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Perylene diimide dyes bearing symmetrical and umsgtrical phenoxy substituenés the ba
positions WN,N'-diethylhexyl-1-bromo-7-pentafluorophenosybstituted perylene diimide &
1,7-diphenoxy-substituted perylene diimide) werepared."H NMR analysis indicatedhal
these compounds contain a small quantity of therdg®isomer, and yieldntramolecula
hydrogen bonds. Furthermore, their photophysidagtechemical, aggregation, atiderma
properties were studied. It was found that themtpphysical properties, structur@ggregatior
andthermal stabilityin the solid state depend on the structure optienoxy substituent.

2009 Elsevi¢d. All rights reserved

1 Introduction

Perylene diimide derivatives (PDIs) are promisingd an
versatile candidates for use in organic photo-sdedt
applications due to their commercial availabilitgy cost, and
electronic, optical, and charge transport propgrtiehich can be
tuned via careful functionalizationin particular, PDIs form an
appealing class of n-channel semiconductors foarogfield
effect transistors, and as electron-acceptor comyusrin organic
solar cells’

To date, two strategies have been exploited ford#mgn of
new functional PDIs: (1) substitution on the imideragen
atoms® and (2) substitution at the 1, 6, 7, or 12 posiijdknown
as the bay positiorisSubstitution on the imide nitrogen atoms
maintains the planarity of the perylene core, whigually
exhibits indistinguishable absorption and emisgiooperties due
to nodes in the HOMO and LUMO levels on the imide wgjéms
reducing coupling between the perylene diimide thits
Substitution in the bay positions therefore leawslistortion of
the perylene core, thus altering the photo-phygicaperties of
the PDIS’

1,7-Diphenoxy-substituted PDIs are among the mostlwide
utiized PDI scaffolds due to their facile synthesiga
dibromination and nucleophilic displaceméntHowever,
synthesis of PDIs bearing a single phenoxy moietglificult,
due to the higher nucleophilic ability of the pheramd the
phenol derivatived. To date, only 1-bromo-7-alkoxyl perylene
diimides, prepared by the nucleophilic substitut@none 1,7-
dibromo unit with an alkyl alcohol (using,&O; as base), have
been discussedHowever, the presence of a bromine atom at

* Corresponding author. Tel.:+0335-8057047; fax3®8057047; e-mail
address:hgzhang@ysu.edu.cn (haiquan zhang).

bay position is important in the design of unsynmuat PDIs™
The introduction of an electron withdrawing grouptba phenol
moiety can decrease its nucleophilic ability, thgssing
unsymmetrical phenoxy-substituted PDIs.

We, herein, present the synthesis and the chaizatten of
four PDIs from a range of phenol derivatives (sebefe 1).
Structural effects of the nucleophile on the résglproducts will
be discussed, and their photophysical and electroital
properties will be investigated

2 Results/Discussion
2.1 Preparation of PDIs

A series of phenoxy-substituted PDIs were synthesizad
perylene-3,4,9,10-tetracarboxylic dianhydridein three steps
according to the route depicted in Scheme 1. Dibrpenylene-
3,4,9,10-tetracarboxylic dianhydride was first preglaby the J-
catalyzed bromination of perylene-3,4,9,10-tetraoaylic
dianhydridel in 96% sulfuric acid. This reaction yielded the
crude produc®, which was a mixture of 1,7- and 1,6-dibromo
perylene dianhydride, along with a trace of 1,6iFromo
perylene dianhydride. The crude product was inseluls
commercial organic solvents, and so was subjectéadittization
without characterization or further purification. itization of 2
with 2-ethylhexylamine in propionic acid at refluxielided
BrPDI and 3. The resulting product mixture was subjected to
silica gel column chromatography using {£H as eluent.
BrPDI was obtained and characterized"ByNMR spectroscopy

