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Study on the Photophysical and Electrochemical Property and
Molecular Simulation of Broadly Absorbing and emitting
Perylene Diimide Derivatives with Large D-n-A structure

Long Yang®, Yuyan Yu?, Jin Zhang®, Yuanging Song® Long Jiang®, Fang Gao” and Yi

£
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Abstract: To obtain broadly absorbing perylene derivatives with the synchronous impact of intrinsic m-m*
transition of large conjugated system and intra-molecular charge transfer (ICT), we report here the facile synthesis
and physical characterization of new type N-(n-octylaminyl)-3,4,9,10-perylene tetracarboxylic acid diimides (PDI)
bearing benzyl substituted quinoline-4(1H)-ylidene-methyl unit as effective donors on the 1,7-position (C1) and
1-position (C2). Compared to unsubstituted PDI, C1 and C2 both show a pronounced bathochromic shift to the
near infra-red region, high molar extinction coefficient, concentration-dependent n-m stacking induced
fluorescence and low LUMO energy level. The investigation of spectroscopic properties and molecular simulation
reveals effective ICT character in compounds C1 and C2. All the properties and analysis indicate that the
derivatives are efficient solar-harvesting and potential candidate materials for the use in photovoltaic devices and
photo-catalyst.

Keywords: perylene diimide, donor-m-acceptor, broad absorption, n-n stacking, intra-molecular charge transfer
(ICT).
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Introduction

To make full use of solar energy in the aspects of renewable energy sources and construction of solar energy
conversion systems, many research efforts have been focused on the exploration of molecular photoelectric
devices in photochemical energy conversion, which requires high light harvesting and electron transporting
capacity and excellent photo-induced intra-molecular charge transfer (ICT). For this purpose, recent developments
in the fields of organic photovoltaics have boosted great interest in the design of an innovative class of
photo-functional polymers and dyes or pigments exhibiting broad light harvesting range in the visible and
near-infrared (NIR) region to attain more efficient solar energy.' The unavoidable shortcoming of the used
materials is highly cost. Accordingly, dyes or polymers with facile modification synthetic route will be in huge
demand. At the mean time, materials with lower LUMO energy level will facilitates the electron transporting in
hybrid materials * or from the light harvesting unit to the conducting band of semiconductor (i.e. TiO,, ZnO,) *.

Perylene diimides (PDI), a class of industrial dyes which represent highly chemistry, photo and thermo-stable
n-type semiconductors * with relatively good electron affinity, high molar extinction coefficient and excellent
transport property are potential candidates as electron-accepting materials in many aspects such as organic
photovoltaic solar cells °, light-harvesting arrays ®, organic-polymer hybrid material * and the photo-induced
energy and electron-transfer process °. Moreover, high electron mobility through n-n stacking favors ICT and
increases the charge separation. ° In this regard, the selection of a suitable donor-m-acceptor (D-n-A) structure with
large conjugated system is the most important parameter to achieve the above goals.

Extending the intrinsic light absorption range (400 - 550 nm) of PDL'® the substitution in the bay region of PDI
through C-C or C-N coupling is a simple route to modify the HOMO-LUMO level renders to extend the visible -
NIR absorption region of the derivatives as compared to unsubstituted PDI. '' The former methods consumed
several synthetic steps with high cost and the absorption of some derivatives could not cover the whole visible -
NIR range. And at the mean time, the introduction of strong electron donating substituent which enhances the ICT
effect unfavorably increases the LUMO energy level '* and unfortunately high LUMO level will not favor charge
transfer process .

