

even the associated oscillator strength is 0.
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Figure 9. Energy Diagram and plot of the Four Goutermans’ orbitals of PTZ(2)-C-9An, PTZ-
N-9An, PTZ-N-2An and DPA-9An calculated at DFT (B3LYP/ 6-31G(d)) level with Gaussian

09W.
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Table 6. Vertical Excitation Energies (AE in eV), Wavelength (4 in nm), and Oscillator

The Journal of Physical Chemistry

Strengths f of the compounds Calculated by IEFPCM (TD-PBE0/6-31G**) in Toluene *

Compound Excited State MO contribution Character AE  AE™® ) f

PTZ(2)-C-9An S H — L (99%) ICT 295 264 421 0.125
Sz H-1 — L (98%) 'LE, 330  3.04 375 0.118
T, H-1 — L (75%) 3LE, 1.63
T2 H — L+1 (56%) 3CT 2.81
T3 H — L (60%) LE, 3.02
T4 H-4 — L (37%), 3LE, 3.22

PTZ-N-9An S H— L (99%) 'CT 253 285 490 0.000
S2 H-1 — L (99%) 'LE, 324 374 383 0.156
T H-1 — L (98%) 3LE, 1.62
T, H — L (98%) 3CT 2.52
Ts H— L+2 (44%), °LE, 2.92
T4 H-4 — L (30%), 3LE. 3.17

PTZ-N-2An Si H — L (98%) 'CT 2.77 229 447  0.000
Sz H-1 — L (99%) 'LE, 332 308 373 0.083
T H-1 - L (97%) 3LEa 1.69
T, H — L (96%) 3CT 2.75
Ts H — L+2 (57%) ’LE, 2.98
T4 H-4 - L (41%), °LEa 3.24

DPA-9An Si H — L (95%) 'CT 270 252 459  0.090
Sz H-1 — L (94%) 'LE, 336 3.10 369 0.079
T H— L (58%), 3LE, 1.58
T2 H-1 — L (55%), 3CT 2.78
Ts H— L+2 (41%), °LE, 3.14
Ts H-6 — L (29%), 3LEa 3.20

@ AE*i2b energies (in eV) are obtained from the relaxed structures of excited states.
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The EDDMs reported in Figure 10 for PTZ-N-9An and DPA-9An clearly show that both S;
and T states are characterized by an intramolecular charge-transfer from the PTZ or the DPA to
the An unit, while all the other examined excited states are An (S, T1 and T4) or PTZ/DPA

localized (T3).

PTZ-N-SAn

DPA-9AN

Figure 10. Electron density difference maps for PTZ-N-9An and DPA-9An computed between
low-lying singlet and triplet excited states; the light blue or violet regions indicating increase or

decrease in the electronic density upon electronic transition, respectively.

The different character of the excited states can give an indication of which state can be
involved in an efficient ISC, since, according to the El-Sayed rules, the rate of ISC is larger if the
radiationless transition involves a change of molecular orbital type. Accordingly, the increasing
of spin-orbit coupling between singlet and triplet states may lead to more efficient ISC.

For all compounds, the spin-orbit matrix elements between S; and T; are larger than that

between the S; and T» states (Table 7), which indicates that the S; — T; ISC is more efficient
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1

2

2 than S1 — T2. For PTZ-An compounds, the S; state is a charge transfer state and the T state is
5

6 the LE triplet state.

7

8 Table 7. Spin-Orbit Matrix Elements (SOC), Vertical Energy Gaps (AE) between the
9

:? Plausible States ¢

12

13

14 Compound electronic transition ~ SOC (cm™) AE (eV)

15

16 PTZ(2)-C-9An Si—>T 2.37 1.29

17

18 S1—>T> 0.74 0.87

;g S, T 1.30 1.51

2] S22 1.83 1.09

22

23 S>—T; 0.92 0.09

24

25 PTZ-N-9An S1—T 0.37 0.91

53 Si—>T> 0.00 0.01

28 ST, 0.00 1.61

29

30 S2—>T> 0.32 0.71

31

32 So—Ts 0.03 0.32

33

34 PTZ-N-2An Si—>T 0.35 1.08

22 S1—>T, 0.05 0.02

37 S2—>T 0.05 1.63

38

39 So—>Ts 0.23 0.57

40

41 S2—>Ts 0.02 0.34

o DPA-9An S1>T) 0.58 1.12

j;, ST, 0.00 —-0.08

46 So—>T 0.61 1.78

47

48 Sy—>T> 0.66 0.58

gg S>—Ts 0.35 0.22

g; “ The first singlet excited state optimized structure and by using QR-TDB3LYP/cc-pVDZ.

g i These are in accordance with the results of femtosecond transition spectra, suggesting the ISC in
55 * .