é’ind FTIR spectrophotometry. Two groups of signalsh wit



2 Tetrahedron
different intensities were observed in the aromagion of the  presence of additional fluorine atoms can resuk idecrease in
'H NMR spectrum indicating the presence of 1,7- ang+ 1, interactions between the PDIs and silica gel, resulih facile
regioisomers in the product (Figure BrPDI). Two well-  purification by silica gel column chromatography.
resolved doublets and a singlet were observed inréigéon The presence of C-HO hydrogen bonds between the 1,7-
between 8.6 ppm and 9.4 ppm. Integration of the dsilat 9.50 oxygen and the 6,12-hydrogen atomsB®PDI, PFPDI, and
and 9.43 ppm revealed that the 1,7- and 1,6-regivéss were DFPDI molecules was supported by analysis of the proton
present in a 97:3 ratio in the product. The mixtwas chemical shifts of bay protons 6 and 12 (Figurend &@able 1).
subsequently treated withfluorophenol (PF)p-tert-butylphenol  The shifts of the 6, 12-bay protons were observedden 9.44
(BO), and pentafluorophenol (DF) in the presencea df,CO; and 9.61 ppm foBOPDI, PFPDI, and DFPDI, while those of
catalyst to afford symmetricaPDIs. In addition,"H NMR the parent Br-substituted PDIBPDI) were observed at
spectroscopic data indicated that the 1,7- andregbisomers 9.48 ppm. Figure 1 shows how the chemical shiftsespwnding
were also present iRFPDI, DFPDI, andBOPDI, respectively to the aromatic protons of PDIs shift downfield with iacrease
(Figure 1). in the electronegativity of the oxygen atom of thkenoxy
groups DFPDI—PFPDI—BOPDI), suggesting the presence of
C-H-0O hydrogen bonds. Concomitant to the involvement of

L e e . R
q?giag%o Jg}‘g;gf} the H6 and H12 protons in hy_dr_ogen bonding, the_ H2 taéd

protons located in direct proximity to the respeetipphenoxy

C f e 588% _eenrse o;gzggff substituents shifted to higher fields. Further ewice was found

- - J§ in the shifts of bay protons 6 and 12 adjacent he t
pentafluorophenol and Br moieties 8FPDI, respectively. The
chemical shifts corresponding to the H6 aromatictqre
(9.65 ppm) move downfield compared to that of H12§9pm),
suggesting the formation of an intramolecular C6-B6
hydrogen bond i8FPDI. The H8 protons (8.08 ppm), located in
close proximity to the phenoxy substituents, wess alisplaced
to higher fields. It was therefore clear that thessituent-induced
distortion of the perylene core may be restrainewugh the
presence of such hydrogen bonds, especially for Ibe
diphenoxy-substituted PDls.

Triethylamine DMF
Reflux 7h

Table 1."H NMR (400 MHz) chemical shifts for perylene core
protons (CDCJ, 298 K)

SFPDI SPFPDI SBOPDI

Scheme 1. Synthetic pathway to PDI derivatives.

dye H, Hi/ppm Hs, Hid/ppm Hz, He/ppm
- my (doublet) (doublet) (singlet)
BOPDI J\JU_’
” BOPDI  9.61 (dJ=8 Hz) 857 (dJ=8 Hz) 8.34
- PFPDI  9.54 (dJ=8 Hz) 8.60 (d,J=8 Hz) 8.27
DFPDI  9.44 (d,J=8 Hz) 8.68 (d,J=8 Hz) 8.15
M SFPDI  H:9.65 (d, Hs:8.71 (d, H,: 8.99;
DFPDI J=8 Hz); Hi» 9.26 J=4 Hz); H1: 8.69  Hg 8.09
Hs Hi (d, J=8 HZ) (d, J=4 HZ)
M M k L BrPDI  9.48 (d,J=8 Hz) 8.69 (d,J=8 Hz) 8.93
%FPDI
BrPDI WJJ l 3 The presence of intramolecular C<B hydrogen bonds in
el oo T o oo oo these molecules was further confirmed by computaulsitions.

Optimized molecule structures of the PDIs are showkigare 2.

Figure 1.'"H NMR (400 MHz, CDCJ) spectra ofPFPDI (R A weak hydrogen bond was observed between the phenoxy

86:14); BOPDI (R = 80:20); DFPDI (R = 90:108FPDI (R oxygen (Q, O, atom and two hydrogen atoms,(H) of the

88:12); andBrPDI (R = 97:3). R = ratio of 1,7- to 1,6- Perylene core. The HO, distances between the 1,7-oxygen and

regioisomers. 1,2-hydrogen atoms are 2.05 A, 2.05 A, 2.05 A, add A for

PFPDI, BOPDI, DFPDI, andSFPDI, respectively, and thesC

Nucleophilic substitution of a single 1,7-dibromoituwas  Hi~O:anglesare 119.8°, 119.8°, 116.4°, and 115.7° R&PDI,

attempted to prepare the monophenoxy PEF{DL SPFPDL BOPD', DFPDI, andSFPDI, respectively. These distances and

andSBOPDI) using either a KCO; or triethylamine catalyst, but angles are consistent with weak hydrogen bondingrdiragpto a

only 1-bromo-7-pentafluorophenol perylene diimidsFPDI)  Previously reported study. Furthermore, the C,-CyC,

was obtained. This is likely due to tpetert-butylphenol being dihedral angles 13.56°, 13.65°, 15.79°, and 16f67PFPDI,

easily converted into p-tert-butylphenol ion when treated with BOPDI, DFPDI, and SFPDI, respectively are almost equal,

either K,CO; or triethylamine, as the resulting oxide anion)(@®  indicating that their photophysical properties m@igndepend on

a much stronger nucleophile than neutral oxygesifi(®©). As a  the substituent structures.