Thus a new idea is put forward by introducing a conjugated substituent without perturbing the electronic transition
of perylene ring extremely, the synchronous impact of n-n* transition absorption of large conjugated system and
ICT transition absorption can broaden the visible-NIR absorption without significantly increasing the LUMO
energy level. Additionally, recent studies revealed that the presence of a quinoidal fragment in the molecules of
NIR absorption dyes led to significant bathochromic shift of their absorption.'* To verify the proposition and
obtain visible-NIR absorbing light-harvesting sensitizers and materials with large D-n-A structure, under the above
guideline target compounds with merocyanine substituent through C=C bond will be introduced on the bay region
of perylene ring with quinoidal push-pull structure and the diimide moiety as the acceptor. Heavy atom Br will be
introduced as a medium electron-withdrawing substituent to demonstrate the effect on LUMO energy '° and the
effect on the aggregation behavior and for comparison the strong donor (n-octylamine) substituted perylene
derivative (C3) will also be synthesized and investigated.

Herein, a simple synthetic method will be applied to obtain perylene derivatives with large D-n-A system, light
absorption covering the range of 400 - 750 nm and low LUMO energy. In addition to the research of photo
absorption property, the unusual fluorescence emission, electrochemical properties and molecular modeling will
also be investigated and discussed.

Experiment section
Starting materials

Perylenetetracarboxylic acid anhydride, liquid bromine, n-octylamine and benzyl bromide were purchased from
Chengdu Astatech Trading Co., Ltd.. 4-methylquinoline and N-ethyldiisopropylamine were obtained from Suzhou
Yacoo corporation and Adamas-beta (Shanghai, China), respectively. All the starting materials and reagents were
used without further purification. Column chromatography was performed on silica gel (70-80A, Qingdao
Hailang).

Analysis instruments

'HNMR spectra were recorded on a Bruker Avancel[]-400MHz. UV / vis spectra were recorded on a UV-2300
spectrophotometer (Hitachi, Japan). Fluorescence spectra were recorded on an F4600 spectrometer (Hitachi, Japan)
excited at 430 nm for solution and 400nm for thin film. The molecular ground-state geometries were optimized
using Becke’s three parameter hybrid exchange-correlation (XC) functional B3LYP '® and 6-31G (d, p) basis
which were performed using Gaussian 03 software package '”. The electrochemical measurements were carried out
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on the CIMPS workstation (Zahner Elektrick Co., Germany).
Synthesis and characterization

The chemical structures of target compounds and the synthetic routes used for the preparation were outlined in
Figure 1 and Scheme 1. Further synthetic procedures were described as follows.

Br-PDI

Br-PDI was synthesized according to the literature.'® To a solution of concentrated sulfuric acid (150 mL) was
added perylenetetracarboxylic acid anhydride (5.0 g, 12.7 mmol). After stirred for 0.5 h at room temperature, the
mixture was warmed to 55 - 60 °C, and iodine (0.3 g, 1.27mmol) was added. After 3 h, bromine (1.7 mL, 31.8
mmol) was added to the mixture slowly which was then warmed to 85 °C and stirred for 8 h. After burbled excess
bromine with N, gas into aqueous NaOH solution, the mixture was quenched with ice water and filtered under
reduced pressure, washed with water, dried under vacuum to give red solid (6.5 g) which was used in the next step
directly.

A suspension of brominated perylene dianhydrides (5.0 g, 90.9 mmol) obtained in the above reaction, n-octylamine
(3.5 g, 27.1 mmol), and acetic acid (2.5 g, 41.7 mmol) in 50 mL of N-methyl-2-pyrrolidinone was stirred at 85 °C
under Ar for 8 h. After cooled to room temperature, the mixture was poured into water, and the precipitate was
separated by filtration, washed with 100 mL of MeOH, then dried under vacuum at 40 °C. The crude product was
purified by silica gel column chromatography with CH,Cl, : hexane (1:1) as eluent. A mixture of 1,7- and 1,6-
dibromoperylene diimide as a red powder was obtained. The regioisomeric 1,7-dibromoperylene diimide (3.2 g,
42.4%) was obtained through two recrystallization procedures. '"H-NMR (400 MHz, CDCly): 6 = 9.420-9.440 (d,
J=8.0Hz, 2H), 8.873 (s, 2H), 8.648-8.668 (d, J=8.0Hz, 2H), 4.176-4.214 (t, J=7.6Hz, 4H), 1.728-1.762 (m, 4H),
1.252-1.438 (m, 20H), 0.865-0.898 (t, J=6.6Hz, 6H).

