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ABSTRACT: A series of asymmetric donor—acceptor (D—A) perylene-based compounds,
3-(N,N-bis(4’-(R)-phenyl)amino)perylene (Peri—DPA(R)), were successfully prepared to
explore their intramolecular charge transfer (ICT) properties. To induce ICT between the
donor and acceptor, diphenylamine (DPA) derivatives (electron donor units) with the same
functional groups (R = CN, F, H, Me, or OMe) at both para positions were linked to the C-
3 position of perylene to produce five Peri—DPA derivatives. A steady-state spectroscopy
study on Peri—DPA(R)s exhibited a progressively regulated ICT trend consistent with the
substituent effect as it progressed from the electron-withdrawing group to the electron-
donating group. In particular, a comparative study using a D—A—D (donor—acceptor—
donor) system demonstrated that not only the electron push—pull substituent effect but also
subunit combinations influence photophysical and electrochemical properties. The different
ICT characters observed in Lippert—Mataga plots of D—A(CN) and D—A—D(CN) (CN-
substituted D—A and D—A—D) led to the investigation on whether ICT emission of two
systems with differences in subunit combinations is of the same type or of a different type.

The femtosecond transient absorption (fs-TA) spectroscopic results provided direct evidence of ICT origin and confirmed that D—
A(CN) and D—A—D(CN) exhibited the same transition mix of ICT (from donor to acceptor) and reverse ICT (rICT, from
arylamine to CN unit). Density functional theory (DFT)/TD-DFT calculations support the presence of ICT for all five compounds,
and the experimental observations of rICT presented only for CN-substituted compounds.

B INTRODUCTION

Donor—acceptor molecules containing dipolar organic chro-
mophores exhibiting intramolecular charge transfer (ICT) are
a class of functional 7-conjugated organic systems, which are
useful tunable molecules in the solar energy conversion and

photovoltaic," * photo-
10-12

storage,l’2 molecular electronic,® >
eletrochemical cell (PEC),” and light-emitting diode
fields. ICT generally occurs in push—pull molecular systems
containing an electron donor (D) and an electron acceptor
(A)."7'° Various push—pull molecules are known to have
small band gaps and relatively strong dipoles, which contribute
to efficient ICT."”'® The ICT character of a D—A system is
critical in terms of its optical and electronic properties'® ™"
and can be controlled by using suitable combinations of the
donor and acceptor components.””** Also, combinations of D
and A strongly affect frontier orbital levels, and thus, can be
used to tune the optoelectronic properties.’’
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Recently, our group reported the ICT properties on the
perylene-based donor—acceptor—donor (D—A—D) system
with regard to the electron push—pull substituent effect.”*
Specifically, good linear correlations between photophysical
properties and Hammett substituent constants showed that all
perylene-based D—A—D compounds with electron-withdraw-
ing and donating R groups (R = CN, F, H, Me, and OMe)
followed the same ICT trend. In addition, the ICT properties
of these systems were systematically controlled by donor
modulation, which allowed emission colors to be effectively
tuned. However, in Lippert—Mataga plots, a different charge-
transfer character was observed for the CN-substituted
perylene-based D—A—D compound. As a result, we suggested
that emission color tuning for the D—A—D molecular system is
limited in terms of generating high-energy blue emission due
to reverse ICT (rICT) from arylamine to CN unit caused by
the presence of a strong electron-withdrawing group. In this
report, along the line of the study, we carefully investigated the
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Scheme 1. Synthetic Route to Peri—-DPA(R)“
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Xantphos, NaOt-Bu, toluene, reflux, 24 h.

Figure 1. ORTEP drawings of compound 1la. Ellipsoid contour percent probability level is 50%.

electron push—pull effects of substituents in a perylene-based
D—A system with a particular focus on ICT and rICT.

To allow comparisons with our previous study on a D—A—D
system, we prepared an asymmetric D—A molecular structure,
similar to the D—A—D system using diphenylamine (DPA)
derivatives as electron donors and perylene as the electron
acceptor. The electron-rich diphenylamine (DPA) is widely
used as a functional group to facilitate electron donor and/or
hole transport properties.”” > On the other hand, perylene
derivatives have been intensively investigated as functional
materials in optoelectronics due to their chemical, thermal, and
photochemical stabilities,””*° high fluorescence quantum
yields,”** and planar geometries.””** Given the symmetry of
perylene, the attachment of the donor or acceptor subunit in
the same direction as the direction of ICT intensifies the
oscillator strength and increases the absorption capacity.’
Therefore, we selected a series of well-conjugated perylene D—
A molecules by connecting DPA at 3-position, an active site on
the perylene core.*™*° In addition, to simplify the comparison,
identical substituents were introduced at the para positions of
N,N-diphenylamine.

Although the ICT properties for various D—A and D—A—D
derivatives have been investigated, however, molecular
structure—property relationship studies that have compared
the ICT properties of analogous perylene-based D—A and D—
A—D molecular systems are limited.*>*' In the present study,
we aimed to investigate and compare how push—pull
substituent influences ICT properties in perylene-based D—A
and D—A-D systems. The photophysical ICT properties of
both systems were compared and analyzed using steady-state
and time-resolved optical spectroscopy. The optical absorption
spectroscopic and electrochemical properties confirmed that
highest-energy occupied molecular orbital-lowest-energy
unoccupied molecular orbital (HOMO—-LUMO) gaps were
modulated by the introduction of substituents, showing that
the D—A system with one DPA substituent had a larger gap
than the D—A—D system with two DPA substituents. With
regard to energy band-gap control, the optical emission
spectroscopic properties showed a wider color tuning range
with larger width variation by substituents, for the D—A system
than the D—A—D system. In particular, steady-state spectro-
scopic results in various solvents showed that the dipole
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moments of molecules affected by substituents varies with the
subunit combinations, which may lead to differences in the
type of ICT emission control between the two systems.
Furthermore, femtosecond transient absorption (fs-TA)
spectroscopic results demonstrated that the origins of
emissions in D—A and D—A-D systems, even in systems
containing the CN unit (D—A(CN) and D—A—D(CN)), were
identical.

