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Abstract

To explore highly efficient yellow-green light cangion agents used for agricultural film, six
bay-substituted perylene diimides and their polyliohloride doped films (by 0.5% weight
addition) were prepared. The maximum absorptionemnigsion peaks of the luminogens-doped
polyvinyl chloride films are located at 581-609nnd&647-667nm, respectively. More importantly,
the fluorescence quantum yields of PTCDA, t-BuOPTRCihd m-MeOPTCDA are up to 0.88,
0.84 and 0.78 in doping film, respectively. Thesgthening solar radiation and outdoor exposure
to sunlight last 160 minutes and two months re$gelgt and the emission intensity of
m-MeOPTCDA-doped film displays slight changes a@dpercentage fluctuation in turn.
Combined transmittance, compatibility, mechanicatoperties and thermal stability,
m-MeOPTCDA is chosen as the best effective lightveosion materials. To better understand the
optical properties of theiminogens, molecular configuration optimizatioteotron cloud density
distribution and molecular orbital energy levelseveompleted by theoretical calculation. Further,
the double layer coextrusion film containing m-Mel@®A and Triphenyl acrylonitrile is

succeed in dual band excitati¢8350 nm and 580 nrjpand emission (430 nm and 651 nm), by
optimizing the proportion of m-MeOPTCDA and Triplykracrylonitrile, the special light

conversion films for different crops will be expedt

Keywords: photosynthesis, fluorescence, light conversian,fiight conversion agents, perylene
diimides.

1 Introduction

The non-renewable energy such as coal, oil andalagas is in the danger of drying
up. As a clean and renewable energy, the solaggres been one of the research
focal points of the modern agricultural science teahnology [1-4]. It is well known
that photosynthesis plays the most critical rolplant growth, and photosynthesis of
plants heavily rely on pigments of leaves, suckhdsrophyll a, b an@ carotene. By
absorbing the blue-violet band (400-480 nm) andoratige band (600—700 nm) of
the sunlight, the pigments conduct photosynthekiglants[5-8]. By converting the
ultraviolet (280—-380 nm) light and yellow-greenhig510-580 nm) of sunlight into
the plant photosynthesis needs blue-violet ligl®0O(480 nm) and red-orange light
(600-700 nm), the agricultural shed film with adufitof light conversion agents can
improve the yield and quality of crops[9-11]. Howeyvmost of the existing light

conversion agents only can convert ultraviolettlighe yellow-green light conversion



agents are not only rarely, but they are also biejftE2]. In addition, the content of
ultraviolet light is only equivalent to 1%-2% of limv-green light of the solar
spectrum. Therefore, converting only 5% yellow-grean outweigh the conversion
effect of whole ultraviolet light. Based on the abdyackground, it can be deduced

that it is an urgent task to explore highly effrdigellow-green light agents.

The highly efficient yellow-green light conversioamgents should possess high
luminescence efficiencies, excellent thermal sitgbiresin compatibility, weather
resistance, low cost and fluorescence emissionhmatevith crops absorption spectra.
In order to guarantee the matched spectrum, therptien spectrum of yellow-green
light conversion agents should be located in thggore of 510-580 nm, and the
fluorescence emission peak should be near 650 fovioGsly, the luminogens with
the above characteristics are difficult to obtahecording to the literature reports,
perylene diimides (PDI) have rigid planar conjugatdructure, outstanding light
resistance, chemical and thermal stability[13, 1Blt the planar molecular
configuration makes the PDI to easily fortyt packing in the solid state or doped
film, leading to the fluorescence quenching[15]atidition, PDI also suffer notorious
self-absorption and solubility problems. To solve tabove problem, a series of
bay-substituted PDI derivatives has been designddwnthesized by Pd(0)-catalysed
Suzuki cross-coupling or nucleophilic substituti@action[16, 17]. For comparison,
the 1,6, 1,7 and 1,6,7,12, bay-substituted PDIvdévies (Figure 1) show enhanced
solid state fluorescence efficiency and solubiliue to twisted molecular

conformation[18-22]. Recently, the PDI derivativesve extended their applications

Figure 1 Perylene diimides with position numbers.



into organic photovoltaic devices[23-25], piezoghro switching[26], biological

probes[27], bio-labelling[28], near-infrared flusoence materials[29],
transistors[30-32], light emitting diodes[33-34jiminescent solar concentrators[35]
and so forth. However, as light conversion matsrifdr agricultural film, the
application and evaluation of bay-substituted PBiivchtives are rarely available in

the literature until now.