QL

The reaction mixture of 4-methylquinoline (5.0 g, 34.5 mmol) and benzyl bromide (11.8 g, 69.0 mmol) was heated
to reflux for 3.0 h. After cooled to room temperature, the mixture was poured into absolute ether, and the formed
precipitate was separated by filtration, washed and dried under vacuum to give light gray solid (9.8 g, 89.9%)
which was used directly in the next step.

C1 and C2

C1 and C2 were synthesized according to the literature.'”” Br-PDI (0.50 g, 0.65 mmol) and the quaternary
intermediates QL (0.41 g, 1.30 mmol) were dissolved in 15 mL of NMP in a Schlenk flask and were flushed with
argon. The reaction mixture was heated to 115 °C and a mixture of N-ethyldiisopropylamine (0.50 g, 3.90
mmol )and pyridine (0.62 g, 7.80 mmol) was added rapidly. After 45 minutes at this temperature, the reaction
mixture was cooled to room temperature and poured into 150 mL of a 3:1 mixture of distilled water/acetone. The
formed precipitate was suction filtered, washed with water, and dried under vacuum. The crude product was
further separated through column chromatography on silica gel (methylene chloride/hexane = 3:1) to give C1 (dark
purple solid, 0.30 g, 43%) and C2 (dark red solid, 0.15 g, 25%).

C1, '"H-NMR (400 MHz, CDCL): § = 8.501-8.576 (m, 2H), 8.353-8.370 (d, J=6.8Hz, 2H), 7.393-7.430 (t, J=7.4Hz,
S5H), 7.283-7.352 (m, 8H), 7.152-7.229 (m, 1H), 7.033-7.110 (m, 2H), 6.685-6.811 (m, 4H),4.755-4.838 (m, 6H),
4.038-4.131 (m, 4H), 3.942-3.997 (dd, J=6.4Hz, 2H), 3.737-3.794 (dd, J=6.0Hz, 2H), 1.660-1.693 (m, 4H),
1.257-1.390 (m, 20H), 0.846-0.863 (m, 6H).

C2, 'H-NMR (400 MHz, CDCly): § = 8.547-8.615 (m, 4H), 8.383 (s, 1H), 7.384-7.421 (t, J=7.4Hz, 2H),
7.255-7.338 (m, 3H), 7.141-7.159 (d, J=7.2Hz, 1H), 7.046-7.085 (t, J=7.8Hz, 1H), 6.706-6.743 (t, J=7.4Hz, 2H),
6.197-6.216 (d, J=7.6Hz, 1H), 4.746-4.824 (m, 3H), 4.105-4.183 (m, 4H), 3.924-3.966 (d, J=16.8Hz, 1H),
3.711-3.753 (d, J=16.8Hz, 1H), 1.693-1.729 (m, 4H), 1.269-1.427 (m, 20H), 0.832-0.869 (m, 6H).

C3

A suspension of Br-PDI (0.20 g, 0.26 mmol), n-octylamine (0.02 g, 0.13 mmol) and pyridine of catalytic amount
in NMP (10.0 ml) was vigorously stirred and heated at 70°C under argon for 1 h. After being cooled to room
temperature, the reaction mixture was added to water (50.0 ml) slowly. The resulting green precipitate was filtered
off and repeatedly washed with water and methanol. After dried under vacuum, the crude product was purified by
column chromatography on silica gel (methylene chloride) to give C3 ( 0.11 g, 87.1%) as dark green powder.
'H-NMR (400 MHz, CDCly): § = 8.660-8.680 (d, J=8.0Hz, 1H), 8.432-8.452 (d, J=8.0Hz, 1H), 8.317-8.337 (d,
J=8.0Hz, 1H), 8.200-8.220 (d, J=8.0Hz, 1H), 8.114-8.135 (d, J=8.0Hz, 1H), 8.026-8.046 (d, J=8.0Hz, 1H), 5.932 (s,
1H), 4.137-4.173 (t, J=7.2Hz, 4H), 3.426-3.453 (t, J=5.4Hz, 2H), 1.835-1.870 (m, 2H), 1.735-1.769 (m, 4H),
1.318-1.622 (m, 30H), 0.87-0.93 (m, 9H) .
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Results and discussion
Photophysical properties - Absorption