B RESULTS AND DISCUSSION

Synthesis. The target perylene-based D—A compounds
(Peri—DPA(R)s), 3-(p-(R)-diphenylamino)perylene (1) (R:
CN (1a), F (1b), H (1c), Me (1d), and OMe (le)), were
synthesized as outlined in Scheme 1. Donor precursors, p-(R)-
diphenylamine (2) (R: CN (2a), F (2b), H (2c), Me (2d),
and OMe (2e)) with the same electron-donating or -with-
drawing group at the para-positions of diphenylamines, were
prepared according to the previously reported procedures.”
The acceptor precursor, 3-bromoperylene (3), was prepared by
the bromination using N-bromosuccinimide (NBS). Perylene-
based D—A compounds were successfully synthesized by Pd-
catalyzed Buchwald amination between 1 molar ratio of p-(R)-
diphenylamine (2) and 3-bromoperylene (3). Specifically, the
five 3-(p-(R)-diphenylamino)perylenes (la—le) were pre-
pared in the presence of S mol % Pd,(dba); using Xantphos
as a catalyst and excess amounts of NaOt-Bu as a base; they
were obtained as a yellow or orange solid in the toluene solvent
with a yield of 64—72%. All five compounds were purified by
silica gel column chromatography using hexane/dichloro-
methane mixtures as eluents and were further purified by
recrystallization. The molecular structures of all of the
compounds were determined by 'H and “C{'H} NMR
(Figures S1—S10), elemental analysis, and mass spectrometry
(Figure S11). Finally, the structure of 1a was authenticated by
single-crystal X-ray crystallography. The Experimental Section
and the Supporting Information (SI) provide detailed synthetic
procedures and characterization data.

A single crystal of 1a was grown by slow evaporation from a
CH,Cl,/hexane mixture (1:2 v/v) at room temperature (RT),
and analyzed by single-crystal X-ray diffraction (XRD)
crystallography using synchrotron radiation. Compound la
crystallized in the monoclinic space group P2,/n; crystal data
and collection parameters are summarized in Tables S1 and S2.
Figures 1, S12, and S13 show Oak Ridge thermal ellipsoid plot
(ORTEP) drawings and packing of la, respectively. In the
packing diagram (Figure S13), 1a molecules were stacked in a
herringbone fashion** without face-to-face 7—r overlap
between perylene cores. As shown in Figure 1, the two para-
substituted phenyl rings in la were twisted in different
directions with respect to the perylene core at angles of
45.0(6)° (C1-N1—C21-C22) and 16.5(6)° (C1-N1—C28—
C29), which was consistent with that obtained by density
functional theory (DFT) optimization of ground-state
geometry.

Photophysical Properties. Steady-state optical absorp-
tion and emission spectra of the five Peri—-DPA(R)s were
measured both in solution (Figure 2) and in solid state (Figure
S18), and the spectral parameters are summarized in Table 1.
As shown in Figure 2 (top), the spectrum of each compound
exhibited two types of absorption bands, that is, high-energy
absorption at 250—350 nm and low-energy absorption at 400—
525 nm. Absorption vibronic structures at 250—350 nm
correspond to the Sy — 'LE transitions of the diphenylamine
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Figure 2. UV—vis absorption (top) and emission (bottom) spectra:

1a (blue), 1b (red), 1c (green), 1d (purple), le (orange) in CH,Cl,
at 10 uM.

(DPA) and perylene moieties, respectively. This transition
explicitly shows characteristic absorbances of each subunit of
the perylene core S; = S, excitation and the DPA series, while
maintaining its intrinsic spectral shape, as shown in Figures
S14 and S15. A broad, structureless band at 400—525 nm
corresponds to the S, — 'CT transition, which showed the
presence of an intramolecular interaction in the ground state
regarding electronic coupling between the DPA and perylene
units. As was expected based on considerations of substituent
effects, red shift of the CT band followed the order 1a < 1b <
lc < 1d < le. In particular, the CT band of 1a exhibited a
structured peak similar to S5 — S, excitation of the perylene
core (vibration energy of 1441 cm™") (Figure S16) because the
strong electron-withdrawing ability of the CN unit caused
weak electronic coupling with the perylene unit.

As compared with the D—A—D system, the D—A system
showed a shorter wavelength range and a smaller shift in the
absorption maxima wavelength (Figure S20 top), indicating
the reduced conjugation length and relatively weak energy
control by fewer DPA substituents in the ground state.
Moreover, the structured CT band of la was more clearly
observed in the D—A system than in the D—A—D system
(Figure S17), which showed that the asymmetric D—A system
retains the electronic structure of perylene itself, while the
symmetric D—A—D system loses some of the electronic
structure of perylene itself. For this reason, the properties of
subunits were more prominent in the D—A system than in the
D—A-D system. Regarding intermolecular interactions, thin-
film absorption and emission spectra of la—1le (Figure S18)
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Table 1. Photophysical Properties of 1a—1le

Amaxabs (nm) AmaxPL(nm)
compd sol?/film” sol*/Alm” Stokes shift (cm™)
la 453/472 486/560 1499
1b 459/482 517/549 3012
1c 459/483 523/567 3377
1d 468/492 543/570 3747
le 476/512 592/599 5034

-

sol” 7% (ns) kgx 107 (s71) kX 107 (s71) Keaa/ Ko
0.60 4.076 14.7 9.83 1.50
0.58 6.368 9.11 6.59 1.38
0.54 6.616 8.16 6.95 1.17
0.55 9.058 6.07 4.97 1.22
0.17 6.467 2.63 12.8 0.20

“Absorption and emission maximum for the lowest energy band in CH,Cl, at room temperature (RT). ®Measured in thin films. “Fluorescence
quantum yields, with 9,10-diphenylanthracene (®p; = 0.9, ethanol) as the standard, in CH,Cl, at RT. 9Fluorescence lifetime in CH,Cl,. “Values
of k,,q and k,, were calculated using k.4 = @¢/7; and k,, = (1/75) — kg

were found to exhibit red shifts as compared with spectra
obtained in hexane, which suggested that as was observed in
the D—A—D system, the D—A system also forms J-aggregates.