result, reaction ofp-tert-butylphenol with 1,7-dibromo-PDI

produced diphenoxy PDIs. The introduction of a fine atom to

the phenol moiety can destabilize the oxide anion),(which

aids in forming only the monophenoxy PDI. In aduiti the



Figure 2. Optimized molecular structures of the PDIs.
2.2 Steady-State Absorption and Fluorescence Studies

UV-Vis absorption spectra of the PDIs in &H, allow
important information regarding the molecular staues of the
PDIs to be derived (Figure 3)DFPDI contains two
pentafluorophenol groups,BOPDI two p-tert-butylphenol
groups, andPFPDI two p-fluorophenoxyl groups at the 1,7-
positions, while the 1,7-positions 8FPDI are occupied by one
pentafluorophenol group and a Br atom, respectiv8ych
structural differences result in different opticgkoperties,
reflected in the S, and %/S,absorption bands.

For example, the (S»S; absorption band is red shifted from
SFPDI toDFPDI, PFPDI, andBOPDI with A, moving from
528 nm to 529 nm, 539 nm, and 543 nm, respectivglch a
change in absorption spectra can be caused eitharckeased
conjugation between the substituents and the PDI'¢ae by
substituent-induced distortion of perylene ctr@he latter can
be ignored in the case BOPDI, PFPDI, andDFPDI due to the

presence of two CHO hydrogen bonds and almost unanimously

dihedral angles. Hence, the spectral changes bet®&dtDI,
DFPDI, and PFPDI are dependent only on the electronic
coupling between the electron-rich phenoxy subsiitieand the
electron-deficient perylene coteln addition, the low energy
absorption onset provides the value for optical (@)™ The
optical gap and the wavelength maximayd.9 and onsetsi(yy

of the 0-0 transitions are summarized in ST1.

In contrast with the solution spectra, the castifg Bpectra
for DFPDI, SFPDI, PFPDI, andBOPDI exhibited a slight red-
shift and were significantly broader. The 0-0 trdoss of the
DFPDI, SFPDI, PFPDI, andBOPDI occur at shifts of 11, 13,
17 and 16 nm, respectively.

a

BOPDI
—— SFPDI
= PFPDI
= DFPDI

Absorption intensity (a.u
Absorption intensity (a.u.)

500 5;50

Wavelength (nm

450 500 00 650

400 450 550
Wavelenath (nn

Figure 3. UV-Vis absorption spectra of the PDIs (aHyCl,,
concentration = 1®0M; and (b) in casting films.

The fluorescence spectra of the PDIs recorded tin &mlution

(CH)CI,) and solid/powder form are shown in Figure 4. As

expected from the absorption result®FPDI and SFPDI
exhibited comparable emission characteristics cag&in. The
emission bands of botBFPDI and SFPDI were approximate
mirror images of their &S, absorption bands, with a Stokes shift

of approximately 29 nm. Both compounds show maximum

emission peak at ~556 nm, with a shoulder peak @ns® The
maximum emissions oPFPDI and BOPDI were observed at
574 nm and 577 nm, respectively, with correspondsigkes

* Corresponding author. Tel.:+0335-8057047; fax3®8057047; e-mail
address:hgzhang@ysu.edu.cn (haiquan zhang).

3
shifts of 35 nm and 34 nm. These data indicate tthatStokes
shift decreased with the introduction of additioflabrine atoms
into the phenoxy groups. The powder/solid state sionisspectra
of DFPDI, SFPDI, PFPDI, andBOPDI were largely red-shifted
and broadened compared to the solution spectraes§pmnding
maxima appeared at 661 nm, 638 nm, 661 nm, andni®69
respectively. In contrast with its solution behayi@FPDI
powder exhibited a redshift of 81 nm, which is lowestshift of
all PDIs. This suggests that weak molecular intevastiexist in
solid SFPDI, as confirmed by X-ray diffraction (XRBhalysis
(see Section 2.4).

——PFPDI
Lb BOPDI
——SFPDI
——DFPDI

BOPDI
~—— DFPDI
—— PFPDI
~— SFPDI

a

PL intensity (a.u.)
PL intensit (a.u.)

=
600

700 750 800 850

Wavelength (nm)

500 550 650 700 650

600
Wavelength(nm)

Figure 4. Fluorescence spectra of PDIs (a) in@H4
concentration = 10M; and (b) as a solid powder. Excitation
wavelength: 530 nm.