The steady-state UV-visible spectra of C1, C2 and C3 were recorded in 1.0 x 10 > M solutions in CHCl; (Figure
2). The perylene derivatives all have broad absorption in visible light range from 400 to 750 nm. C1 and C2 both
exhibit typical & - m* transition in the range of 400 - 580 nm (Sy — S, transition) 2 with well resolved vibronic
structure that can be attributed to breathing vibrations of the perylene skeleton whereas the relative breathing
vibrations in compound C3 is perturbed by the amine group which results in the red-shift of broad absorption in
520 - 750 nm region. The higher energetic S, — S, transition is also observed at absorption maxima around 385
nm (for C1 and C2) and 429 nm (for C3) %!. Due to larger conjugated degree (44 aromatic electrons for C1 and 32
aromatic electrons for C2) caused by C=C bonds connected quinoline moiety, within 400 - 580 nm range the
absorption maxima appears to be apparent red-shift for C1 (30 nm) and C2 (20 nm) comparing to bay
un-substituted perylene derivatives 2. Additionally, the target compounds present obvious long-wavelength
absorption with ICT characteristic in the range of 580 - 750 nm (S, — S; transition) which confirms effective
charge transfer between the donor (merocyanine part) and acceptor (perylene diimide part). Notably, the breathing
vibrations of the perylene skeleton of C1 and C2 are not perturbed by the ICT effect and the quinoidal structure
substituent group which results in broad absorption with high molar extinction coefficient (Table 1).

Table 1 Absorption properties of C1-C3 in CHC; solution (1.0 x 10 ~> M)

Absorption Energy gap
Compound Do (n) / 10° € (L / mol T em 1) domenm) / By * (€V)
Cl - 520.8/026  559.6/0.38 627.6/0.10 760/ 1.632
c2 4745/0.15  5053/030  545.7/0.68 621.8/0.06 758/ 1.636
C3 428.6/0.16 : ; 626.1/0.24 745 / 1.664

" Egap = 1240 / Aopger-

Additionally, UV-visible spectra of C1, C2 and C3 were recorded at different concentrations ( 0.05 x 10 >0 10.0
x 10 ™ M) in CHCl, in order to understand the aggregation properties of the perylene diimide derivatives (Figure
3). In the visible-NIR range, the intensity of - ©* vibronic transitions and ICT absorption for the whole range of
concentrations (0.5 x 10 - 5 to 5.0 x 10 ~> M) both do not vary considerably, whereas at the concentrated solution
(10.0 x 10 = M) the absorption peaks and intensity of vibronic transitions both change dramatically. Thus,
aggregation effect can be excluded at concentrations up to 5.0 x 10 > M according to the photo-absorption property.
Consequently, absorption and photoluminescence measurements will not be perturbed by aggregation between
molecules in dilute solutions in a measurement range up to this concentration.

The frontier orbital HOMO-LUMO energy gap (Egap) was determined from the UV-visible absorption spectra 2
(Table 1). The Egy, of C1 (1.632 eV) and C2 (1.636 €V) are slight lower than that of C3 (1.664 eV) due to much
larger degree of conjugated system in C1 and C2 which also results in obvious red-shift of the absorption maxima
of the perylene skeleton (Figure 2).