The fluorescence properties of the Peri—DPA(R)s in
CH,Cl, solutions were studied and compared. As was observed
for maximum absorption, emission maxima were greatly
influenced by substituents. The emission maxima of the
Peri—DPA(R)s are in the range of 486—592 nm for systematic
red shifts and the extended spectral bandwidth (Figure 2,
bottom). The emission spectrum of 1a had a structured peak
as observed in the CT absorption spectrum (Figures 2 and S20
left), indicating a small structural change between the ground
and excited states. In other words, unlike other members of the
Peri—DPA(R), the excited state of la retained some of the
characteristics of the ground state, due to a strong electron-
withdrawing effect of the CN unit. In addition, as shown in
Table 1 and Figure S21, depending on the substituent effect,
the increase in Stokes shifts, that is, 1499 cm™' for 1a, 3012
em™! for 1b, 3377 cm™! for 1c, 3747 cm™ for 1d, and 5034
cm™ for le, was observed, indicating an increase in the CT
character in the excited state. The fluorescence quantum yields
(@) of Peri—DPA(R)s showed a gradual decrease of 17—60%
as the electron-donating power of substituents increased.
Fluorescence lifetimes varied from 4 to 10 ns in CH,Cl,, and
all fluorescence decay profiles showed exponential decay,
suggestive of radiative decay from a single excited state (Figure
S19). Using the @; and 7y values of Peri—DPA(R)s, the
radiative and nonradiative decay rate constants (k4 and k,,)
were calculated and determined in the range of ~10’. From the
electron-withdrawing group (EWG) to the electron-donating
group (EDGs) substitution, the k.4 values gradually decreased,
while the k,, value did not show a gradual increase (Table 1).
These results show that the k4 values are controlled by the
electron push—pull substituent effects that influence the typical
single CT emission band.

Considering the above-mentioned results on the D—A
system, the CT emission properties of D—A and D—A-D
subunit combinations were compared. The D—A system
showed a slightly larger shift range of maximum emission
wavelengths than the D—A—D system (Figure S20 bottom),
which shows a relatively wider energy control range by
substituents in the excited state caused by more polarization of
the asymmetric D—A system. In both systems, the spectral shift
intervals were broader in the excited states than in the ground
states, but the degrees of change in shift intervals between the
ground and excited states were significantly greater in the D—A
system (Figure S$20), which was ascribed to charge
delocalization in the symmetric D—A—D system and relatively
more localization in the asymmetric D—A system than in the
D—A-D system. For the same substituents, the D—A system

exhibited a larger Stokes shift than the D—A—D system (Figure
$21), leading to lower ®; and longer 7y values, which was
caused by structural flexibility due to greater reorganization
energy in the excited state. However, for CN unit substitution,
Stokes shifts in the D—A—D system were larger (Figure S21).
This is due to rICT from arylamine to the CN unit by strong
EWG ability of the CN unit as well as ICT from DPA donor to
perylene acceptor, which means that the polarization region
was expanded by ICT and rICT, in the delocalization D—A—D
system; as a result, the larger Stokes shifts in the D—A—
D(CN) was observed.

Solvatochromic Properties. The absorption and emis-
sion behaviors of the Peri—DPA(R)s in different solvents were
investigated to study the solvatochromic effect (Table S3,
Figures S22, and S23). Generally, D—A molecules exhibiting
ICT are more solvated in the excited state than in the ground
state.”** As was expected, more significant red shifts were
observed in the emission spectra than in the absorption spectra
(Figures S22 and S23), due to stabilization of the more
polarized emitting state by polar solvents. In particular, the
solvatochromic shift in the emission spectra gradually
increased from EWGs to EDGs, indicating that the Peri—
DPA(R)s well demonstrated the substituent effect. To
quantitatively estimate the experimental dipole moment
changes between the ground and excited states, Stokes shifts
(Av) of compounds la—1le were plotted as a function of
solvent polarity parameters (Af), according to the Lippert—
Mataga method using eq 1

2 [e -1 n* — 1
= +
heag\2e + 1 2n° + 1
X (g — ,ug)2 + constant

Av=1p7y - I}

a

2

A
=2Af X 'u3 + constant
hea; (1)

where p, — p, (Ap) is the difference between the dipole
moments in the excited and ground states, ¢ is the speed of
light, h is Planck’s constant, and g, is the radius of the Onsager
cavity around the fluorophore. The dielectric constants (&)
(1.9 n-hexane, 2.02 cyclohexane, 2.38 toluene, 7.6 THF, 9.1
CH,Cl,, and 37.5 CH;CN) and the refractive indices (n) of
solvents are included in the term Af, which is known as
orientation polarizability. Onsager radii, obtained using
B3LYP/6-31G, were considered to be half the average size
for la—le, that is, 16.0, 14.6, 14.4, 15.6, and 162 A,
respectively. Using the slopes in eq 1, increments in dipole
moment changes (Au) for la—1e were estimated to be 11.6,
16.8, 17.0, 21.9, and 26.7 D, respectively. Table S4 shows the
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values of the ground-state dipole moment (4,) obtained by the
DFT method for energy-minimized structures. These were >0
due to the asymmetries of these compounds (7.0 D for 1a, 1.8
D for 1b, 0.2 D for 1c, 0.4 D for 1d, and 0.4 D for 1e). From
ground-state dipole moments (;,tg) and dipole moment changes
(Au), excited-state dipole moments (u,) were calculated to be
18.6 D for 1a, 18.6 D for 1b, 17.2 D for 1¢, 22.3 D for 1d, and
272 D for 1le. As EWGs and EDGs in the D—A system are
substituted, 41, and . values became large. The largest y, value
was the CN-substituted 1a, and the largest y, value was the
OMe-substituted le. In particular, 1a substituted with strong
EWGs showed the largest 4, value among the Peri—DPA(R)s.
However, . was relatively small and this led to the smallest
Ap value for 1a. As was observed for the D—A system, the y,
and p, values of the D—A—D system were affected by the
electron push—pull substituent effect and showed the same
trend as values of the D—A system. As shown in Table S5, for
CN-substituted compounds, the u, and p. values were
relatively large for substituent series in the D—A—D system.
Due to the molecular symmetry of the D—A—D system, the y,
value was close to 0, and thus, the relatively large . value
affected the Ay value. D—A and D—A-D systems with the
same substituents were compared (Tables S4 and SS), and it
was found that the p,, ., and Ay values of the D—A system
were mostly greater than those of the D—A—D system.
However, for CN-substituted compounds, the u, and Ap
values of the D—A—D system were larger than the D—A
system. For the CN-substituted D—A—D system, expansion of
the polarization region by ICT and rICT and the more
expanded polarization region due to an increase in donor
subunits increased y, and Ay values in the D—A—D system
more than those in the D—A system.