To obtain highly efficient yellow-green light comgeon agents, in this work, six
different bay-substituted PDI derivatives, named CPAR, 0-MePTCDA,
m-MeOPTCDA, p-MeOPTCDA, m-2MeOPTCDA, and t-BuOPTCDWKave been
synthesized (As shown in Scheme 1). By the testghotophysical properties and
theoretical calculation, the structure-photophyispraperty relationships of the light
conversion agents are analyzed and discussed ail. deinally, the results show
coextrusion film successfully achieved blue-vig30 nm) and red-orange light (651
nm) emission, and the optimum excitation waveleragth located in ultraviolet and
yellow-green light region. More importantly, theesgal film for different crops is
expected to be completed by tuning adding proportietween PDI derivatives and
Triphenylacrylonitrile(TPA).

0y N_O 0L N_O @
SO e >
a a 2,6-diisopropylaniline a ‘ a R R'O OO O_R
Cl Cl L Cl a —> o ‘ 0. R PTCDA t-BuOPTCDA p-MeOPTCDA
OO propanmﬁ acid, OO NMP, K,COs, R Oe R
NMP,130°C,26h 90°C,12h OH OH | OH

O"'NT0 0" N0

R A

PBLCI m-MeOPTCDA 0-MeOPTCDA m-2MeOPTCDA

Scheme 1 Synthetic routes of PTCDA, m-2MeOPTCDA, t-BuOPTCAMeOPTCDA,
0-MeOPTCDA and m-MeOPTCDA

2 Experimental Details

2.1 Measurements and char acterizations



The UV-vis spectra were determined on a Mapada B®Bcs spectrophotometer.
Fluorescence measurements were taken on Agileny Eatipse fluorescence
spectrophotometett NMR and**C NMR spectra were obtained with a Varian inova
instrument at 400 MHz and 100 MHz using tetramesdiayle (TMS) as the internal
standard, and CDghs the solvent in all cases. MALDI/FIRMS were melgal on an
Ultrafle Xtreme MALDI-TOF/TOF mass spectrometer (Ber, Germany).
Fluorescence microscopy images were obtained on MRS BX53.
Photodegradation experiments were carried out 2J0&V xenon lamp equipped with
a filter, and radiation intensity of artificial sight is up to 129 mW/cf Thermal
stability was determined by thermogravimetric amaty(TGA, Netzsch STA449F3)
over a temperature range of 40-1000at a heating rate of 20/min under N
atmosphere. The fluorescence quantum yields of IRBDinogens CHGI solution
were determined by the comparative method usBgOPTCDA (b= 0.72 in CHCJ)

as reference[36]

2.2 Materialsand Synthesis

THF, DMF and toluene were dried according to stasidad procedures previously
described. The synthetic method of the PBI-Cl aRé Tvas carried out according to
the reported literature[3, 37]. All the other cheais and reagents used in this study
were of analytical grade without further purificati In general, all the intermediates
and final compounds were purified by column chragedaphy on silica gel (200-300

mesh) while the reactions were monitored by thyetachromatography (TLC).

Synthesis of

bis(2,6-diisopropylphenyl)-5,6,12,13-tetraphenoxpaa[2,1,9-def:6,5,10-d'e'f']diisoq
uinoline-1,3,8,10(2H, 9H)-tetraone(PTCDA): PBI-C1.{ g, 2 mmol) was stirred
under argon with phenol (1.6 mL, 16 mmol) in N-mygthyrrolidone (60 mL) in a
250 mL round flask in the presence of powdered drdus KCOs; (1.1 g, 8 mmol).

The temperature was maintained at[Q®vernight under N After cooling to room



temperature, the reaction liquid was poured int® Wwater and extracted with ethyl
acetate. The combined organic layers were driedr @réhydrous N£O, and
evaporated in vacuum. The crude product was pdrifiechromatography (silica gel,
ethyl acetate: petroleum=1:10). Red solid was akthi Yield: 92%H NMR (400
MHz, ) 6 8.26 (s, 4H) , 7.50 — 7.38 (t, 2H), 7.32 — 7.26 (m, 6H), 7.24)e 2.6 Hz,
6H), 7.09 (t, J = 7.4 Hz, 4H), 7.02 — 6.91 (m, 8RL8 — 2.61 (M, 4H), 1.11 (d, J =
6.8 Hz, 24H) (Figure S6)*C NMR (101 MHz, CDG)) & 163.17, 155.82, 155.28,
145.60, 133.17, 130.57, 129.99, 129.45, 124.59,9123122.91, 120.81, 120.39,
119.83, 29.10, 24.02 (Figure S12). LRMS (MALDI-TORp/z 1078.3 calculated
1078.4 (Figure S18).