2.3 Electrochemical properties

The electrochemical properties BFPDI in CH,CI, at room
temperature were investigated by cyclic voltammé@Y). The
CV curve was recorded vs. the Ag/AgCI electrode &ereace
electrode(Ag/AgCl), using ferrocene as an intern@ndard
(Figure. 5). As expecte@FPDI exhibited two typical reversible
reduction waves due to the first and second ondrelestepwise
reductive process from the perylene core to theesponding
radical anions and dianions (for tB#-PDI molecule these are
DFPDI” andDFPDI?*)."

The onset reduction potential (E) for DFPDI is —0.32 eV.
According to the empirical formulae fo = —([Egnsd]™ +
4.8eVi®and Eowo = E” + Eumo, the HOMO and LUMO
energy levels ofDFPDI were calculated as -6.73 eV and
—4.48 eV. The calculated values for the HOMO and LUMO of
PFPDI, SFPDI, andBOPDI are summarized in ST2. The first
reduction potentials appeared to vary with the ohiciion of
substituted groups. So the HOMO and LUMO energy levsts a
changed, with the LUMO levels being calculated as 24\3,
-4.48 eV, -4.54 eV, and —4.35eV fBFPDI, DFPDI, BOPDI,
and SFPDI, respectively. The HOMO and LUMO energy levels
for P,HT were previously reported in the literature to be &/
and 3.2 eV and so it is clear that the HOMO and LUMO
energy levels of our PDIs are suitable to effidiedrive exciton
dissociation at the JPAT/PDIs heterojunction interfaces. Thus,
PFPDI, DFPDI, BOPDI, andSFPDI may be candidates for use
as an electron-acceptor componentjHHPDIs systems.

PFPDI

SFPDI
= j DFPDI 4
H

-i.Z -6.9 -6.6 -b.3 ‘(10 ‘0.3 ‘0.6 ‘0.9 ‘ lA2‘ 1A5‘ 18

Potential/V (vs. Ag/AgCI)
Figure 5. Cyclic voltammograms oDFPDI and BOPDI
recorded in ChCCl,containing 0.1 Mh-Bu,NPFs at 0.1 V§.




To gain insight into the geometrical and electrostimictures
of the perylene diimide derivatives, we performedngisy
functional theory (DFT) calculations o®FPDI using the
Gaussian03 packad®.The orbital spatial distributions of the
HOMO and LUMO forDFPDI are shown in Figure 6, where it is
clear that the HOMO and LUMO d@FPDI both localize at the
central pyrelene core. The theoretical estimatibthe HOMO-
LUMO gaps forDFPDI in vacuo (2.62 eV, B3LYP/6-31G*) are
in good agreement with the measured optical
Theoretical estimations of other samples are shownthie
Supplementary Material (Fig. SF1).

LU -3 45ev

HOMO: -3.01 ev

Figure 6. Molecular orbital distributions and enetgvels for
DFPDI estimated by density functional
calculations.

2.4 Powder X-ray diffraction studies

The structures of the PDI powders were investigateX-byy
diffraction (XRD) analysis. As shown in Figure 7, inetlow
angle range, the XRD pattern &OPDI shows two clear
diffraction peaks at@= 4.32° (2.04 nm) and 5.56° (1.58 nm),
which correspond to the diffractions from the (1@®)d (010)

planes, respectivefy. The peak at 24.80° corresponding to a

distance of 3.50 A can be attributed to the stacking distance
of the adjacent perylene diimid&In contrast withBOPDI, the

XRD data of DFPDI displays a greater number of sharp

diffraction peaks between 3-30°, with the diffractipsaks from
the (100) planes appearing & 2 5.00° (1.76 nm). In addition,
diffraction peaks can be seen at 2489331 nm), which can be

attributed to ther-n stacking distance of PDI rings between the

adjacent molecules. The d value of the (001) plaaes the
distance between the adjac&HRPDI molecules are comparable

with those ofDFPDI. This indicates that the solid state structure
ore th

of 1,7-diphenoxy-substituted PDIs is dependent
substituent group at thgara-position of the phenoxy group. This
is supported by comparingFPDI and PFPDI, because where
the same atom is present on thera position of the phenoxy
group, a similar structure is observed. In the cd¥8OPDI, the

presence of a largeara substituent results in the distances of the

(100) plane and-n stacking increasing. The XRD diagram of
SFDPI shows two wide diffraction peaks @t=24.61° (1.93 nm)
and 23.80° (3.70 A). The former may be related t® ¢hOO)
planes, while the latter may be related to the stacking
distance of the adjacent perylene diimide. The witiffraction
peaks inSFPDI powder indicate that the molecular order degre
in the solid decreased compared with other symnatRls,
such aB8OPDI, DFPDI, andPFPDI.