As shown in Figures 3 and S24, the Lippert—Mataga plot for
the D—A system showed a linear correlation with solvent
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Figure 3. Lippert—Mataga plots for la—1e in different solvents: 1, n-
hexane; 2, cyclohexane; 3, toluene; 4, THF; 5, CH,Cl,; 6, CH;CN.

polarity and followed a substituent effect on its slope. The
slope of the fitting line from EWGs to EDGs increased steadily
in proportion to (Ay)?* in the order 1a < 1b < 1c < 1d < 1e,
which resulted in an effective ICT control. In contrast, in the
D—A-D system, the Lippert—Mataga plot was not entirely
consistent with the substituent effect (Figure S25), due to the
relatively large Ay value of D—A—D(CN). In addition,
comparing D—A(CN) and D—A—D(CN) a discrepancy in
the slope tendencies of Lippert—Mataga plots indicated that
the ICT properties of these CN-substituted compounds
depend on subunit combinations. In particular, the exceptional

slope tendency observed for D—A—D(CN) showed notable
ICT properties, which distinguished it from other D—A—Ds.
More specifically, for D—A—D(CN), we suggest the additional
rICT property from the arylamine to the CN unit, along with
the ICT property common to all D—A—D series. Of these two
ICT properties, rICT, which was observed only in D—A—
D(CN), was ascribed to the strong electron-withdrawing effect
of the CN unit within DPA substituents. Considering the area
where rICT occurs, D—A(CN) with the same DPA substituent
could also cause rICT like D—A—D(CN). Based on the above
results, it is unclear whether D—A(CN) and D—A—D(CN)
have identical ICT origins.

Femtosecond Transient Absorption (fs-TA) Measure-
ments. To determine whether ICT origins differed for D—
A(CN) and D—A—D(CN) and between D—A and D—A-D
systems containing other functional groups, femtosecond
transient absorption (fs-TA) measurements were performed
in CH,Cl, using laser excitation at 350 nm. The TA spectra
exhibited a strong excited-state absorption (ESA) band at
600—800 nm and a negative band at 460—550 nm (Figures 4
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Figure 4. Transient absorption spectra of D—A(CN) and D—A—
D(CN) in CH,Cl, solution. The excitation wavelength was 350 nm.
Inset: decay profiles were monitored at selected wavelengths.

and $28), and spectral shapes were not changed at different
time delays (Figure S26). Imran et al.’” reported that the
strong positive ESA band in the range 600—750 nm is
attributed to the S, — S, transition of perylene and the
negative band at ~440 nm corresponds to the ground-state
bleaching (GSB) and the stimulated emission (SE) of
perylene. Based on the steady-state spectroscopic result, the
negative TA band in the range 460—550 nm is attributed to the
GSA and SE, and the strong positive TA bands in the 600—800
nm region are attributed to the ICT state than to the S, — S,
transition for all perylene-based D—A and D—A—D systems
including D—A(CN) and D—A-D(CN). The transient
absorption spectra between D—A and D—A-D systems are
qualitatively similar, suggesting that D—A—D system, including
D—A—-D(CN), indirectly can behave as a D—A system due to
the symmetry breaking in the excited state (Figure $28).**
For fs-TA spectra of longer wavelength (600—800 nm), D—A
and D—A—-D systems were divided into a broad, intense band
at 600—750 nm and a shoulder band at 750—800 nm. The
broad TA band at 600—750 nm showed a spectral shift by
substituents with a larger shift interval for the D—A system
than for the D—A—D system (Figure S28), due to the large
polarization of the asymmetric system. In addition, the weak
TA band at 750—800 nm was also affected by substituents, and
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intensity changes by substituents were greater for the D—A
system than for the D—A—D system (Figure S$28). In
particular, unlike that observed for other substituents, both
D—A(CN) and D—A—D(CN) exhibited a distinctive TA band
at 750—800 nm (Figure 4). Based on TA spectral comparisons,
we believe that the emission origin of D—A(CN) and D—A—
D(CN) differed from that of other members of the D—A and
D—A-D series.