Synthesis of 2,9-bis(2,6-diisopropylphenyl)-5,6112tetrakis(3,5-dimethoxyphenoxy)
anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3@&2H,9H)-tetraone(m-2MeOPTCD
A): The compound was synthesized by the same puveedescribed for PTCDA
using 3, 5-dimethoxyphenol and PBI-Cl, The crudedpct was purified by
chromatography (silica gel, ethyl acetate: petnoleli:10). Red solid was obtained.
Yield: 82%.*H NMR (400 MHz, Chloroform-dp/ppm = 8.35 (s, 4H), 7.49-7.40 (m,
2H), 7.30 (d, J = 7.8 Hz, 4H), 6.24 (t, J = 2.2 KH), 6.17 (d, J = 2.2 Hz, 8H), 3.66 (s,
24H), 2.72 (p, J = 6.8 Hz, 4H), 1.14 (d, J = 6.8 P#H). (Figure S7)*C NMR (100
MHz, CDCL): 8/ppm= 163.13, 161.62, 157.10, 155.32, 145.62, IB31B0.55,
129.49, 123.92, 122.98, 121.08, 120.78, 120.5%3P7.17, 55.40, 29.10, 24.00
(Figure S13). HRMS (MALDI-TOF): m/z 1318.5040 cdimed 1318.5038 (Figure
S19).

Synthesis of 5,6,12,13-tetrakis(4-(tert-butyl)phey)e2,9-bis(2,6-diisopropylphenyl)
anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3@&2H,9H)-tetraone(t-BuOPTCDA):
The compound was synthesized by the same procedsizibed for PTCDA using
PBI-Cl and 4-(tert-butyl)phenol. The crude produets purified by chromatography
(silica gel, ethyl acetate: petroleum=1:8). Reddsdfield: 89%."H NMR (400 MHz,
Chloroform-d)é/ppm= 8.29 (s, 4H), 7.42 (t, J = 7.8 Hz, 2H), 7223 (m, 12H), 6.87



(d, J = 8.5 Hz, 8H), 2.77-2.65 (m, 4H), 1.28 (sHR61.13 (d, J = 6.4 Hz, 24H)
(Figure S8)C NMR (101 MHz, CDGJ) § 163.33, 155.90, 152.78, 147.33, 145.59,
133.22, 130.67, 129.37, 126.66, 123.86, 122.68,762(120.16, 119.19, 34.36, 31.44,
29.07, 24.02 (Figure S14). LRMS (MALDI-TOF): 130Z&lculated 1302.7 (Figure
S20).

Synthesis of 2,9-bis(2,6-diisopropylphenyl)-5,6112{etrakis(4-methoxyphenoxy)
anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3@&2H,9H)-tetraonep(p-MeOPTCD
A): The compound was synthesized by the same puoeedescribed for PTCDA
using PBI-Cl and 4-methoxyphenol. The crude prodweas purified by
chromatography (silica gel, ethyl acetate: petnoiel:10). Red solid. Yield: 86%H
NMR (400 MHz, Chloroform-dp/ppm= 8.18 (s, 4H), 7.50 -7.38 (m, 2H), 7.28 (s,
4H), 7.00-6.91 (m, 8H), 6.89- 6.77 (m, 8H), 3.7948H), 2.69 (p, J = 6.8 Hz, 4H),
1.12 (d, J = 6.8 Hz, 24H) (Figure S&C NMR (101 MHz, CDG)) 5 163.28, 156.66,
156.59, 148.49, 145.61, 133.18, 130.69, 129.37,8823122.69, 121.33, 120.17,
119.92, 119.30, 115.20, 55.71, 29.08, 24.03 (Figst8). LRMS (MALDI-TOF):
1198.4 (Figure S21).

Synthesis of 2,9-bis(2, 6-diisopropylphenyl)-5,6112tetrakis(2-methoxyphenoxy)
anthra[2,1,9-def:6,5,10-d'e'f']diisoquinoline-1,3&2H,9H)-tetraone(o-MeOPTCDA
): The compound was synthesized by the same proeeidscribed for PTCDA using
PBI-Cl and 4-(tert-butyl)phenol The crude produ@swpurified by chromatography
(silica gel, ethyl acetate: petroleum=1:8). Reddsdfield: 81%."H NMR (400 MHz,
Chloroform-d)é/ppm= 8.10 (s, 4H), 7.44-7.37 (m, 2H), 7.27-7.25 4id), 7.11-7.03
(m, 8H), 6.90 (dd, J = 8.2, 1.2 Hz, 4H), 6.80 (tck 7.9, 1.4 Hz, 4H), 3.66 (s, 12H),
2.70 (p, J = 6.8 Hz, 4H), 1.12 (d, J = 6.8 Hz, 2¢Fijure S10)**C NMR (101 MHz,
CDCl3) 6 163.56, 155.94, 151.13, 145.65, 143.22, 133.40,903 129.29, 125.74,
123.81, 122.35, 121.84, 121.16, 120.02, 120.00,7B1812.50, 55.50, 29.08, 23.96
(Figure S16). LRMS (MALDI-TOF): 1198.4 (Figure S22)



