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Abstract

Thermal stabilities, solubilities redox potentials and photophysical parameters of 10 syntiésikgt{aryl) derivatives of naphthalene
diimides were studied for selecting the best derivatives at concentrated sun light experivaanfissubstitutions created better thermal
stabilities than thév-alkyl substitution in naphthalene diimides. LUMO energy levels of NDls, calculated from redox potentials, in the range
of —3.55/-3.68 ev, proved that the naphthalene diimides can inject electrons efficiently in titania based organic dye sensitized solar cells.
Fluorescence lifetimes of naphthalene diimidgs; 11-34 ps, are faster than that of perylene diimides4 ns. Calculated photooxidation
quantum vyields with a naphthalene diimide photosensitizer for the direct sun light oxidation reaction of anthrgcefe0is4, and for
the concentrated sun light of 10.2 sungis 0.044. In general photooxidation quantum yield efficiencies of naphthalene diimides under
concentrated sun light irradiations are found to be higher with respect to the perylene dimide photosensitizers, due to production of bott
singlet oxygen and superoxide anion radical and enhancement of low wavelength solar radiation with aluminium surfaced mirror under
concentrated sun light.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction cal applications, specifically under concentrated sun light.
In order to be able to achieve a true scientific correlation
Naphthalene diimides, NDI, attract interests in biological among the solar photooxidation processes, one has to be
and medical areas as well as in supramolecular chemistry andable to give the accurate number of photons absorbed by
material science, based on their thermal and photo stabilitiesthe chemical reactants at the reaction time and be able to
and as well efficient photo energy transfer abilifigs4]. calculate the quantum yields. A major problem for the out
Photooxidation reactions are the major types for photo door solar photooxidations is the unpredictable solar irradia-
processes that are employed for the photosynthesis of finetions; varies by day light period, date, geographical locations,
chemicals. Quantum vyields of these reactions can be cal-atmospheric conditions, etc. The transfer of sun light into the
culated in laboratory conditions efficiently under constant spectrofluorometer laboratory room with a fiber optic cable
irradiation conditions with lamps. Photooxidations under sun during solar experiments, capabled us to measure quantum
light are foreseen to have high potentials for technologi- yields under direct/concentrated sun light fast and efficiently.
An application of the measurement of quantum yields under
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Table 1

Naphthalene diimides, NDI, synthesized and investigated for photophysical parameters and for photoenergy transfer studies
(6]

O~
(Ar) R—N N—R (Ar)
7O~

[NDI]

R- R-

n-Butyl [NDI]-I CH 3CH2CH,CHo— [NDI]-IV cyclohexyl

n-Dodecyl [NDI]-II CH3(CH)10CH— [NDI]-V dehydroabietyl
CH,

Isoamy! [NDIJ-I11 CHCHCH,—
CH,

Ar- Ar-

Phenyl [NDI]J-VI @ [NDIJ-VIIl p-bromopheny! Br < :>
p-Toluidine [NDI]-VII CH3_< :>_ [NDIJ-IX a-naphthyl :

This work is an application to the standart photooxida- systems. The aim to study the thermal stabilities, photophys-

tion reaction of anthracene in the presence of naphthaleneical parameters and redox potentials at seven derivatives of

diimide photosensitizer under direct and concentrated sunnaphthalene derivatives was to be able to select the most

light. proper molecular model at photooxidation studies under con-
NDIs are proven to form both the anion radical of oxy- centrated sun light with an aromatic dimide photocatalyst. We

gen and the singlet oxygen;10%, in presence of oxygen have selected a reference compound anhracene for the solar

under irradiation > 350 nnf6]. N-alkyl derivative of NDIs photooxidation reaction, in presence &fphenyl naphtha-

reduce a-terpinene top-cymene, endoperoxide and oxy- lene diimide [NDI]-VI, under direct and concentrated sun

genated products during the photooxidafieh N-butyl NDI light. Studied the quantum yield efficiences of photooxida-

photooxidizes succesfully citronellol to rose oxide under tion reaction under varying intensity of sun light.