Decay profiles were analyzed to investigate the excited-state
kinetics of D—A and D—A-D. As was expected, on a
picosecond time scale, similar decay patterns were observed
for the respective systems (inset in Figure S28), except for
those containing the CN unit (Figure 527). D—A(CN) and
D—A-D(CN) were observed with a long time scale (%5 ns)
for a clear comparison between the two (inset in Figure 4).
Measured on a long time scale, the time profile of D—A—
D(CN) monitored at 695 nm was fitted as the lifetime of 3.75
+ 0.06 ns, and the time profile of D—A(CN) monitored at 716
nm was fitted as the lifetime of 3.74 + 0.07 ns. This
consistency between the TA spectra of D—A(CN) and D—A—
D(CN) was attributed to similar ICT properties. On the other
hand, at 772 nm, new TA peaks decayed with a lifetime of 2.90
+ 0.3 and 3.98 + 0.1 ns for D~A—D(CN) and D—A(CN),
respectively. These decay times were different from that
observed at ESA maxima wavelengths of 695 and 716 nm,
respectively. This means that for both D—A(CN) and D—A—
D(CN)), the overall TA spectral behavior appeared to be mixed
with an emission origin other than the ICT mentioned above.
In a previous report on D—A—D(CN), its unique transition
origin was demonstrated using steady-state spectroscopic and
calculation results, and this uniqueness was assumed to be due
to rICT from the arylamine to the CN unit. Although the
steady-state spectroscopic results of D—A(CN) and D—A—
D(CN) did not delineate with certainty whether the two CN-
substituted compounds had the same or different origins,
transient absorption measurements clearly indicated that
emission origins were similar. In conclusion, unlike members
of the D—A and D—A—D series with one ICT origin, both D—
A(CN) and D—A—D(CN) had in common a transition mix of
ICT and rICT.

In combination with the above-mentioned results, the ICT
emission origin for perylene based D—A and D—A—D systems
can be summarized as follows as shown in Figure 5. All D—A
and D—A-D systems upon ultrafast excitation indicated
dynamics involved in transition from Franck—Condon (FC)
state to ICT state, where the ICT occur from arylamine to
perylene unit. The observed TA spectra showed the red-shift as
the EDG ability increased, which means that this ICT state was
stabilized, and it is in agreement with the electron push—pull
substituent effect. In particular, by comparing the TA spectra
and decay profile, we suggest that both D—A(CN) and D—A—
D(CN) mixed with an emission origin from arylamine to CN
unit, different from ICT mentioned above, as well as the ICT.
Therefore, perylene-based D—A and D—A-D systems
indicated the ICT process was in good agreement with the
electron push—pull substituent effect, but D—A(CN) and D—
A-D(CN) occurred the additional emission origin by strong
EWG ability of CN unit. As a result, F—~OMe unit of D—A and
D—A-D system showed one ICT origin from DPA donor to
perylene acceptor, while CN unit of D—A and D—A—D system
showed mixture of the emission origin, ICT and rICT (from
arylamine to CN unit).

FC

hv

Figure S. Schematic potential curves for D—A and D—A—D systems.
pink line: D—A(CN) and D—A—D(CN); black line: D—A(F—OMe)
and D—A—D(F—OMe).

Electrochemical Properties. Cyclic voltammetry (CV) of
the Peri—DPA series was performed in 1 mM CH,Cl, solution
containing n-Bu,NCIO, (0.1 M) as a supporting electrolyte to
investigate redox properties and energy levels (Figure S29).
HOMO/LUMO energy levels were determined using
oxidation onset potentials and electronic spectral data
(summarized in Table 2 and Figure S30). All five compounds
showed only one reversible oxidation wave and no reduction
wave. The first oxidation onset potentials (EX%..) were
determined to be 0.89 V for 1a, 0.74 V for 1b, 0.72 V for
1c, 0.65 V for 1d, and 0.58 V for 1e, which can be explained by
the stabilities of the cationic species generated from the Peri—
DPA unit. As electron-donating propensities of the DPA
substituents increased, the Peri—DPA unit is first oxidized and
its unstable oxidized species is compensated by the effective 7-
conjugation. Furthermore, the introduction of a substituent
influences the experimental and calculated Eyono and Ejymo
values, which was —5.53 + 0.17 and —3.08 + 0.02 for
experimental values and —4.87 + 0.48 and —2.05 + 0.38 for
calculated values. As shown in Figure S31, Eyopo values were
more affected by the electron push—pull substituent effect than
the E;yyo values. In particular, the experimentally estimated
E umo values were similar for all five compounds due to the
same perylene acceptor, which indicated that the electron
acceptor was largely unaffected by the electron donor at the
LUMO level.

The optical band gaps (Eg™) from absorption edges were
determined to be 2.60, 2.48, 2.47, 2.39, and 2.31 eV for la—1e,
respectively, that is, band gaps widened on increasing the
electron-withdrawing character of substituents. The theoretical
band gaps (Egcal) from DFT calculations for la—le were
determined to be 2.92, 2.82, 2.82, 2.77, and 2.67 &V,
respectively and this trend agreed well with optical band
gaps. For the D—A—D molecules previously reported, a similar
trend to the D—A system was observed between band gaps and
substituent effects. In addition, when comparing the effects of
one and two donors with the same substituent type, one-donor
systems had larger optical and theoretical energy band gaps
(Figure S32). This indicates that in both D—A and D—A-D
systems, electronic communication occurs between the DPA
nitrogen and perylene and is affected by the substituents
through the 7-conjunction system of the phenyl linked to the
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Table 2. Energy Band-Gap Properties of la—1le

experimental calculated
compd HOMO“ (eV) LUMO? (eV) E (eV) HOMO® (eV) LUMOS (eV) E;al (ev)
la —5.70% (=6.00°) -3.10 2.60 -535 —243 292
1b —5.547 (=5.85°) —3.06 2.48 —4.87 -2.05 2.82
Ic -5.537 (-5.83%) -3.06 247 -4.78 -1.96 2.82
1d —5.46 (=5.76°) -3.07 239 —4.68 -191 277
le -5.397 (=5.69°) -3.08 231 —453 -1.86 2.67
“Bhomo (6V) = —e(EX + 48). "B inmo (6V) = —e(Eyomo + EF "). “Obtained by the DFT calculation. “Estimated assuming that the

HOMO energy of ferrocene lies 4.80 eV below the vacuum level.*’” °Estimated assuming that the HOMO energy of ferrocene is —5.11 eV in

CH,CL,.*

1c 1d le

L+1 '.3_3:3 & §#~§

LUMO ‘;@

HOMO 9

Figure 6. Frontier orbital distributions (HOMO — 1, HOMO, LUMO, LUMO + 1) of la—1le calculated by the DFT using the B3LYP function

and 6-31G(d,p) basis.