Synthesis of 2,9-bis(2,6-diisopropylphenyl)-5,6112tetrakis(3-methoxyphenoxy)
anthra[2,1,9-def.6,5,10-d'e'f']diisoquinoline-1,3@&2H,9H)-tetraone(m-MeOPTCD
A): The compound was synthesized by the same puoeedescribed for PTCDA
using PBI-Cl and 4-(tert-butyl)phenol The crude duat was purified by
chromatography (silica gel, ethyl acetate: petnoleli:10). Red solid. Yield: 85%H
NMR (400 MHz, Chloroform-dp/ppm=8.31 (s, 4H), 7.44 (t, J = 7.7 Hz, 2H), 7(@9
J = 7.8 Hz, 4H), 7.19 (t, J = 8.2 Hz, 4H), 6.68,(dc 8.3, 2.3 Hz, 4H), 6.61 (dd, J =
8.1, 2.1 Hz, 4H), 6.53 (t, J = 2.3 Hz, 4H), 3.671@H), 2.72 (p, J = 6.9 Hz, 4H), 1.13
(d, J = 6.8 Hz, 24H) (Figure S11¥C NMR (101 MHz, CDGJ) & 163.15, 161.02,
156.38, 155.60, 145.61, 130.57, 130.38, 129.47,9123122.95, 120.75, 120.69,
120.47, 111.96, 110.72, 105.85, 55.36, 29.10, 24(BRure S17). LRMS
(MALDI-TOF): 1198.4 (Figure S23)

2.3 Preparation of light conversion films

Polyvinyl chloride (PVC) (2.4725 g) and PTCDA (02Blg) were dissolved into 16
mL THF in a mechanical stirrer containing singleyidg flask. The mixture was
stirred for 12 h at room temperature and placethe ultrasonic oscillator for 30
minutes to remove the bubbles from the mixture. Mindure was poured onto a glass
plate and paved rapidly with a glass rod. Finatlye mixture was placed into
ventilated cabinets until THF volatilized complgtebnd light conversion film of
PTCDA (0.5% mass fraction) was obtained in this wHye other light conversion
films were prepared according to the same methbd. domposite light conversion
films were prepared by tuning weight ratio of TP#eg weight ratio of TPA:
m-MeOPTCDA=1:1, 2:1 and 4:1, and maintain 0.5% Weigatio between PDI

derivatives and PVC).

3 Resultsand Discussion

3.1 Photo-physical propertiesin solutionsand PV C film



To analyze the impact of various bay position gtiestts, the UV-vis absorption
spectra and fluorescence emission spectra of sik ivatives have been
investigated in different polar solvents. As shoimnFigure S1 and Table S1, in
addition to the ultraviolet region, the PDI dyesigxt three absorption bands ranging
from 400 to 630 nm, the corresponding absorpticakpeare located near 450, 540
and 570 nm, respectively. Furthermore, the broak @@ 450 nm and the shoulder
peak at 540 nm are assigned to tlgeSs transition, while the strongest absorption
peak at 570 nm is related to thg-S transition[38]. With the increase of solvent
polarity, the maximum absorption peak (TMAP) betweeluene and THF shows
abnormal shift due to solvation effect of toluemdich leads to extended molecular
conjugation. Generally, TMAP of the PDI dyes onkhibits less than 10 nm shift
with the change of polarity of solvent, which shothat the polarity of solvent has
little influence on the ground state energy lev@bmpared with steric substituent
effects, the electron donating ability of substitisehas notable influence on electron
delocalization. Taking p-MeOPTCDA as an example, taximum absorption peak
shows the most obvious redshift in THF and DMF doethe stronger electron
donating ability of p-MeO group. Similar to absoopt spectra, the maximum
fluorescence emission peak of the dyes also extmiyishift (19 nm at most) with the
change of solvent polarity and substituent. To escréhe best yellow-green light
conversion agent, the excitation and emission speftPVC films doped PDI dyes
are tested. As shown in Figure S2 and Table S2,mbgimum excitation and
emission peak are located at 581-609 nm and 651§ 7respectively. Obviously,
larger stokes shifts are desirable for decreasing-absorption of emission, and the
red-shifted fluorescence emission peaks match wiétl the absorption spectrum of
crops in the region of red-orange light. Combinetihwthe excitation spectra, PTCDA
and m-MeOPTCDA are the most appropriate yellow-greght conversion materials
in the PDI luminogens. The maximum excitation andssion peak of PTCDA and
m-MeOPTCDA are located at 581 nm and 651 nm, résde Although the
excitation peak of two dyes slightly exceeds théinopm region of 510-580 nm,

asymmetric curve of the excitation spectra is wrofaof offsetting it. More interesting,