Finally, thermogravimetric (TGA) analysis was cadriout on all
four PDIs under a nitrogen atmosphere, and themibgrams are
shown in Figure 8. It is clear that the thermabsity of the 1,7-

bandgaps

theory (DFT)

Tetrahedron

diphenoxy-substituted PDIs depend on the identity tloé
phenoxy substituents, where th& weight loss temperatures for
PFPDI, BOPDI, DFPDI, andSFPDI were 436 °C, 422 °C, 405 °C,
and 373 °C, respectively. In contrast to the othBxisP SFPDI
exhibited a lower thermal stability due to its stural asymmetry.

ray diffraction pattems of BOPDI powder

Xeray diffraction patterns of DFPDI powder

(001)1.76 nm

10 20 30 40
20 (degree)

Xeray diffraction paiterns of PFPDI powder Xeray diffraction p

10 20 30 40 5 10 20 30 40 E
20(degree) 26 (degree)

Figure 7. X-ray diffraction patterns of the PDI powsle(a)
BOPDI, (b) DFPDI, (c) PFPDI, and (d)SFPDI,

10¢

30-
100

300 400 500

Temperature(°C)

200 600

Figure 8. TG curves d?FPDI, BOPDI, DFPDI, andSFPDI

3 Conclusion

We successfully synthesized a series of 1,7-diphef®ls

(perylene diimide derivatives) equipped with differe

substituents on one or more positions of their pikgmmoiety,
and investigate the impact of structure on theiotpphysical,
electrochemical,

aggregation, andthermal properties.
Intramolecular hydrogen bonds were found to restratiation of

the PDI core. The photophysical and electrochenpecaperties
of these species therefore depended on the quamisition, and
characteristics of the phenoxy substituents. Initexfig the 1-

bromo-7-pentafluorophenoxy PDIs were obtained sistokyg

via optimized reaction conditions. It is expectbédttour study
will be useful for the development of nhew PDIs for irserganic

photo-electronic applications.

3 Experimental Section

3.1 Materials and instrument

'HNMR and **C NMR were recorded on Bruker 400 MHz

spectrometer with CDglas the solvent and tetramethylsilane

(TMS) as an internal reference. Infrared measuréméth the
KBr pellet technique was performed within the 40@600 cm*

Qona Perkin-Elmer spectrum 100 spectrophotometé&r akialysis
was performed using an LTQ-Orbitrap XL mass spectteme
(Thermo Fisher Scientific, San Jose, CA, USA) equippitd an
APCI ion source in the positive ion mode (scan rabg@-2000

m/2). Electronic absorption spectra is performed vatiPerkine

Elmer Lambda 35 spectrophotometer in dichloromethan



solution and cast films. Fluorescence spectra werasored on
PE LS-55 system in dichloromethane solutions afid powder.
The X-ray powder diffraction data was carried outpmwered
samples via Rigaku D/max-2500/PC diffraction
monochromator Cu K(A=1.54 A) over the @ range of 2 to
50°.TGA was done with TA thermal analysisystem at hpti
rate 10C/min under a Menvironment.

5
N-CH,-CH-), 1.92-1.97 (m, 2H, -N-CHCH-), 1.28-1.40 (m,
16H, alkyl--CH-), 0.93-0.96 (t, 6H, alkyl-CH), 0.88-0.91 (t, 6H,
alkyl-CHs). **C NMR (100.6 MHz, CDG), 5 163.5, 155.4, 133.2,

using129.1, 128.8, 125.0, 123.8, 123.6, 123.3, 122.3,.212117 .4,

44.3, 37.9, 30.7, 28.7, 24.1, 23.1, 14.1, 10.7IRFIKBr), v:
2958 cni, 2929 cni, 2858 cni, 1669 cni, 1656 cni, 1595 cm
1 1504 cnit, 1406 cn, 1330 cni, 1263 cnf, 1215 cnit, 1175

Cyclic voltammetry measurements were performed ircm®, 1014 crif, 852 cnit, 810 cni, 557 cm. HRMS (EI) calcd

solution, under argon atmosphere with a computeitraied
CHIB00E electrochemical workstation in a three etstgrsingle-
compartment cell
electrode as reference electrode, with Fc/Fc* redouple as
internal standafd, with a tetrabutyl-ammonium hexafluoro-
phosphate (BINPF;) solution (0.1 M) in dichloromethane at a
scan rate of 0.1V/s.