Photophysical properties - Emission

To study the excited state property, fluorescence spectra (Figure 4) of C1, C2 and C3 were recorded in CHCl;
solution and all the samples were selectively excited at 430 nm (The select of excitation wavelength in the visible
light range was based on the exclusion of frequency peak interference with the emission peak.) in the same
condition . In Figure 4b, at the concentration of 5.0x10 ~> M the derivatives all exhibit broad emission in the range
of 450-850 nm, among which 450 - 650 nm range belongs to the radiation of the excited state of perylene skeleton,
while 650 - 850 nm range belongs to the ICT (S; — S transition) characteristic. Remarkably, the heavy atom (Br)
in C2 and C3 does not play a dominant role in the change of emission peaks (Table 2). The emission maxima in
the wavelength range of 450 - 650 nm increase in the order of C3 — C2 — C1 which can be attributed to the
increase of conjugated degree of perylene ring with merocyanine substituent. Whereas the ICT emission peak
exhibits in the order of C3 > (C1 and C2), mainly because the lone electrons of amine substituent offer isolated
electrons and extremely enhances ICT content between the donor (amine group) and acceptor (diimide moiety)
(Figure 5).

Table 2 Emission properties of C1-C3 in CHCl, solution (5.0 x 10 > mol/L)

Compound Amax (NM) ICT Stokes shift (nm)
Cl1 484 532 585 719 92
C2 481 529 576 715 93

C3 481 515 - 723 97
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Notably, the derivative C1 exhibits obvious intensity and peak change of emission (Figure 4a) in the
long-wavelength (650 - 850 nm) range at different concentrations which can be attributed to effective charge
transfer between the Donor (merocyanine part) and acceptor (perylene diimide part) (ICT emission peak). As
concretely illuminated in depth in Figure 6, with the increase of concentrations of dilute solution from 0.6 x 10
M to 5.0 x 10 > M, the intensity slightly increase and the emission maxima appears slight change. When the
concentration increases up to 1.0 x 10 ™ M, the emission maxima presents apparent red-shift, and in the
concentration of 5.0 x 10 ™ M the intensity decreases and the emission maxima presents dramatic red-shift
indicating the emergency of inter-molecules action which consequently results in the absence of the emission peak
of short-wavelength range (450 - 650nm) due to strong n-m interaction of the perylene rings upon aggregation >,
This is a remarkable result, because aggregation often opens up new pathways for quenching of the excitation
energy; this can be observed for many extended 7 systems, including many perylene derivatives in the solid state .
Similar critical concentration (1.0 x 10 = M) of apparent intermolecular action can be drawn from fluorescence
spectra compared with UV-visible absorption spectra (5.0 x 10 ~* M).

To study systematically the aggregation behavior of fluorescence emission, the concentration dependant intensity
changes of each emission peak in the range of 450 - 850 nm are drawn in Figure 7. Upon the concentration of C1
in CHCI;, the intensity of emission peaks (W1, W2, W3 and W4) all increase normally until a critical
concentration at which the probability of intermolecular action and the effect of fluorescence quenching increase.
Notably, upon the concentration increases to 5.0 x 10 ~ M, the fluorescence intensity of ICT emission peak
exhibits higher than that of short-wavelength emission of perylene skeleton. Remarkably, the ICT emission peak
keeps the shape with a slight shoulder peak on the right and no new long-wavelength emission is observed, hence
the emission of excimer is excluded. The same results have also been obtained for C2 and C3. This phenomenon
could be attributed to m-m stacking induced quenching of short-wavelength emission and enhancement of ICT
character emission due to the disappearance of short-wavelength emission peak (W2, W3 and W4).

To investigate further the aggregation induced photophysical behavior of the derivatives in solid state, the
UV-visible absorption spectra and fluorescence spectra (Figure 8) were performed on quartz glass on which thin
films were obtained through dip-evaporation. C1, C2 and C3 all show broad absorption from 400 nm to 900 nm
which make the derivatives be well suitable for light-harvesting materials. The disappearance of well resolved
vibronic absorption structure can be attributed to the aggregation of ground-state molecules through the stacking of
n-n conjugated plane which was further verified through the disappearance of the 500 - 650 nm emission peaks in
solid state on quartz glass. The strong m-m interactions also lead to an almost complete loss of fine structure of
fluorescence emission. Interestingly, compared with the fluorescence behavior in CHCl; solution, the 750nm ICT
emission peak extremely decreases.

