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Abstract Charge-transfer (CT) complexes formed from the reactions of two N,N0-bis-alkyl deriv-

atives of 1,4,6,8-naphthalenediimide such as N,N0-bis-[2-hydroxyethyl]-1,4,6,8-naphthalenediimide

(BHENDI) and N,N0-bis-[2-N,N-dimethylaminoethyl]-1,4,6,8-naphthalenediimide (BDMAE NDI)

with DDQ, CHL, TCNQ, DCQ and DBQ as p-acceptors have been studied spectrophotometrically

in chloroform and/or methanol at 25 �C. The photometric titration curves for the reactions

indicated that the data obtained refer to 1:1 charge-transfer complexes of [(BHENDI)(DDQ)],

[(BDMAENDI)(DDQ)], [(BHENDI)(CHL)], [(BDMAENDI)(CHL)], [(BHENDI)(TCNQ)],

[(BDMAENDI)(TCNQ)], [(BHENDI)(DCQ)], [(BDMAENDI)(DCQ)], [(BHENDI)(DBQ)]

and [(BDMAENDI)(DBQ)] were formed. Benesi–Hildebrand and its modification methods were

applied to the determination of association constant (K), molar extinction coefficient (e). The solid
CT complexes have been synthesized and characterization by different spectral methods.
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1. Introduction

In the recent few years N,N-bis-substituted-1,4,6,8-naphtha-
lenediimides have been investigated intensively because of their

promising applications. They can be used in solar energy col-
lectors (Angadi et al., 1998), electronic and molecular devises
(Lee et al., 1999; Andric et al., 2004), DNA sensors (Lee
et al., 1999) or antibacterial agents (Gosztola et al., 2004;

Takenaka et al., 2000) and photoactive materials (Yamashita
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et al., 2002; Barros et al., 1997). The quenching effect on

the fluorescence intensity of N,N-bis-substituted-1,4,6,8-naph-
thalendiimides have been investigated (Wiederrecht and
Wasielievski, 1998; Alp et al., 2000). A systematic quantitative
study of the solubility of various naphthalendiimides in organ-

ic solvents with different polarity has been investigated by
means of UV–Vis spectroscopy (Usun et al., 2003).

Charge-transfer complexes using organic species are inten-

sively studied because of their special type of interaction,
which is accompanied by transfer of an electron from the do-
nor to the acceptor (Das et al., 2000; Jones and Jimenez, 1999).

Also, protonation of the donor from acidic acceptors are gen-
erally rout for the formation of ion pair adducts (Smith et al.,
2000, 1998, 1997).

Following our studies of charge-transfer complexes (Refat
et al., 2006; Refat and El-Didamony, 2006; Refat et al.,
2006a,b, 2007, 2008a,b; Refat et al., 2010-a, 2011), this work
was undertaken to investigate spectrophotometrically the CT

complexes formed between N,N0-bis-[2-hydroxyethyl)]-1,4,6,8-
naphthalenediimide and N,N0-bis-[2-N,N-dimethylamino-
O O

O O

OO

R-NH2

80°CH2O,

(Where R = CH2CH2OH for (BHENDI) and

Scheme 1 Synthesis of N,N0-bis-alkyl der

Table 1 CHN analysis and physical parameters data of N,N0-bis-a

Compounds (FW) Mwt Color

BHENDI 354.10 Light pink

C18H14N2O6

BDMAENDI 408.10 Yellow

C22H24N4O4

[(BHENDI)(DDQ)] 581.01 Dark violet

C26H14N4Cl2O8

[(BDMAENDI)(DDQ)] 635.11 Red

C30H24N6Cl2O6

[(BHENDI)(P-CHL)] 599.88 Brown

C24H14N2Cl4O8

[(BDMAENDI)(P-CHL)] 653.98 Yellow

C28H24N4Cl4O6

[(BHENDI)(TCNQ)] 558.19 Blue

C30H18N6O6

[(BDMAENDI)(TCNQ)] 612.29 Yellow

C34H28N8O4

[(BHENDI)(DCQ)] 654.45 Brown

C24H16N3Cl3O7

[(BDMAENDI)(DCQ)] 618.55 Brown

C28H26N5Cl3O5

[(BHENDI)(DBQ)] 653.37 Brown

C24H16N3Br2O7Cl

[(BDMAENDI)(DBQ)] 707.47 Brown

C28H26N5Br2O5Cl

a (Calculated) found.
ethyl)]-1,4,6,8-naphthalenediimide as donor with DDQ, CHL,

TCNQ, DCQ and DBQ as p-acceptors.
2. Materials and methods

2.1. Preparation of N,N0-bis-alkyl derivatives of 1,4,6,8-
naphthalenediimide

All chemicals used throughout this work were Analar or
extra pure grade. The synthesis of N,N0-bis-alkyl derivatives

of 1,4,6,8-naphthalenediimide such as N,N0-bis-[2-hydroxy-
ethyl)]-1,4,6,8-naphthalenediimide (BHENDI) and N,N0-bis-
[2-N,N-dimethylaminoethyl)]-1,4,6,8-naphthalenediimide