direct and concentrated sun ligf&]. In general aromatic

diimides have low solubilities in organic solvents. One of

the possible approaches to overcome this solubility problem 2. Experimental

is the molecular modification of the naphthalene diimides

— i.e. introduction of flanking bulky aliphatic and aromatic 2.7/. Materials

substituents in order to prevent aggregati®sW\e have syn-

thesized seven derivatives of naphthalene diimides, studied Tetrabutylammonium hexafluorophosphate (TBARF

photophysical parametergable 1), thermal stabilities, photo  ferrocene, naphthalene, anthracene, pyrene, perylene were

energy transfer on fluorescence emisson quenching with aro-obtained from Fluka and Merck. The organic solvents which

matic donors, measured HOMO-LUMO energy levels for used in spectroscopic measurements (acetonitrile, chloro-

predictions on their capabilities in electrically conducting form) were of spectrophotometric grade.



216 S. Erten et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 214-220

2.2. Organic synthesis Photooxidation processes were performed using an auto-
matic focused solar concentrator as described previously
The preparation method and molecular structures of naph-[8].
thaleneV,N'-disubstituted imides were explained in our pre-
vious articleqd4,6,7].
3. Result and discussion
2.3. Spectroscopic measurements
3.1. Thermal stabilities of naphthalene diimides
Fluorescence lifetimes of synthesized compounds were
measured with a Time Correlated Single Photon Counting  Naphthalene dimides are reported to be thermal and
System. The fluorescence decay times and time-resolvedphotostable moleculef/—9]. Thermal stabilities are best
spectra of naphthalené N -disubstituted imides in chloro-  proven on their thermal gravimetry measurements. TGA
form solutions have been determined by the sub-nanosecondurves of four NDI derivatives aV,N'-bis(z-butyl)-1,4,5,8-
pulsed LEDs. The system consists of a pulsed laser driver andnaphthalene diimide [NDI-I]N,N'-bis(z-dodecyl)-1,4,5,8-
interchangeable LED heads. LED heads with center wave- naphthalene diimide [NDI-II],N,N'-bis(dehydroabietyll)-
lengths of 460 nm are available and can be provided with 1,4,5,8-naphthalene diimide [NDI-VI], anaV,N'-bis(p-
optional spectral bandpass filters to excite samples with abromofenil)-1,4,5,8-naphthalene diimid [NDI-XI], were seen
narrow spectral range. In addition, the pulse width and power to give a thermal stability in a range of 300-410Q
level can be tuned with the adjustable power level control ~ N,N'-bis(z-butyl)-1,4,5,8-naphthalene diimide [NDI-I];
of the PicoQuant driver, to tailor the pulse shape and power decomposition temperature starts from 3@0and ends
level to the application requirements. The fluorescence decay398°C.
histograms were recorded in 2893 channels and the fluores- N,N'-bis(z-dodecyl)-1,4,5,8-naphthalene diimide [NDI-
cence decays were analyzed by using a Marquardt Algorithm 1], loses 10% of its weight at 399C, 40% of its weight at
(Knutson et al., 1983) with a multiexponential fluorescence 426°C, 70% of its weight at 442C, and 86% of its weight at
decay fit (FluoFit) software. The quality of the fits has been 451°C. Decomposition temperature starts from 3€land
judged by the fitting parameters such g&<1.2as well ends 452C. The side chain on naphthalene dimide group is
as by the visual inspection of the residuals and autocorre-an aliphatic alkyl group with 12 carbonBig. 1).
lation function (O’Connor and Phillips, 1984). The instru- N,N'-bis(dehydroabietyll)-1,4,5,8-naphthalene diimide
ment response function (IRF) has been measured using gNDI-VI] has a bulky diterpene group with an aromatic
ludox scattering solution. All measurements have been per-ring. It appears to be more stable than other derivatives
formed in 1 cm optical path length cuvettes. The compounds with aliphatic alkyl substituents. This molecule is the most
have been dissolved in chloroform at an optical density of soluble one because the presence of bulky flanking moiety
below 0.1. [5]. Molecule loses 10% of its weight at 43C, 40% of
TGA curves of NDI were taken by using Perkin-Elmer its weight at 466C, 70% of its weight at 482C, 90% of
Thermogravimetric Analyzer Pyris 6 TGA. Cyclic voltame- its weight at 494C. Decomposition process is completed
try measurements were done with a Metrohm 746 VA Trace between 400 and 50C.
Analyser equipment. The intensity of the solar radiation  N,N’-bis(p-bromofenil)-1,4,5,8-naftalene diimid [NDI-
between 300 and 800 nm was measured by a Kippp & ZonnenXIl], loses 10% of its weight at 469C, 40% of its weight
CM 11 piranometer as W nif. at510°C, 70% of its weight at 528C, and 83% of its weight
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Fig. 1. TGA Curve ofV,N -bis(z-dodecyl)-1,4,5,8-naphthalene diimide [NDI-II].
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/A Table 3
-144 UV, Amax (nm) and fluorescence spectroscopy data, fluorescence quantum
104 yields, ¢, fluorescence lifetimeg; (ps) of NDI in acetonitrile
N R (Ar) Amax  Tf o )“}1 A?”I )“?}1
Butyl [NDI-1] 376 14 0.006 394 409 435
21 n-Dodecyl [NDI-2] 378 15 0.006 392 403 436
5] Isoamyl [NDI-3] 377 15 0.005 395 409 435
Cyclohexyl [NDI-4] 377 11 0004 392 409 442
6 - Dehydroabietyl [NDI-5] 378 18 0.002 396 403 437
ulv Phenyl [NDI-6] 376 30 0.002 395 403 437
0% ] 5 B > o-Chloro phenyl [NDI-7] 375 12 0.002 395 405 437
p-Bromo phenyl [NDI-8] 376 11  0.002 395 404 441
Fig. 2. Cyclic voltammogram ofV,N'-bis(isoamyl)-1,4,5,8-naphthalene p-Tolyl [NDI-9] 376 23 0.004 393 404 440