PDI luminogens containing -OMe group show the semallidth of the half peak
(FWHM) than that of PTCDA andBuOPTCDA. Based on the preliminary study, the
bigger FWHF often means poor uniformity of crygpalrticles or amorphous states.
Thus, we speculate that the presence of -OMe gisupeneficial to improve
crystallization properties of PDI dyes. To bettaderstand the optical characteristics
of the PDI dyes, frontier molecular orbital anasyef the luminogens was performed
by using density functional theory (DFT) at the BR/6-31G(d,p) level. As shown
in Figure 2, the electron clouds in both the highescupied molecular orbital
(HOMO) level and the lowest unoccupied moleculdritat (LUMO) level are all

predominantly placed on the PDI unit, while onlyytemounts of HOMO
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Figure 2 B3LYP/6-31G(d,p) calculated molecular orbital aitygle plots of HOMO and
LUMO levels for PTCDA, 0o-MeOPTCDA, m-MeOPTCDA, p-l0&TCDA,
m-2MeOPTCDA and t-BuOPTCDA.

levels extend to the bay-substituted aryl oxygeih urdicative of faint intramolecular
charge transfer (ICT) characteristic in the molesuh accordance with spectroscopic
results. Compared with PTCDA, the HOMOs and LUMOS$ the other
bay-substituted PDI compounds showed upshift mobxioosly due to the
electron-donating properties of —Ogldnd —Q@C4Hg groups. However, the energy
gaps of PDI derivatives were irregular. In additimnincreased MeOPTCDA, the
energy gaps of luminogens including 0-MeOPTCDA, pOPTCDA,
m-2MeOPTCDA and-BuOPTCDA were smaller than PTCDA (Figure 2), which



means that the alkoxy substituents with differgpet position and amount can cause
varying degrees of change of the HOMOs and LUMGQs. alddition to the
electron-donor ability of alkoxy groups, moleculanformation and packing also
affect optical characteristics of luminogens. Begaof the stronger electron-donor
ability, the maximum excitation and emission peads p-MeOPTCDA and
t-BUOPTCDA are longer than that of the other compsun the doping films, (Table
S2), while m-MeOPTCDA show blue-shifted maximum ie¢@on and emission
peaks. Specially, m-2MeOPTCDA exhibited the shorie®rescence emission peak

among the PDI dyes, which can be attributed to teslisPDI core and further
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Figure 3 The fluorescence spectra of PDI luminogens in PVC films under sunlight for
different days

explanation will be given in the following section.

In order to investigate the photostability of ligbbnversion agents, the test of
strengthening solar radiation is essential. Undiesngthening solar radiation (129
mW/cnf), the fluorescence emission intensity of the dgpiims is evaluated at
different times. As shown in Figure S3, after 16utes, the fluorescence intensity
of 0-MeOPTCDA and p-MeOPTCDA displays slight fluation, but, quite apart
from that, continuous radiation has almost no ®rice on the remaining PDI

luminogens. To further evaluate practical applmagperformance of PDI luminogens,



the fluorescent intensity of the doping films amedastigated after outdoor exposure to
sunlight for two months. The 0-MeOPTCDA film shosa@me minor differences, for
m-MeOPTCDA film, 91% of the initial intensity isserved, and the shape and shift
of emission peaks are unchanged. As shown in Figutbe above results indicate
0-MeOPTCDA and m-MeOPTCDA have excellent weathsistance. However, the
initial fluorescence emission intensity of the lmwgens are significantly different.
Among of them, fluorescence emission of p-MeOPTCBAthe weakest, while
PTCDA and m-MeOPTCDA exhibit the strongest fluosssze emission under
excitation of the same wavelength, which means PA@Dd m-MeOPTCDA may
have higher fluorescence quantum efficiency tham dthers. According to the
literature report[39], the aryloxy bay substitueatsl PDI core act as electron donator
and electron acceptor in bay-substituted PDI dévga respectively, while
fluorescence quantum efficiency depend on ICT éfiemn electron donor to electron
acceptor. In addition, the ICT effect is relatedthe dihedral angles between the
aryloxy groups and the PDI core as well as theeangkhe oxygen lone pair orbitals
relative to ther-orbitals of the PDI core. However, the opposientts of the two
angles lead to irregularand unpredictable ICT e$feDifferent from the literature
reports, the PDI core is twisted into two naphthale planes A and B, and dihedral
angle of the two planes should be a significaritigricing factors on ICT effects. For
comparison, PTCDA, m-MeOPTCDA and m-2MeOPTCDA hdorgger dihedral
angle between plane A and B based on moleculaststeioptimization (As shown in
Figure 4), leading to diminished ICT effects andebthifted fluorescence emission.
Meanwhile, the twisted PDI core is conducive tordasen-n stacking and improve
the solid-state fluorescence quantum efficiencyictwhs suitable for PTCDA and
m-MeOPTCDA possessing higher fluorescence quantiiciemcy than the others,
but does nothing for explaining fluorescence quarghof m-2MeOPTCDA. In
general, the alkoxy substituents on benzene riroginposition is not beneficial to the
improvement of solid-state fluorescence efficienty.addition to ICT effect and
twisted PDI core, obtaining molecular arrangemeard atacking mode may give a

better explanation. Next, we tried to cultivategséncrystals of the compounds, but



failed. Compared with the fluorescence quantunciefficy in solution and solid state,
the PVC doped films exhibit significantly enhanciabrescence emission due to

doping and dilution effect,
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Figure 4 B3LYP/6-31G(d,p) calculated molecular structure of PTCDA(a),
0-MeOPTCDA(b), m-MeOPTCDA(c), p-MeOPTCDA(d), m-2MeOPTCDA(e) and
t-BUOPTCDA(f).