3.2 Synthesis of materials

3.2.1 N,N-diethylhexyl-1,7-dibromo diimide

(BrPDI)

perylene

Synthesis of,N'-diethylhexyl-1,7-dibromo perylene diimide
is reported earlie?’. Yield: 80% ;'H NMR (400 MHz, CDC}, )
8 9.48 (d, 2H, J=81z, Per-H), 8.93 (s, 2H, Per-H ), 8.69 (d, 2H,
J=8 Hz, Per-H), 4.10-4.20 (m, 4H, N-GH 1.92-1.99 (m, 2H, -
CH-), 1.32-1.41 (m, 16H, alkyl-ChHl 0.93-0.97 (t, 6H, alkyl-
CH.), 0.88-0.91 (t, 6H, alkyl-Ch), FI-IR (KBr), v: 2960 cni,
2927 cni, 2858 cnit, 1703 cri, 1658 cnt, 1591 cni, 1434 cm
11392 cnt, 1328 crit, 1236 cnit, 808 cnit, 744 cnt, 684 cn.

3.2.2 N,N-diethylhexyl-1,7-di(p-fluorphenoxyl)
diimide (PFPDI)

perylene

A mixture of p-fluorophenol (89.6 mg, 0.8 mmol),GO;
(137 mg, 1.00 mmol) in dry dimethylformamide (50 )nwas
stirred for 20 min under argon and subsequently-diethyl-
hexyl-1,7-dibromo perylene diimide (144.4 mg, Or@tol) was
added. The reaction mixture was stirred for 7 18&fC under
argon atmosphere. After being cooled to room tentpezathe
solvent was removed by rotary evaporation. The samigldue
was thoroughly washed with several portions of water dred.
The crude product was dissolved in dichloromethamkeparified
by column chromatography on silica 200-300 usinghidiro-
methane as eluent to afford the regioisomeric méxtf product
(PFPDI) (113 mg, 72%)'H NMR (400 MHz, CDC}) 6 9.54 (d,
2H, J=8Hz, Per-H), 8.60 (d, 2H, J=Bz,Per-H), 8.27 (s, 2H, Per-
H), 7.15 (d, 8H, J=8&iz, Ar-H), 4.02-4.13 (m, 4H, N-CHCH-),
1.86-1.95 (m, 2H, -N-CHCH-), 1.25-1.38 (m, 16H, alkyl-CH
CHs), 0.89-0.93 (t, 6H, alkyl-C¥k), 0.85-0.88 (t, 6H, alkyl-Ck).
®¥C NMR (100.6 MHz, CDG) & 163.4, 155.5, 152.6, 148.1,
133.3, 130.1, 129.2, 128.7, 127.4, 124.2, 123.9,1154.0, 34.5,
31.4, 29.1, 26.5, 25.4. FI-IR (KBr), 2958 ¢m2929 cni, 2858
cm’, 1699 cril, 1664 cri, 1596 cni, 1502 cnif, 1458 crif,
1434c¢nt,1407 cnit, 1330 cnt, 1261 cnt, 1186 crt, 856 cnf,
810 cm,775 cni. HRMS (EI) calcd for GHasFN,0g @ M,
835.35 Fountm/z 835.3561.

3.2.3 N,N-diethylhexyl-1,7-di(p-tertbutylphenoxyl)
diimide BOPDI)

perylene

BOPDI was prepared fronN,N'-diethylhexyl-1,7-dibromo
perylene diimide and 4-tertbutylphenol as descrilfied the
synthesis oPFPDI. BOPDI shows the brown solid with yield of
80%.'H NMR (400 MHz, CDCJ) 6 9.61 (d, 2H, J=8iz, Per-H),
8.57 (d, 2H, J=8 Hz, Per-H), 8.34 (s, 2H, Per-H), 7di6J€12
Hz, 4H, Ar-H), 7.10 (d, 4H, J=12 Hz, Ar-H), 4.08-4.16 (nkl,4

* Corresponding author. Tel.:+0335-8057047; fax3®8057047; e-mail
address:hgzhang@ysu.edu.cn (haiquan zhang).

using platinum electrodes and AglAgC 3.2.4 N,N'-diethylhexyl-1,7-di(pentafluorophenoxyl)

for CeoHesN2Os : M*,911. 50 Fountm/z 911.5009.

pery-
lenete diimide DFPDI)