N atom. These results show that band gaps are predictable
based on considering the substituent effect and subunit
composition.

Density Functional Theory (DFT). To gain deeper
understanding of the geometric and electronic properties of
the target molecules, density functional theory (DFT)
calculations and time-dependent DFT (TD-DFT) calculations
were conducted using the Gaussian 16 program. Geometric
optimization was performed in the gas phase at the B3LYP/6-
31G(d,p) level. The B3LYP DFT method provided sufficiently
reliable qualitative insights rather than quantitative analysis of
experimental results. The frontier orbital distributions of la—
le estimated from DFT calculations are depicted in Figure 6.
HOMO-1, HOMO, and LUMO+1 molecular orbitals, but not
LUMOs, were influenced by substituents. HOMO orbitals of
la—1e were delocalized over perylene and DPA moieties, and
distribution in the two phenyls of DPA increased on increasing
electron donation. The H-1 orbitals of 1a—1e were delocalized
over DPA and perylene moieties, which is expanded from DPA
moiety to perylene moiety as the electron-donating character
of substituents increases. However, LUMO orbitals of la—1e
were localized on the perylene moiety, whereas L + 1 orbital
distribution decreased in the two phenyl groups of DPA and
increased in the perylene, as the electron-donating propensity
increases. Unlike the other four compounds, the molecular
orbitals of 1a were highly localized on either perylene or DPA,
which is attributed to the weak electronic coupling between
donor and acceptor.

Considering the results of TD-DFT calculations (B3LYP/6-
31G) shown in Figures S38—S42 and Tables S12—S16, all five
compounds demonstrated a major charge-transfer transition
from an amino-delocalized HOMO to a perylene-localized
LUMO, due to efficient HOMO/LUMO overlap on the
perylene core. In addition, transitions from the diarylamino-
delocalized H-1 to the perylene-localized LUMO and from the
amino-delocalized HOMO to the diarylperylene-delocalized L
+ 1 were minor charge-transfer transitions. In contrast to the
other compounds, for 1la, the strong electron-withdrawing
ability of the CN unit facilitated the transition from the
HOMO to L + 1 at ca 412 nm rather than from H-1 to the
LUMO. In our previous study on the D—A—D system, we
reported that additional rICT, a minor transition from the
HOMO to L + 1 at ca 372 nm can occur within the DPA
moiety due to the strong electron-withdrawing character of the
CN unit. Likewise, in the D—A system, a similar phenomenon
was observed, which means that in D—A—D and D—A systems,
strong electron-withdrawal and vulnerable HOMO/L + 1
overlap cause a weak electronic coupling between the donor
and acceptor. In addition, the D—A—D system, which
possesses an added donor subunit as compared with the D—
A system, is relatively favorable for rICT due to enhanced ICT
in the two donor components. Summarizing, for both D—A—D
and D—A systems, ICT is mainly controlled by the electronic
transition from HOMOs to LUMOs, and the rICT seen only
in the CN-substituted compounds was observed in both D—A
and D—A—D systems.
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B CONCLUSIONS

Along the line of the perylene-based donor—acceptor—donor
(D—A-D) system, the donor—acceptor (D—A) system, Peri—
DPA(R) (la—1le), were designed and synthesized by
modifying only a subunit combination under the same
substituent conditions. To investigate the influence of the
electron push—pull substituent effect on ICT control, the
photophysical and electrochemical properties of the five Peri—
DPA(R)s were examined and compared to those of the D—A—
D system. Steady-state spectroscopic results of Peri—-DPA(R)s
showed predictable ICT properties in that the D—A system
was in good agreement with the substituent effect. In
particular, Lippert—Mataga plots for the D—A system
demonstrated systematic ICT control by substituents, which
differed from that observed for the D—A—-D system.
Comparisons of the D—A and D—A-D systems for each
substituent suggested that different slope tendencies in
Lippert—Mataga plots of D—A(CN) and D—A—D(CN) were
caused by different emission origins. However, considering that
both have the same subunits required for ICT and rICT
formation, the same emission origin for D—A(CN) and D—A—
D(CN) was also suggested. The femtosecond transient
absorption (fs-TA) spectroscopic results confirmed that
emissions of D—A(CN) and D—A—D(CN) were from the
same origin based on ICT and rICT. In addition, DFT
calculations supported the notion that ICT and rICT exist only
for CN-substituted compounds regardless of subunit combi-
nation. The results presented in this study are helpful in
designing D—A molecules for efficient ICT and understanding
its fundamental structure—property relationship.

B EXPERIMENTAL SECTION

General. Based on the standard Schlenk techniques, all of the
synthesis experimental procedures were performed under a dry argon
condition. Reagents and solvents were purchased from commercial
sources and used as received without further purification, unless
otherwise stated. All reactions were monitored with thin-layer
chromatography (TLC) using commercial TLC plates (Merck Co.).
Silica gel column chromatography was performed on silica gel 60 G
(230—400 mesh ASTM, Merck Co.). The synthesized compounds
were characterized by '"H NMR or *C{'H} NMR and elemental
analysis. The 'H and proton-decoupled "*C spectra were recorded on
a Bruker500 spectrometer operating at 500 and 125 MHz,
respectively, and all proton and carbon chemical shifts were measured
relative to the internal residual chloroform (99.5% CDCl,) from the
lock solvent. The elemental analyses (C, H, N, O) were performed
using a Thermo Fisher Scientific Flash 2000 series analyzer. The GC-
MS analysis was performed using a highly sensitive gas chromato-
graph/mass selective detector spectrometer (Agilent, 7890B-5977B
GC/MSD). The 3-bromoperylene®” and p-(R)-diphenylamine®® were
prepared based on the previously published method. The crystal
structure was determined by single-crystal X-ray diffractometer at the
Western Seoul Center of Korea Basic Science Institute.