at 537°C. Decomposition process is completed between .

400 and 537C. This result proves that presence of a pure £-1—E-2, in the range 0f-0.91/-1.10V [10,11} The
aromatic N-substitution, thermal stability is the highest. esultsare shown ifable 2 Cyclic voltogram measurements
Although temperature in the reaction vessels do not rise more€onfirm the electron acceptor capabilities of naphthalene
than 5-10C, selection ofN-aryl substituted naphthalene diimides in reduction process. LUMO energy values for
dimide derivatives for concentrated sun light experiments ND! derivatives were calculated by using CV voltammo-

may be a better choice. gram. In calculations, for zero vacuum level belong to
ferrocene was taken as 4.8eV The equation employed
3.2. CV measurements for NDI derivatives at calculations of redox potentials and HOMO-LUMO

energies NDIs is; ELymo = —€(E1/2(redox)— Efer +4.8),

CV measurements for nine NDI derivatives were taken EHOMO =NClofiset— ELumo), where hc = 1240 eVj.offset=
by using Metrohm 746 VA Trace Analyser equipment. For 400NM, Eaverage Values are the average of first and
measurements, glassy carbon electrode as working elecS€cond reduction potentials, anfer is 0.39V (versus
trode, Pt electrode as counter electrode, Ag/AgCl electrode A9/AJC]). LUMO energy levels of NDIs are in the range
as reference electrode were used. Solutions were prepare@’ —3-55/-3.68 ev. This value is higher than for the HO
in chloroform as 1x 10-3M concentration. Tetrabutylam- ~ —#%-2€V and similar to the perylene diimides3.5/-3.7 eV
onium hexafluorophosfate (TBARE 0.1M, was used as [12]. A clear indication _that t_he naphthgllene. d||m|de§ can
supporting electrolyte. In cyclic voltametry measurement, Present photo electron injection capabilities in organic dye
ferrocene was used as internal reference electrode and scars€nsitized solar cellfl3]. A basic handicap is very low
ning rate 100 mV/25C in inert atmosphere. absorption of NDIs in the visible region.