especially, fluorescence quantum vyields of PTCDABUOPTCDA and
m-MeOPTCDA are up to 0.88, 0.84 and 0.78 respdglivgure 5). Based on
theoretical calculation{-BUOPTCDA has the best plane configuration generall
deteriorating the fluorescence properties of tHel state and doping films, so high
fluorescence quantum yields ®BuOPTCDA should be attributed to the steric effect
of tert-butyl reducing intermolecular interaction®@bviously, the fluorescence
quantum vyields of doping films cannot be simplytedronly by solid state quantum

yields of luminogens, for instancé&BuOPTCDA. More importantly, the twisted



degree of PDI core and largeBuO group will provide theoretical guidance for

t-BuO p-MeO o-MeO m-MeO
PTCDA PTCDA PTCDA  PTCDA C

0.01 0.01 003 =046 038 0:72 0.06 040 0:39

further molecular design of light conversion agents

Figure5 The Fluorescence quantum efficiency of PDI luming a) solid state, b) in PVC films,
¢) in solution (1x16moI/L, CHCL), from left to right: PTCDA, m-2MeOPTCDA, t-BuOPD2,
p-MeOPTCDA, 0-MeOPTCDA, m-MeOPTCDA) PVC films.

3.2 UV-visible transmittance analysis, compatibility and dispersibility of light
conversion films

Based on performance evaluation of light conversigants, it is necessary to test the
transmittance curves of doping films. Taking PVithfas reference, the transmittance
of different wavebands is calculated by integratimg area of transmittance curve. As
shown in Figure 6 and Table S3, the transmittanawecindicates that there are
different degrees of decline in the whole UV-visiga. For the doping films, the
dominant light conversion regions are still yellgneen and ultraviolet lights.
Especially, only less than 30% yellow-green light genetrate through the doping
films. Next to yellow-green light, the transmitt@nof ultraviolet light is lower than
50%. Compared to yellow green and ultraviolet lighe conversion of blue-violet
and red-orange light (600-650 nm) is not expectedrtunately, PTCDA and
m-MeOPTCDA give about 90% transmittance in theaegf 600-650 nm. Moreover,
the films doped with light conversion agents havencat no influence on
transmittance of the red-orange light (650—700 nalich should be attributed to the
good compatibility and dispersibility between thelRlyes and PVC matrix (Figure
5b).
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Figure 6 UV-visible transmittance spectra of PTCDA(a), t-BUOPTCDA(b),
0-MeOPTCDA(c), m-MeOPTCDA(d), p-MeOPTCDA(e) and m-2MeOPTCDA{flpvVC
films and blank PVC film.

Mechanical propertiesof light conversion films

Referring to national standard (GB/13022-91), madata properties of the doping
films were tested at stretching speed of 10 mmi'milfaking advantage of millesima
thickness gauge/AICE, the thickness of the lightvewsion films was tested and
calculated by averaging the testing values of fiaedom test points. As shown in
Table 1, the data indicates that PTCDA film exlsiiihe worst tensile stress, but
apparent substitution effects are found in termtens$ile stress. Compared with PVC
film, tensile stress of the other doping films armproved by nearly 30%. Contrary to
tensile stress, it is difficult to find a clear tégrity between the structure of PDI
luminogens and elongation. Among them, p-MeOPTCDlA fexhibits the best
elasticity, followed by the PTCDA, m-2MeOPTCDA, medPTCDA,
0-MeOPTCDA andt-BUOPTCDA, whilet-BuOPTCDA film suffers from a slight
decrease compare to PVC film. The large stericraimce oft-Bu may be detrimental
to formation of intermolecular hydrogen interacBorreducing elasticity of

t-BUOPTCDA.



Table 1 Mechanical properties of light conversion films.