56 PTZ~An compounds are PTZ"*~An~* — PTZ->"An. Therefore, the only possible pathway that
57

58

>9 37
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leads to the triplet state population should entail the coupling between S; and Ti. In the case of

PTZ-N-9An and PTZ-N-2An compounds, an internal conversion (CS) is required to occur

before the SOCT process in order to populate the low-lying singlet state with CT character.

Scheme 2. Energy Diagram of the Photophysical Processes of the Compounds (a) An, (b)

PTZ-N-2An, (¢) PTZ(2)-C-9An *

(a) T4 ~4.9eV b) ran*
x T3 © ( ) [MZ] 1[AI’]*-PTZ] —— | 4 3.24 €V
4.72eV 3.28eV4e R — 13 2.98 €V
3.05 eV 61 n
S, So-Isc 1[An-*-PTZ*] 2.75 eV
3078 —-3T2?3 & 2.32 eV SOCT-ISC
: : 2.02 eV ==r=— JAN*-PTZ]
1.90 e —
T 378 nm 1.69 eV
—— | 1 :
379 nm : 1.84eV 406 nm 535 nm :
3.3ns 4.0 ns 4.4 ns = TOL
123 s : : == DCM
469us:  __ ACN
So S Y So So v LA 4 v So
) [An*-PTZ
[APTZ] 1jan+-pTZ) — T 3226V
320eV T ey — T3 302V
ev ] 3.05 eV cT : e
[An*-PTZ*] 2.81 eV
2.48 eV SOCT-ISC
2.16 eV
JAN*-PTZ
388 nm 1.89 eV [An ]
1 1.63eV
406 nm :
4.0 ns ?011 Lt : - TOL
NS 298 s == DCM
= ACN
So A4 LAA 4 v So

“The energy levels of the excited singlet states are derived from the spectroscopic data, the
energy level of charge transfer states are obtained from the CT emission band, and the energy
levels of the triplet states are from IEFPCM calculation at (TD-PBE0/6-31G**) level with
Gaussian 09W (in toluene). The transition of Ty — T, is from the nanosecond transient
absorption data and IEFPCM computations.

The photophysical properties of the compounds are summarized in Scheme 2. For An, the ISC

is via S; — T», as the two states share the same energy level, then followed by T> — Ti. For

ACS Paragon Plus Environment
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PTZ-An dyads, the S; state ('CT state) energy level is lower than the T> state. However, the !CT
state energy level is close to the low-lying T state energy level, thus, only the 'CT — Ty ISC is
possible. Considering the molecular orbital angular momentum changes during the charge
recombination (CR), the ISC can be enhanced, with the so-called SOCT-ISC mechanism.

Accordingly, efficient ISC was observed, even with relatively large Si/T; state energy gap.
4. CONCLUSIONS

Phenothiazine (PTZ)—Anthracene (An) compact electron donor/acceptor dyads were prepared to
study the spin-orbit charge-transfer induced intersystem crossing (SOCT-ISC). To achieve
efficient SOCT-ISC, the electron donor (PTZ) and the acceptor (An) should adopt an orthogonal
conformation. The molecular conformation was systematically varied by rotation restriction,
exerted by steric hindrance. The intensities of the electronic coupling between the electron donor
and acceptor were quantified with the matrix elements (/pa). Charge transfer (CT) absorption
and fluorescence bands were observed for the dyads, for which the intensities varied according to
the different V'pa values. The fluorescence of the anthryl moiety was significantly quenched in
the dyads, and efficient ISC was confirmed with nanosecond transient absorption spectroscopy
(DA = 65%, tr = 209 ps). Using femtosecond transient absorption spectroscopy, photo-induced
charge separation (<1 ps) and recombination (950 ps) was revealed. Time-resolved electron
paramagnetic resonance (TREPR) spectra reveal the electron spin polarization (ESP) patterns of
the triplet state of the dyads, (A, A, A, E, E, E), which are drastically different from that of
pristine anthracene, (E, E, E, A, A, A), thus confirming SOCT-ISC. The ESP patterns of the
dyads highly depend on the topological features of the compounds, and the assumption of an
orthogonal geometry is not sufficient to describe the relationship between the molecular

conformation and the specific ESP pattern observed for the different systems. We further
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confirmed that the ESP pattern of the triplet state not only depends on the molecular geometry,
but also on the structure of the electron donor. The rotation steric hindrance was analyzed with
the potential energy curves and PTZ was found to be an ideal electron donor to induce rotation
steric hindrance about the linker, thus to attain SOCT-ISC, due to its puckered structure.
Theoretical computations show that spin-orbit coupling (SOC) between the S; and T; state (up to
2.37 cm™) is larger than the Si/T2 coupling (<1 cm™). These new findings are useful for the
design of novel molecular systems to control the fate of the charge recombination, a ubiquitous

process in a wide variety of organic functional materials and devices.
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