Cyclic Voltammogram ofN,N'-bis(butyl)-1,4,5,8-naph-
thalene diimide [NDI-1], is seen ifrig. 2 In agreement  3.3. Fluorescence lifetime and quenching studies
with the CV data of reported earlier measurements for measurements studies
all of the NDI derivatives two reversible reductions were

observed as first reduction potentigfp—E_1, in the UV absorbance and fluorescence spectropy data are seen
range of —0.48/-0.67V and second reduction potential, inTable 3 Fluorescence lifetime measurements are done with

Table 2

Redox potentials and LUMO-HOMO energy levels of naphthalene diimides calculated from cyclic voltametry measurements

R (Ar) Eo— E_12 (Volt) E_1—E_5" (Volt) Eaveragé (Volt) LUMO (eV) HOMO (eV)
Butyl [NDI-1] —0.58 —-1.10 —-0.84 -3.57 —6.67
n-Dodecyl [NDI-2] —0.66 —0.99 —0.83 —3.58 —6.68
Isoamyl [NDI-3] —0.65 —-1.05 —-0.85 —3.56 —6.66
Cyclohexyl [NDI-5] —0.67 —-1.05 —0.86 —3.55 —6.65
Dehydroabietyl [NDI-6] —0.66 —~1.05 —0.86 —3.55 —6.65
Phenyl [NDI-7] —0.55 —0.95 —0.75 —3.66 —6.76
p-Bromopheny! [NDI-11] —0.54 —0.91 —-0.73 —-3.68 —-6.78
p-Tolyl [NDI-12] —0.59 —-1.04 -0.81 —3.59 —6.69
a-Naphthy! [NDI-13] —0.48 —0.95 -0.71 —3.69 —6.79

Erer=0.39V (Ferrocene is internal reference electrode).
a Ep — E_1 =first reduction potential for NDI derivatives.
b E_, — E_,=second reduction potential for NDI derivatives.
¢ Eaverage= the average of first and second reduction potentials used for calculation of LUMO-HOMO energy levels.
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Fluorescence quenching rate constants of aromatic donor molecules by addi-
tion of N,N'-bis(dehydroabietyl)-1,4,5,8-naphthalene dimide in chloroform

Fig. 3. The fluorescence lifetime scattering /6fV'-bis(dehydroabietyl)-

1,4,5,8-naphthalene diimide [NDI-5]. Donor molecule kq (x101°M~1s™
Naphthalene 1.1

time resolved fluorescence spectrophotometer at picosecondntracene 15

accuraciesKig. 3). Absorbance, emission, fluorescence life Pyrene 2.3

times and fluorescence quantum yields of 10 naphthalenePerylene 25

dimide derivatives are in agreement with the similar data that

are given in earlier repor{g,6-11} Fluorescence lifetimes  aromatic donor molecules, naphthalene, anthracene, pyrene,

of naphthalene diimides; = 11-34 ps, are faster than that of perylene, were prepared at 7M. Fluorescence quench-

perylene diimidests =4 ns[14], which may be attributed to  ing measurements were carried out each time by adding

the higher number of condensed aromatic rings in perylene 20l of quencher into donor molecule solution. This pro-

moiety (Fig. 4). cess was repeated 30 times. The quenching rates are found
Naphthalene diimides are well-known as electron accep- to increase from 1.% 101°M—1s1t0 2.5x 1010M~1s1,

tors[2-4,6-10] Fluorescence quenching rate constakys,  withthe increase af-electron donor capacity of the quencher

were calculated using the Stern—Volmer plfis (Fig. 5). molecule. A similar trend is seen with perylene diimides but

In order to avoid the aggregation effects, most soluble at higher quencher rates, 2M~1s~1 [15], which may be

derivative among the 10 NDIsY,N'-bis(dehydroabietyl)-  again attributed to the presence of higher number of con-

1,4,5,8-naphthalene dimide is chosen for quenching exper-densed aromatic ringd4ble 4.

iments[6]. Concentration of quencher solution in chloro-

form [NDI-3], N,N'-bis(dehydroabietyl)-1,4,5,8-naphthalene  ; 4 Actinometry studies

diimide was 103 M. All of the chloroform solutions of the

Naphthalene diimide—NDI photosensitizers are known to

500000 produce singlet oxygen as well as super oxide anion radical
in presence of oxygef,6—10] Anthracene is expected to
400000 give an endoperoxide product with singlet oxygen or oxy-
genated products at 9,10-positions with super oxide anion
~. 300000 radical in presence of NDI, direct or concentrated sun light at
[ aerated solutions. One can measure the rate of oxidation by
E 200000- recording the absorbance and/or fluorescence emission band
of anthracene during course of solar irradiation.
1000004 @ @ @ sun light, NDI, air @@@
- . O
0