DFPDI was prepared fronN,N-diethylhexyl-1,7-dibromo
perylene diimide and pentafluorophenol as descrifmdthe
synthesis ofPFPDI. DFPDI shows the red solid with yield of
86%.'"H NMR (400 MHz, CDCJ) 6 9.44 (d, 2H, J=8iz, Per-H),
8.69 (d, 2H, J=84z, Per-H), 8.15 (s, 2H, Per-H), 4.10-4.17 (m,
4H, N-CH,-CH-), 1.93-1.98 (m, 2H, -CH-), 1.31-1.43 (m, 16H,
alkyl-CH,-CHj), 0.95-0.98 (t, 6H, alkyl-Ck), 0.89-0.92 (t, 6H,
alkyl-CHs). **C NMR (100.6 MHz, CDG) & 163.3, 162.7, 154.4,
138.3, 133.3, 131.8, 131.2, 129.3, 127.3, 125.4.3,2123.1,
122.7,121.8, 120.6, 118.5, 44.5, 38.0, 30.7, 28 Q, 23.0, 14.1,
10.6. FI-IR (KBr),v: 2958 crif, 2929 cn, 2864 cnif, 1703 cri,
1665 cn, 1598 cnt, 1517 cni, 1406 cni, 1332 cn, 1259 cm
', 1207 cnit, 1178 cnil, 1055 cni, 993 cnt, 810 cnt. HRMS
(EI) caled for GH4oF10N,06 : M*,979. 28 Fountm/z 979.2802.

2.2.5 N,N-diethylhexyl-1-bromo-7-Pentafluorophenoxyl
lene diimide §FPDI)

pery

SFPDI was synthesised using reaction betwiexi-diethyl
-hexyl-1,7-dibromo perylene diimide and pentaflygirenol by
using triethylamine instead of,RO; as the bas&FPDI exhibits
brow solid with yield of 65%H NMR (400 MHz, CDCJ) &
9.65 (d, 1H, J=8iz, Per-H), 9.26 (d, 1H, J=8z, Per-H) 8.99 (s,
1H, Per-H), 8.71(d, 1H, J=4z, Per-H), 8.71(d, 1H, J=4z, Per-
H), 8.09 (s, 1H, Per-H), 4.07-4.18 (m, 4H, N-{;H..88-1.98 (m,
2H, -CH-), 1.30-1.41 (m, 16H, alkyl-Gj 0.93-0.97 (t, 6H, -
CH,-CH,), 0.87-0.90 (t, 6H, -CHCH;). **C NMR (100.6 MHz,
CDCly) 6 163.3, 154.3, 132.6, 130.6, 129.3, 125.4, 1242 4],
118.8, 44.5, 38.1, 30.7, 28.7, 24.1, 23.1, 14.16.18I-IR (KBr),
v: 2956 cnf, 2929 crit, 2860 cni, 1701 cni, 1658 cnif, 1593
cm?, 1517 cnif, 1450 cni, 1334 cnif, 1257 cnf, 1184 cnf,
1041 cn, 995 cnt, 810 cm', 748 cnt, 696 cnT, 611 cnf.
HRMS (EI) calcd for GgHiBrFsN,Og : M*, 876.20 Fountm/z
876.2002.

Acknowledgments

This work has been supported by the National Natural
Science Foundation of China (No: 51173155, 514722t
Natural Science Foundation of Hebei Province (No:
E2014203200) and Colleges and Universities Sciencd a
Technology Research Project of Hebei Province No:
QN20131070

References

1. (a) Asir, S.; Demir, A. S.; Icil, HDyes and Pigmen201Q 84, 1-13; (b)
An, N. S.; Shi, Y. N.; Feng, J. Q,; Li, D. P.; Gda,Chen, Y. L.; Li, X. Y;
Organic Electronics2013,14, 1197-1204; (c) Kozma, E.; Kotowski, D.;
Catellani, M.; Luzzati, S.; Famulari, ADyes and Pigment2013 99, 329-
339.

2. (a) Shi, M. M.; Tung, V. C.; Nie, J. J.; Chen,H; Yang, Y.Organic
Electronics 2014 15, 281-286; (b) Jiang, W.; Ye, L.; Li, C. G.;aq, C. G.;
Tan, F.; Zhao, W. C; Hou, J. H.; Wang, Z.Ghem Commur2014 50,
1024-1027.



6 Tetrahedron
3. Struijk, C. W.; Sieval, A. B.; Dakhorst, J. E.\van Dijk M.; Kimkes, P.;
Koehorst, R. B. M.; Donker, H.; Schaafsma, T. dkEn, S. J.; van de Craats,

A. M.; Warman, J. M.; Zuilhof, H.; Ernst, J. R.;@wllter, E. J. RI Am
Chem Soc200Q 122, 11057-11066.

4. Zhao, Q. L.; Zhanag, S.; Liu, Y.; Mei, J.; Ch&nJ.; Lu, P.; Qin, A. J.;
Ma, Y. G.; Sun, J. Z.; Tang, B. 4; Mater. Chem2012 22, 7387-7393.