The 800 - 850 nm emission peak might be assigned to frequency peak of the excitation light. To gain more
information about the aggregation behavior of the derivatives with large m conjugation system, the self-assembly
property will be carried out in the next research focus.

The Stokes shift is defined as the difference between the absorption and emission maxima which can be used to
evaluate the non-radiative energy loss in the excited state. The ICT absorption and emission of the three
derivatives all exhibit large Stokes shift: 92 nm (C1), 93 nm (C2) and 97 nm (C3) (Table 1 and 2, Figure 9)
corresponding 2025 cm™’, 2096 cm™ and 2140 cm™ in wavenumbers, respectively. The large Stokes shift also
indicates the effective ICT character of C1 and C2 and non-radiative energy loss which could be partially
explained with large dihedral angles between the acceptor (perylene ring) and the donor (quinoline moiety) in the
ground state (See computational analysis).

Computational Analysis

In order to support and clarify the experimental results further, theoretical calculations on the molecules were
performed to gain deeper insight into the optimized structure, the electric properties and the electron-density
distribution of the frontier orbital.

Table 3 The molecular structure property of C1-C3 calculated by DFT calculation (in vacuum)

Dihedral (°
Compound  Dipole (D) ~ HOMO (V) ~ LUMO (V)  Egp(eV) 5 ihedral ( )D
1 2
Cl 6.79 452 2286 1.66 18.15 38.05/40.76
c2 9.30 -491 -3.14 177 1833 36.53
c3 473 -5.54 325 229 1831 10.78

The dipole moments (Table 3) calculated by DFT method in the ground state are 6.79 D (C1), 9.30 D (C2) and
4.73 D (C3). The large values indicate the strong asymmetric distribution of positive charge and negative charge
and the potentiality of the derivatives. The dipole moments of C1 and C2 are highly larger than that of C3, thus
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reasonably the ICT character of C1 and C2 is much stronger. Through geometry optimization, the non-planarity of

the perylene core is discovered, and the dihedral angles of perylene core (18.15° for C1, 18.33° for C2 and 18.31°
for C3) (Table 3 and Figure 10) of C2 and C3 are within the dihedral angle range of common perylene diimide
derivatives (0-38°). Remarkably, the small dihedral twist angles of C1, C2 and C3 reveal the
concentration-dependant unusual fluorescence induced by molecular aggregation.”® The dihedral angles between
the perylene ring and quinoline moiety for C1 (38.05° and 40.76°) and C2 (36.53°), amine substituent and
perylene ring for C3 (10.78°) are also given.

The ICT effect can also be elucidated through the electron density of the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO). For C1 and C2, the HOMO is mainly located on the

quinoline moiety whereas the LUMO is more spread over the perylene region, representing for large degree of

intra-molecular charge transfer in the ground state. However, for C3 the HOMO and LUMO are both mainly
located on the perylene ring.

As clearly showed in Table 3, the calculated HOMO and LUMO energy levels in the ground-state optimized
geometry are found to be - 4.52 eV and - 2.86 eV for C1, -4.91 eV and -3.14 eV for C2 and -5.54 eV and -3.25 eV
for C3, respectively, which are in good agreement with the electrochemically determined HOMO and LUMO
energy levels (Table 4). Comparing the HOMO energy levels, the increase of the values (- 4.52 eV > - 491 eV >
-5.54 eV) could be assigned to the larger degree of m-conjugation system spreading over perylene ring and the
quinoline moiety and the electron-donating effect of the nitrogen in the quinoline moiety as showed in the
electron-density distribution of HOMO. In contrast, the incorporation of electron-withdrawing substituent (Br)
fails to significantly lower the LUMO energy levels. The increase of HOMO energy level and decrease of LUMO
energy level effectively lead to relatively narrow band gap of C1 (1.66 eV) which is in good accordance with the

value determined from A, of UV-vis absorption spectra . A conclusion can be drawn that the incorporation of

quinoline substituent through C=C bond can effectively extend the @ conjugated system, enhance the ICT extent,
and accordingly narrow the band gap and broaden the photo absorption range without significantly perturbing the
vibronic transition of perylene skeleton.