Entry Tensile stress (Mpa) Elongation (%) Thickness
Transverse/Portrait Transverse/Portrait  (mm)
PVC 33.13/31.20 13.50/12.49 0.053
PTCDA 24.03/24.03 40.12/41.09 0.050
m-2MeOPTCDA 44.23/48.52 33.71/33.20 0.053
t-BUOPTCDA 42.07/41.87 11.53/11.37 0.054
p-MeOPTCDA 43.53/49.89 101.97/88.05 0.047
0-MeOPTCDA 38.55/47.94 20.09/13.01 0.056
m-MeOPTCDA 43.27/48.58 57.11/19.90 0.050

3.3 Thermal stability

By the comparing the performance of the light casivd agents and their doping
films, PTCDA and m-MeOPTCDA have been appointedtlas highly efficient
yellow-green light conversion agents. However, riadr stability of the light
conversion agents is an important evaluating indicaAs an ultimate showdown
between PTCDA and m-MeOPTCDA, thermal gravimetritalgsis (TGA) are
observed. The thermal decomposition of PTCDA andl@®PTCDA can be divided

into two stages. The initial decomposition tempaeg of PTCDA and
m-MeOPTCDA are 103C and 198°C respectively, according to weight loss, the

bay-substituted benzene and MeO- may be removebeirfirst stage. In addition,

PTCDA shows a faster decomposition rate than m-MeECIPA, presenting as a tilted
line in the range of 100C. The second stages occur between 4DGnd 600°C,

this rapid decomposition should be the result otodgposition, oxidation and
combustion. Generally, PTCDA and m-MeOPTCDA can tmde application
requirements of light conversion agents, but thghdi initial decomposition

temperature and up to 498 Tq4(defined as the temperature at which a sample loses

its 5% weight) indicate that m-MeOPTCDA has excdlermal stability (Figure 7).
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Figure 7 TGA thermograms of PTCDA(a) and m-MeOPTCDA(d)
recorded under nitrogen atmosphere atClin™ scan rates

The composite and the double layer coextrusion film containing m-MeOPTCDA

and TPA

Some crops prefer red-orange light compared witlebiolet light, but some crops
are just the opposite. Unfortunately, the excitaiittensity scopes of m-MeOPTCDA
cover the blue-violet region. To reduce the adveeffiect of blue-violet light
absorption as well as meet requirements of diffecesps, the tunable dual-band light
conversion films will become a development tendhia future. By tuning the adding
proportion of m-MeOPTCDA and TPA, the transmittaceves of composite films
are investigated. As shown in Figure S4 and Taller8ative to the doping film of
single light conversion agent, the composite filobwiously reduce transmittance of
ultraviolet light, and accompanied by increasirapgmittance of blue-violet light and
yellow-green light. With the increasing of TPA, nemnittance curve of the doping
film reveals tiny change in the blue-violet and gledlow-green region compared to
equal weight addition of TPA and m-MeOPTCDA. Congaawith m-MeOPTCDA
film, fluorescence emission intensity of composiiens reduced after the first
increase by UV light excitation. When the weightiéidn of m-MeOPTCDA and

TPA is 1:1 or 1:2, the enhanced red-orange lighission is obvious, however, the



luminescence intensity decreases rapidly when dagian ratio of m-MeOPTCDA
and TPA is 1:4, which means thatr interactions may occur. Unfortunately, the
fluorescence emission of all the composite filmsalmost imperceptible in the
blue-violet light region (As shown in Figure S5)ad®ed on the above investigation, a
conclusion can be drawn that the addition of TPA/ mahance emission intensity of
red orange light but do nothing to obtain dual béght conversion film, which is
attributed to Forster energy transfer from TPA tdi@OPTCDA. To eliminate side
effects of the energy transfer, the double layextmsion film containing TPA and
m-MeOPTCDA layers is prepared. Meanwhile, takindi@OPTCDA layer as outer
layer avoids absorbing blue-violet light from TPayér. As expected, the bilayer film
is succeed in dual band excitation and emissions@fsvn in Figure 8). In addition,

the special light conversion films for differentops are expected to be prepared by
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Figure 8 The fluorescence spectra of double layer coextrusion (red line,
rex=350 nm) and m-MeOPTCDA film (black linegx=550 nm)

changing addition ratio of different light convensiagents.

4  Conclusion

In summary, a series of yellow-green light conwarsagents for agricultural film
based on bay-substituted PDI dyes were succesgivdipared after two steps of
reaction. The PDI fluorophores suffer from aggragatinduced fluorescence

guenching problem, but exhibit enhanced fluoreseesmission properties in PVC



doped film. Especially for PTCDAt-BUOPTCDA and m-MeOPTCDA, the
fluorescence quantum yields are up to 0.88, 0.840an8 respectively. The excellent
fluorescence property is attributed to dilutioneetf and restrained vibration and
rotation coming from polymer matrix, decreasingeimtolecular interaction by large
substituent groups and twisted PDI core. MeanwhiieMeOPTCDA shows
remarkable photo stability, and the fluorescencésion intensity of the doping film
displays slight changes by strengthening solaratadi (129 mWi/crf) for 160
minutes, and fluctuates within the range of 9 petiage after outdoor exposure to
sunlight for two months. The comprehensive evatuatif the doping film in terms of
such aspects as optical characteristics, mechaproglerties and thermal stability
indicate m-MeOPTCDA is the best light conversionerslgamong of the PDI
luminogens. The light conversion film doped m-Me@®IA not only emit matched
fluorescence (651 nm) with absorption spectra obpsr but also maintain
transmittance of 45% ultraviolet light and 25% geligreen at 0.5wt% compared to
the blank PVC film, which means ultraviolet lighhdayellow-green light can be
converted effectively by m-MeOPTCDA, the resultdigate that m-MeOPTCDA has
practical application value as light conversionrdagesed for agricultural film. Based
on the optical properties of the composite and toubyer coextrusion film
containing m-MeOPTCDA and TPA, the composite filangot achieve dual band
emission due to energy transfer between m-MeOPT@DBA TPA, while blue-violet
and red-orange light emission can be detected ameously from the double layer
coextrusion film by ultraviolet excitation, meanve)i single red-orange light
emission can be detected by yellow-green excitatiddnch will provide an effective
way to obtain the special light conversion filmg flifferent crops by tuning the