5. Wirthner, FChem. Commur2004 1564-1568.

6. Chai, S.; Wen,. S. H.; Han, K. Qrganic Electronics2011, 12, 1806-
1813.

7. Wirthner, F.; Stepanenko, V.; Chen, Z.; Satidlevl C. R.; Kocher, N.;
Stalke, D.J. Org. Chem2004 69, 7933-79309.

8. Zhang, X.; Pang, S. F.; Zhang, Z. G.; DingL.XZhang, S. L.; He, S. G.;
Zhan, C. L.;Tetrahedron Letter2012 53,1094-1097.

9. Zhang, X,; Pang, S. F.; Zhang, Z. G.; Ding, XZhang, S. L.; He, S. G.
Zhan, C. L. Tetrahedron Letters, 2012, 53, 1094097.

10. Jiang, W.; Ye, L.; Li, X. G.; Xiao, C. Y.; TaR,; Zhao, W, C.; Hou, J. H.;
Wang, Z. HChem. Commur2014 50, 1024-1026.

11. Jiménez, A. J.; Lin, M. J.; Burschka, C.; Beckie Settels, V.; Engels, B.;
Wirthner, FChem. Sci2014 5, 608-617.

12. Zhang, H.Q.; Yang, B.; Zheng, Y.; Yang, G. ©eg; L.; Ma, Y. G. Chen,
X. F.J. Phys. Chem..R004 108, 9571-9573.

13. Sugiyasu, K.; Fujita, N.; Shinkai, SAngew, Chem, Int, E@004 43,
1229-1233.

14. He, X.; Liu, H.; Wang, N.; Wang, S.; Li, Y.; Hng, C.; Cui, S.; Li, Y.
Macromol. Rapid. Commug005 25, 721-727.

15. Luo, M. H.; Chen, K YDyes and Pigment2013 99, 456-454.

16. Eckhardt, H.; Schacklette, L, W.; Jen, K. ¥.Chem. Phy€989 91,
1303-1312.

17. Wirthner, F.; Stolte, MChem. Commur201147, 5109-5115.

18 Li, Y.; Wang, D.; Wang, L.; Li, Z. Q.; Cui, @hang, H. Q.; Yang, H.
Journal of Luminescen@912 132, 1010-1014.

19. Park, O. U.; Kim, H. U.; Kim. J. H.; Park, J; Bwak, J.; Shin, W. S;
Yoon, S. C.; Hwang, D. HSolar Energy Materials and Solar Cel2)13
116, 275-282.

20 Beinhoff, M.; Weigel, W.; Jurczok, M.; Rettig,\\Wodrakowski, C.;
Brudgam, I.; Hartl, H.; Schuter, A. OEur. J. Org. Chem2001, 20, 3819-
3829.

21. Schlettwein, D.; Graaf, H.; Meyer, J. P.; Oekann, T.; Jaeger, N.J.
Phys. Chem BL999 103, 3078-3.86.

22. Laschat, S.; Baro, A.; Steinke, N.; Giesselmé&nnHagele, C.; Scalia, G.
Angew. Chem. Int. EQ007, 46, 4832-4918.

23. Gané, R. R.; Koval, C. A.; Lisensky, G. @hprg. Chem198Q 19, 2854-
2855.



Supplementary Material

Synthesis and properties of perylene diimide dyes bearing unsymmetrical and symmetrical phenoxy substituents at bay

positions
Hang Zhao?, Ying-ying Zhang®, Hai Xu®, Ze-min He®, Zhen-Lin Zhang® and Hai-quan Zhang®*

aSate Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066004, PR China
P College of Chemistry, Jilin University, Changchun, 130021, PR China



SF1 Molecular orbital distributions and energy levels for PDIs estimated by density functional theory (DFT) calculations.
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ST 1 UV-Vis absor ption and fluorescence properties of PDIsin dichloromethane at 298 K

PDI Aas 00 € AL Stoks shift Agp Eg™

(m)  (MPem?)  (nm) (nm) o (ev)
BOPDI 543 65 600 577 34 572 214
PFPDI 539 92 000 574 35 567 2.16
DFPDI 529 101300 557 28 552 2.25

SFPDI 528 78 100 557 29 552 225



ST 2 Fist half-wave reduction and oxidation potentials E."> aswell as E,umo and Exomo values derived for the PDIs from CV

measurements in CH,Cl, solution.

dye Eed’” Ex'> Eiumo (&)  Euomo (ev)
DFPDI -0.69 0.93 -4.48 -6.73
PFPDI -0.76 1.58 -4.32 -6.78
SFPDI  -0.61 1.88 -4.35 -6.84
BOPDI -0.66% 1.48 -4.54 -6.99

a Calculated from E,, "%, and the optical gap E;™ : Ereg™> =-( Eg™ - Eox ™~