With the initial and bold attention to understand the unusual emission peak, the electronic structures of frontier
orbital of C1 are also discussed. Figure 12 shows the electron density distribution and energy levels of the frontier
molecular orbital (HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1 and LUMO+2) of C1. As the same as HOMO,
the electron density of HOMO-1 is spread over the whole conjugated system, while HOMO-2 is predominantly
located on the perylene skeleton, respectively. On the other hand, the electron density of LUMO+1 is located on

the perylene ring, while LUMO+2 is spread mainly over one side of whole conjugated system. The Eg,, of

HOMO-1 ~ LUMO, HOMO-2 ~ LUMO, HOMO ~ LUMO+1 and HOMO ~ LUMO+2 are 2.09 eV, 2.80 eV, 3.10
eV and 3.12 eV, respectively. The A,pse of the 560 nm absorption peak is about 580 nm (2.13 eV) which is well
matched with the Egap of HOMO-1 ~ LUMO transition. Thus supported by the former research, >’ we predict that
the electric transition corresponding to the absorption peak of 560 nm mainly originates from the excitation from
HOMO-1 to LUMO. Moreover, the electric transition of HOMO-1 ~ LUMO, HOMO-2 ~ LUMO, HOMO ~
LUMO+1 and HOMO ~ LUMO+2 all exhibit ICT character to some extent and this behavior might be another
factor that causes the red-shift of the absorption maxima of perylene skeleton. Remarkably, as the concentration
would have significant influence on the ICT behavior, the electric transition HOMO-1 ~ LUMO, HOMO-2 ~
LUMO, HOMO ~ LUMO+1 and HOMO ~ LUMO+2 with ICT character may be another factor that results in the
unusual change of fluorescence emission of the W2 - W4 peaks at concentrated solutions as elucidated in the
fluorescence analysis .

Cyclic voltammograms

Further insight into the electronic properties of the perylene derivatives was gained by Cyclic voltammetry. The
experiments were performed in a three-electrode system using platinum plate as working electrode and Ag /
AgNOs; as reference electrode in acetonitrile solvent containing 0.1M n-BuyNPFg as conducting electrolyte at a
scan rate of 100 mV . s™. The samples were dissolved in acetonitrile solution (1.0X 10 M) . The solutions were
purged with argon for 25 min before each measurement. All potentials were internally referenced to the Fc
(ferrocene) / Fc* couple. 8

Table 4 Electrochemical properties and the estimated MO energies of the perylene derivatives with respect to the
vacuum level

Comp. E,. /V E.a/V HOMO (eV) LUMO (eV) Egp (€V)
Cl -1.10, - 0.94, 0.49 -1.24,-1.00 -5.29 -3.80 1.49
2 - 1.05,-0.84,0.53 -1.23,-0.97 -533 -3.83 1.50
C3 ~1.14,-0.98,0.47 -1.09 -527 2371 1.56

EHOMO= - (Eonsel.ox + 48)7 ELUMO= - (Eonsel.red + 48) »
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For C1 and C2, the cyclic voltammograms (Table 4 and Figure 13) show two characteristic oxidation and
reduction potentials between - 0.7 to? - 1.4 V which corresponds to reduction of perylene diimide to dianionic
species.™® Concretely, C1, C2 and C3 show irreversible oxidation potential at 0.49 V, 0.53V and 0.47 V which
imply the oxidation of the substituents moiety (quinoline part for C1 and C2, alkyl amine part for C3, respectively)
by which HOMO is mainly contributed, while the reversible redox cycle between! - 0.7 to! - 1.4 V representing
for the electrochemical reaction of diimide moiety on which LUMO is mainly located for C1 and C2. Thus the
ICT character of the three derivatives is verified through electrochemical property.