T T T T T T LI L | T T T LI 1 Ant d id
340 360 380 400 420 440 460 480 500 520 Antracene niracene endoperoxice
Wavelength (nm) . . . .
Singlet oxygen is known to form from the triplet excited
Fig. 4. Fluorescence emission quenching of pyrene in chloroform solution, Staté and superoxide anion radical to form from the sin-
with increasing [NDI-5] concentration. glet excited state of naphthalene dimide, NDI. Naphthalene
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diimides are reported to for_m bot.h the ;inglet oxygen by 4000000 /A
energy transfer and superoxide anion radical through the for- .
mation of cation radical by electron transf8t. NDI photo- 85000001
catalyst generated photooxidation reaction mechanisms both 30000004
with the singlet oxygen and the superoxide anion radical is . ]
i 2 2500000
shown in the scheme below: @ ] B
sun light % 20000007
1 3 = :
NDI — +(NDI)* + *(NDI)* 15000004
energy transfe 1 000000:
3INDI)* + 30, "L DI + 10,(singlet oxygen) 1
500000
IOZ (=> C. T T T T T T T T T T T T T U
- 400 450 500 550 600 650 700
0-0 Wavelength (nm)
1 . electron transfer o(-) —
(NDD* + 77\ (NDI) ~ + ( o/ \(+)) Fig. 7. Fluorescence emission spectra of anthracene (A) before irradiation

under direct sun light(exe= 366 nm), (B) after irradiation under direct sun

(NDI)'(_) + 302 — NDI + O‘(z_)(superoxide anionradical) Iigh_t (1 sun), _in presence of phenyl derivative [NDI-VI] in air bubbled ace-
tonitrile solution. Anthracenecp]=1.76x 106 M.

-()

( / ‘(+)) > < o- > whereCy, and C; are the anthracene concentrations prior to
and after the irradiation, respectivelig the reaction volume,

Naphthal dimid ted t ht idi t- . A . .
aphthalene dimide is expected to photooxidize unsa t the irradiation time per cycle in seconds. dggkis

utared organic molecular structures more efficiently with
respect to perylene diimides by the formation of two oxida-
tive reagents of singlet oxygen and superoxide anion radical. Taps= o
Perylene diimides, singlet photosensitizers form only super-
oxide anion radical. Disadvantage of naphthalene diimides
at solar photooxidation reactions is they absorb only a small
part of solar spectrum, where perylene diimides absorb morewhereA is the absorbance of naphthalene dimide sensitizer,

I
[ } withe =1 — 1074
Na

Io = 0.975E(4.716 x 10°) "SANA

in visible region. o I, the intensity of the incident light in photons’ E the
The quantum yielg for photooxidation of antracene was  incident solar energy in mw cn?, 4.716x 10° the number
calculated using the following equati¢t6,17] of milijoules per einstein§a the surface area of the reaction
Co— Ci vessel, 12 crhat direct sun light and concentrated sun light
p=—— experimentsiVp is the Avogadro’s constant. Direct sun light,
Laps/ VRt
0,5+ 0,5+
0,4 /A 0,4+ = A
§ 03 B s 0.3+
45_ =
:
2 0,24 g 0,2
0,14 0,1+ B
0’0 T T T T T T T T T N T N T T 1 070 T T T T T T UL v T T T T 1
300 350 400 450 500 550 600 650 300 350 400 450 500 550 600 650
Wavelength (nm) Wavelength (nm)

Fig. 6. The absorption spectra of anthracene (A) before irradiation under Fig. 8. The absorption spectra of anthracene (A) before irradiation under

direct sun light, (B) after irradiation under direct sun light (1 sun), in concentrated sun light, (B) after irradiation under concentrated sun light

presence of phenyl derivative [NDI-VI] in air bubbled acetonitrile solu- (10.2 sun), in presence of phenyl derivative [NDI-VI] in air bubbled acetoni-

tion Anthracene (before irradiation)c] =1.76x 108 M, A1 =323nm, trile solution. Anthracenerp] =1.76x 1078 M, 11 =323 nm,> =339 nm,
=339nmA3=356 nmA4=374nm. A3=356NmA4=374nm.
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4000000 the solar spectrum, but a silver surfaced mirror do not reflect
the radiation below 400 nn¥{gs. 6-9.
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