addition ratio of m-MeOPTCDA and TPA.
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Table S1. UV-vis absorption and fluorescence emission wagile of six compounds
at different solvents.

Entry Amax (NM) Amad (NM) FWHM (nm)
PTCDA 573/567/575  601/598/608 37.08/43.06/41.69
m-2MeOPTCDA 571/566/573  605/609/615 35.59/41.46132.
t-BUOPTCDA 579/575/581  613/599/617 37.45/35.89/80.2
p-MeOPTCDA 586/567/586  613/599/617 34.72/40.06/80.1
0-MeOPTCDA 584/581/585  609/605/615 33.52/35.22/87.9
m-MeOPTCDA 575/567/575  601/600/608 36.44/39.14/80.4

3 The maximum absorption wavelengthe maximum emission wavelengtfhe peak width at
half height (FWHM) of maximum emission peaks irfalié€nt solvents. (left: toluene, middle: THF,
right: DMF).

Table S2. The maximum excitation wavelength and fluoresceramission
wavelength of six light conversion films.

Entry Aexc (NM) et (NM) FWHMC (nm)
PTCDA 582 651 48.89
m-2MeOPTCDA 583 647 44.40
t-BUOPTCDA 590 658 50.06
p-MeOPTCDA 609 667 45.24
0-MeOPTCDA 590 657 46.22
m-MeOPTCDA 581 651 45.66

4 maximum excitation wavelength. maximum emission wavelength.the peak width at half
height (FWHM) of maximum emission peaks in PVC film

Table S3. Light transmittance of light conversion films aifferent wavelength
ranges.

Entry A (200-400nm) A (400-500nm) 2 (500-600nm) % (600-650nm)
PTCDA 47.00% 58.93% 27.22% 89.13%
m-2MeOPTCDA  45.01% 55.50% 26.97% 91.21%
t-BUOPTCDA 46.06% 57.12% 29.07% 29.07%
p-MeOPTCDA 40.92% 47.83% 21.88% 60.80%
0-MeOPTCDA 45.48% 56.84% 23.52% 75.92%

m-MeOPTCDA 45.17% 54.91% 25.43% 89.29%




Table $4. Light transmittance of mixed light conversion fgrat different
wavelength ranges (the mass of m-MeOPTCDA:TPA=1LLD, 1:2, 1:4).

Entry A (200-400nm) % (400-500nm) A (500-600nm) 2 (600-650nm)

1:0 45.17% 54. 91% 25.43% 89.29%
1:1 21.74% 60.26% 29.90% 91.92%
1:2 16.24% 60.13% 30.35% 91.67%
1:4 11.94% 61.67% 31.68% 91.31%
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Figure S1 UV-vis absorption and fluorescence emission speautiPTCDA(a),
t-BUOPTCDA(b), 0-MeOPTCDA(c), m-MeOPTCDA(d), p-MeDEDA(e)
and m-2MeOPTCDA(f) in different polar solvents (D¥Imol/L).
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Figure S2. The excitation and emission spectra of t-BuOPTCRA(
m-MeOPTCDA(b), PTCDA(c), p-MeOPTCDA(d), o-MeOPTCD#(@nd
m-2MeOPTCDA(f) in PVC doped films (0.5% additionno@ntration by weight).
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Figure S3 The fluorescence spectra of PTCDA(a), t-BuOPTCDA(b
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Highlights
1. As light conversion materials for agricultural film, the application and evaluation of bay-
substituted PDI derivatives are investigated in detail.
2. m-MeOPTCDA exhibited matching fluorescence emission with crop absorption in doping film.
3. The fluorescence quantum yields of PTCDA, t-BuOPTCDA and m-MeOPTCDA are up to 0.88, 0.84
and 0.78 in doping films.
4. The m-MeOPTCDA-doped film displays excellent photo-stability after strengthening solar
radiation and outdoor exposure to sunlight.
5. The double layer coextrusion film containing m-MeOPTCDA and Triphenyl acrylonitrile is succeed

in dual band excitation (350 nm and 580 nm) and emission (430 nm and 651 nm).