The decrease in electrochemical band gap is obtained through the introduction of electron donating and accepting
groups at the bay region of PDI. Commonly accepted, the alteration in the HOMO level depends on the oxidation
potential of the donating substituent, while the LUMO level is perturbed by the reduction potential of the accepting
substituent. As the HOMO and LUMO both have a node on the nitrogen atom of the imide, the nitrogen substituent
on the diimide part has little effect on the photophysical behavior and LUMO energy level. Therefore, the change
of HOMO and LUMO energy level should be attributed to the introduction of quinoline moiety for C1 and C2.
Notably LUMO is partially located on the quinoline group (Figure 11), thus the decrease of LUMO energy level of
C1 and C2 can be well explained. Moreover, the LUMO of C2 ( - 3.83 eV) is slightly lower than that of C1 (- 3.80
eV), thus the introduction of heavy atom Br has minor impact on the LUMO energy level. However, compared
with C2 (- 5.33 eV), the increase of HOMO for C1 (- 5.29 eV) can be attributed to the improvement of conjugated
content while the increase of HOMO for C3 (- 5.27 eV) can be explained by the introduction of isolated p
electrons on nitrogen atom of n-octylamine substituent.

For C1 and C2, the electrochemical band gaps (E,,,) are calculated as 1.49 eV and 1.50 eV respectively, which are
lower than any other PDI derivatives of the same type within our range of knowledge. At the mean time, the band
gaps (Eg,p) calculated through oxidation and reduction potentials are very closed to the values obtained from
optical absorption spectra (Table 4) and DFT calculation (Table 3). But for C3, the band gap (2.29 eV) calculated
through molecular model is higher than the valves obtained from optical absorption spectra (1.66 eV) and cyclic
voltammetry (1.56 eV).

It is believed that the suitable HOMO and LUMO energy level of the organic-polymer hybrid material would be
-5.4 eV and -3.9 eV respectively.’’ Moreover, the electron affinity with a LUMO energy level around - 3.8 eV
(similar to the LUMO level of widely used PCBM *? and polymer acceptor on alternating dithienothiophene and
perylene diimide units **) can facilitate electron acceptor for the use in polymer bulk heterojunction device.
Accordingly, C1 and C2 are the promising materials replacing PCBM used for further increasing photovoltaic
performance together with the excellent characteristics of broad solar light absorption and ICT. Moreover, when
used as a donor for efficient bulk heterojuction solar cells utilizing PCBM as the electron acceptor, the energy
levels of C1 and C2 fit very well with the required energy levels (Egomo level between 5.2 - 5.8 eV; E; ymo level
between 3.8 - 4.0 eV).** Taking into account a LUMO energy level for PCBM at - 4.3 eV and using semi-empirical
estimation equation,” the calculated open circuit voltage (Vo) is ca. 0.69 V for C1 and 0.73 V for C2, respectively,

which are close to the data obtained from poly (2,7-carbazole-DPP) derivative as the donor *.

Conclusion

In summary, merocyanine substituted D-n-A structural perylene derivatives with large © conjugated system (44
aromatic electrons for C1) were synthesized through a simple synthetic method and investigated using UV-visible
and fluorescence spectroscopy, cyclic voltammetry and geometry optimization calculation. The effective ICT
effect causes the derivatives to owe extended broad absorption with high absorption coefficients within the
visible-NIR spectra region and concentration-dependent 7t-7 stacking induced unusual fluorescence emission.
Notably, it is a feasible way to extend the solar absorption range with the synchronous impact of intrinsic n-m*
transition of large conjugated system and ICT transition. Additionally, the introduction of quinoidal fragment on
the bay region results in the low-lying LUMO energy level of C1 (3.80 eV) and C2 (3.83 eV) which indicating that
the target perylene derivatives are efficient solar-harvesting compounds and an potential candidate material for the
use in the photovoltaic device.
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A simple synthetic route was applied to get perylene diimide derivatives with large conjugated system. Owing the
extended m conjugated delocalization, the derivatives exhibit obvious intra-molecular charge transfer, broad
photo-absorption and emission, concentration-dependant n-x staking induced fluorescence emission and low-lying
LUMO energy level. The properties and analysis reveal that the derivatives are potential candidate materials in the
areas of photovoltaic devices and photocatalyst.