Synthesis of Peri—DPA(R) (1). A mixture of 3-bromoperylene
(0.46 g, 1.39 mmol), p-(R)-diphenylamine (1.46 mmol, R: CN (2a),
F (2b), H (2c), Me (2d), and OMe (2e)), sodium tert-butoxide (0.96
g, 10 mmol), Xantphos (0.04 g, 5 mol %), Pd,(dba); (0.06 g, S mol
%) in toluene (30 mL) was refluxed under an argon atmosphere at
110 °C via a heating mantle overnight. After the reaction mixture was
cooled to room temperature (RT), deionized water (40 mL) was
poured, and organic layer was separated using a separating funnel.
The water layer was washed using methylene chloride (X3) for the
extracted remaining organic residue. After combining all of the
organic solvents, the organic layer was dried over anhydrous MgSO,
and then filtered off. The solvent was removed under reduced
pressure, and the residue was purified with column chromatography

(silica gel, CH,Cl,/hexane mixture eluent). Finally, 3-(p-(R)-
diphenylamino)perylene compounds were further purified by using
hexane hot filter washing.

Peri—DPA(CN) (1a) 3-(N,N-Bis(4’-cyanophenyl)amino)perylene.
Yield: 0.42 g, 64%, orange powder. Eluent (DCM/hexane = 2:1). '"H
NMR (500 MHz, CDCl,, ppm) & 8.26—8.22 (m, 4H), 7.79—7.77 (m,
2H), 7.57—7.53 (m, 7H), 7.4S (t, ] = 7.5 Hz, 1H), 7.36 (d, ] = 8.0 Hz,
1H), 7.18 (d, J = 9.0 Hz, 4H). *C{'H} NMR (125 MHz, CDCl,,
ppm) § 150.0 (2C), 139.7, 134.6, 133.7 (4C), 132.5, 132.0, 131.8,
130.6, 130.6, 130.5, 130.2, 128.8, 128.6, 128.5, 128.4, 128.1, 126.8,
126.7, 122.4, 121.5 (4C), 121.1, 121.0 (2C), 120.6, 119.0, 105.6
(2C). anal. caled for C;3,H yN;: C, 86.97; H, 4.08; N, 8.95. found: C,
86.74; H, 4.11; N, 8.87. GC-MS (m/z) calcd: 469.53; found: 469.2

Peri—DPA(F) (1b) 3-(N,N-Bis(4'-fluorophenyl)amino)perylene.
Yield: 0.43 g, 68%, yellow powder. Eluent (DCM/hexane = 1:4).
'"H NMR (500 MHz, CDCly, ppm) & 8.12—8.05 (m, 4H), 7.68 (d, ] =
8.0 Hz, 1H), 7.61 (t, ] = 8.0 Hz, 2H), 7.40 (td, ] = 8.0, 2.5 Hz, 2H),
7.29 (t,] = 7.5 Hz, 1H), 7.15 (d, ] = 8.0 Hz, 1H), 6.94—6.90 (m, 4H),
6.84 (t, J = 8.0 Hz, 4H). *C{'H} NMR (125 MHz, CDCl;, ppm) §
159.2, 157.3, 144.7 (2C), 143.3, 134.7, 131.9, 131.8, 131.1, 130.9,
130.5, 129.4, 128.5, 128.1, 127.8, 127.0 (2C), 126.7, 1239, 123.4
(4C), 120.8, 120.7, 120.5, 120.2, 116.1 (4C), 115.9. anal. calcd for
C,,H,oF,N: C, 84.38; H, 4.20; N, 3.08. found: C, 84.40; H, 4.11; N,
3.18. GC-MS (m/z) calcd: 455.50; found: 455.1

Peri—DPA(H) (1¢) 3-(N,N-Diphenylamino)perylene. Yield: 0.42 g,
72%, yellow powder. Eluent (DCM/hexane = 1:4). '"H NMR (500
MHz, CDCl,;, ppm) 6 8.11—8.06 (m, 4H), 7.72 (d, ] = 8.0 Hz, 1H),
7.72 (dd, J = 5.5, 2.5 Hz, 2H), 7.40 (t, ] = 7.5 Hz, 2H), 7.27 (, ] = 8.0
Hz, 1H), 7.23 (d, ] = 8.0 Hz, 1H), 7.14 (t, ] = 8.0 Hz, 4H), 7.01 (d, ]
= 8.5 Hz, 4H), 6.88 (t, ] = 7.0 Hz, 2H). *C{'H} NMR (125 MHz,
CDCl,, ppm) 6 148.2 (2C), 143.3, 134.7, 132.2, 131.8, 131.2, 131.0,
130.4, 129.5, 129.4, 129.2 (4C), 128.5, 127.9, 127.8, 127.7, 127.0
(2C), 126.6, 124.2, 122.0 (4C), 121.9, 120.9, 120.6, 120.4, 120.2.
anal. caled for C;,H, N: C, 91.62; H, 5.05; N, 3.34. found: C, 91.60;
H, 5.12; N, 3.28. GC-MS (m/z) calcd: 419.52; found: 419.2

Peri—DPA(Me) (1d) 3-(N,N-Bis(4’'-methylphenyl)amino)-
perylene. Yield: 0.41 g, 66%, yellow powder. Eluent (DCM/hexane
= 1:4). '"H NMR (500 MHz, CDCl,, ppm) & 8.10—8.04 (m, 4H),
7.73 (d, ] = 8.0 Hz, 1H), 7.59 (t, ] = 8.0 Hz, 2H), 7.39 (td, ] = 8.0, 2.5
Hz, 2H), 7.27 (t, ] = 8.0 Hz, 1H), 7.18 (d, J = 8.0 Hz, 1H), 6.94 (d, ]
= 8.0 Hz, 4H), 6.88 (d, ] = 8.5 Hz, 4H), 2.21 (s, 6H). *C{'H} NMR
(125 MHz, CDCL,, ppm) & 146.2 (2C), 143.9, 134.7, 132.1, 131.7,
131.3, 131.2 (2C), 131.1, 130.4, 129.8 (4C), 128.9, 128.5, 127.9,
127.5, 127.3, 126.8, 126.6, 126.6, 124.4, 122.1 (4C), 120.9, 120.6,
120.3, 120.0, 20.7 (2C). anal. calcd for C3,H,N: C, 91.24; H, 5.63;
N, 3.13. found: C, 91.74; H, 5.21; N, 3.05. GC-MS (m/z) calcd:
447.57; found: 447.3

Peri—DPA(OMe) (1e) 3-(N,N-Bis(4’-methoxyphenyl)amino)-
perylene. Yield: 0.45 g, 68%, orange powder. Eluent (DCM/hexane
= 1:1). '"H NMR (500 MHz, CDCl;, ppm) & 8.20—8.13 (m, 4H),
7.85 (d, ] = 8.5 Hz, 1H), 7.69 (t, ] = 8.5 Hz, 2H), 7.49 (td, ] = 8.0, 3.5
Hz, 2H), 7.36 (t, ] = 8.0 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 7.00 (d, J
=9.0 Hz, 4H), 6.80 (d, ] = 9.0 Hz, 4H), 3.79 (s, 6H). *C{'H} NMR
(125 MHz, CDCly, ppm) & 154.8 (2C), 144.4, 142.6, 134.7, 131.7,
131.6, 131.3, 131.2, 130.4, 128.5, 128.4, 127.8, 127.4, 126.6 (2C),
126.6, 126.5, 126.4, 124.5, 123.6 (4C), 120.9, 120.5, 120.2, 119.9,
114.6 (4C), 55.5 (2C). anal. caled for C3,H,NO,: C, 85.15; H, 5.25;
N, 2.92. found: C, 85.34; H, 5.16; N, 2.88. GC-MS (m/z) calcd:
479.57; found: 479.2

Preparation of Single Crystal 1a. For the crystallization of
compound 1a, a vacuum-dried pure sample of 1a was taken in a vial
and dissolved in 1:2 dichloromethane/hexane mixed solvent. Slow
evaporation of the solvent at room temperature for one month yielded
the orange needle-shaped crystal. Then the crystals were picked up
from the vial and a single-crystal XRD study was performed.

X-ray Crystal Structure Analysis. The preliminary examination
and data collection were performed using a Bruker SMART CCD
detector system single-crystal X-ray diffractometer equipped with a
sealed-tube X-ray source (SO kV X 30 mA) using graphite-
monochromated Mo Ka radiation (4 = 0.71073 A). Preliminary
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unit cell constants were determined using a set of 45 narrow-frame
(0.3° in @) scans. The double-pass method of scanning was used to
exclude noise. Collected frames were integrated using an orientation
matrix determined from narrow-frame scans. The SMART software
package was used for data collection, and SAINT was used for frame
integration.”’ Final cell constants were determined by global
refinement of the xyz centroids of reflections harvested from the
entire data set. Structure solution and refinement were carried out
using the SHELXTL-PLUS software package.>”

Spectroscopic Measurements. The UV—vis absorption spectra
were recorded using a Sinco Mega-2100 spectrophotometer in the
dual-beam mode, and the fluorescence emission measurements were
carried out using a Shimadzu fluorometer (RF-6000) with a
wavelength resolution of ~1 nm. Fluorescence lifetimes were
measured by PicoQuant FluoTime 200 that takes advantage of the
time-correlated single photon counting method. A pulsed diode laser
operated at 20 MHz repetition rate was used as the excitation source.
The FWHM of a laser pulse was typically 45 ps, and the instrument
response function was ~190 ps when the Hamamatzu photomultiplier
tube (HS783-01) was used. The emission quantum yields (®p; ) were
calculated using William’s comparative method for samples of five
different concentrations of (1—10) M, using 9,10-diphenylanthra-
cene (®py = 0.95, ethanol) as a reference standard.”

The sub-picosecond time-resolved absorption spectra were
collected using a pump—probe transient absorption spectroscopy
system (Ultrafast Systems, Helios). The pump light was generated
using a regenerative amplified titanium sapphire laser system (Spectra
Physics, Spitfire Ace, 1 kHz) pumped by a diode-pumped Q-switched
laser (Spectra Physics, Empower). The seed pulse was generated
using a titanium sapphire laser (Spectra Physics, MaiTai SP). The
pulses (350 nm) generated from an optical parametric amplifier
(Spectra Physics, TOPAS prime) were used as the excitation pulse.
Further, a white light continuum pulse, which was generated by
focusing the residual of the fundamental light to a thin Sapphire
crystal after the controlled optical delay, was used as a probe beam
and directed to the sample cell with 2.0 mm of the optical path and
detected with a CCD detector installed in the absorption
spectroscope. The pump pulse was chopped by the mechanical
chopper synchronized to one-half of the laser repetition rate, resulting
in a pair of the spectra with and without the pump, from which the
absorption change induced by the pump pulse was estimated.

Cyclic Voltammetry (CV). A CH Instruments 701D potentiostat
was used for electrochemical measurements, and cyclic voltammetry
(CV) was performed in an electrolytic solution prepared using 1 mM
of electroactive compounds and 0.1 M tetrabutyl ammonium
perchlorate (NBu,ClO,) in deoxygenated dichloromethane. A three-
electrode configuration, glassy carbon, platinum wire, and saturated
calomel electrode (SCE), were used as working, counter, and
reference electrodes, respectively.

Density Functional Theory Calculations. Density functional
theory (DFT) calculations were performed using the Gaussian’'16
software package. Full geometry optimizations in their ground state
were performed using the B3LYP functional and the 6-31G(d,p) basis
set for all atoms. The excitation energies and oscillator strengths for
the lowest 100 singlet—singlet transitions at the optimized geometry
in the ground state were obtained in time-dependent DFT (TD-DFT)
calculations using the same basis set and functional as for the ground
state. All isodensity plots of the frontier orbitals were visualized by
Chem3D Ultra and GaussView software. More detailed DFT/TD-
DFT calculation results for 3-(p-(R)-diphenylamino)perylenes are
described in the SI
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