(BDMAENDI) was discussed (Lever, 1985) (Scheme 1). The
synthesis route for obtaining 1,4,6,8-dicarboxnaphthalenes
(BHENDI) and (BDMAENDI) were synthesized by condensa-

tion of 1,4,6,8-tetracarboxilic dianhydride (2.69 g, 0.01 mol)
and 2-aminoethanol (1.9 ml, 0.04 mol) for (BHENDI) or
2-N,N-diethylethylamine (3.5 ml, 0.04 mol) for (BDMAENDI)
N N

O O

O

RR

O

 CH2CH2N(CH3)2 for (BDMAENDI)) 

ivatives of 1,4,6,8-naphthalenediimide.

lkyl-1,4,6,8-naphthalenediimide and their CT complexes.

Mp (�C) Elemental analysisa

%C %H %N

321–323 (61.86) (3.95) (7.91)

61.79 3.86 7.83

279–281 (67.70) (5.88) (13.72)

67.49 5.78 13.64

>300 (53.70) (2.41) (9.63)

53.33 2.39 9.61

301 (56.69) (3.77) (13.22)

56.57 3.65 12.98

>300 (48.01) (2.33) (4.66)

47.59 2.30 4.55

254 (51.37) (3.67) (8.56)

50.98 3.54 8.51

>300 (64.51) (3.22) (15.05)

64.32 3.09 14.88

249 (66.66) (4.57) (18.30)

66.31 4.50 18.11

245 (51.01) (2.83) (7.44)

50.42 2.80 7.35

229 (54.32) (8.78) (11.31)

54.09 8.74 10.98

239 (44.08) (2.45) (6.42)

43.55 2.35 6.34

228 (47.50) (3.67) (9.89)

47.36 3.56 9.77
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in aqueous solution. The suspension was heated at 80 �C for

8 h. The precipitate was filtered and washed with acetone.

2.2. Preparation of N,N0-bis-alkyl derivatives of 1,4,6,8-
naphthalenediimide-acceptor charge-transfer complexes
(acceptor = DDQ, DCQ, DBQ, CHL and TCNQ)

The charge-transfer (CT) complexes formed from the reactions

of two N,N0-bis-alkyl derivatives of 1,4,6,8-naphthalenediimide
such as N,N0-bis-[2-hydroxyethyl)]-1,4,6,8-naphthalenediimide
(BHENDI) and N,N0-bis-[2-N,N-dimethylaminoethyl)]-1,4,6,8-

naphthalenediimide (BDMAENDI) with DDQ, DCQ, DBQ,
CHL and TCNQ as p-acceptors as following.

2.2.1. [N,N0-bis-[2-hydroxyethyl]-1,4,6,8-naphthalene-
diimide]–DDQ, DCQ, DBQ, CHL and TCNQ complexes
The (1:1) charge-transfer complexes [(BHENDI)(DDQ)] (dark

violet(, [(BHENDI)(DCQ)] (dark brown), [(BHENDI)(DBQ)]
(dark brown), [(BHENDI)(CHL)] (brown) and [(BHENDI)-
(TCNQ)] (blue) were prepared by mixing 1 mmol of the donor
in chloroform (10) ml with 1 mmol of the each acceptors

DDQ, DCQ, DBQ, CHL and TCNQ in the same solvent with
constant stirring for about 30 min. The solutions were allowed
to evaporate slowly at room temperature, the solids filtered

and washed several times with little amounts of solvent, and
dried under vacuum over anhydrous calcium chloride.

2.2.2. [N,N0-bis-[2-N,N-dimethylaminoethyl]-1,4,6,8-naphthale-
nediimide]–DDQ, DCQ, DBQ, CHL and TCNQ complexes
The (1:1) charge-transfer complexes [(BDMAENDI)(DDQ)]

(red), [(BDMAENDI)(DCQ)] (brown), [(BDMAENDI)(DBQ)]
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Figure 1 Electronic absorption spectra of; (A) BHENDI/DDQ, (B) B

BHENDI/DBQ reactions in CH3OH and/or CHCl3. (a) = donor (1.0
(brown), [(BDMAENDI)(CHL)] (yellow) and [(BDMAENDI)-

(TCNQ)] (yellow) were prepared by mixing 1 mmol of the
donor in chloroform (10) ml with 1 mmol of the each accep-
tors DDQ, DCQ, DBQ, CHL and TCNQ in the same sol-
vent with constant stirring for about 30 min. The solutions

were allowed to evaporate slowly at room temperature, the
solids filtered and washed several times with little amounts
of solvent, and dried under vacuum over anhydrous calcium

chloride.
3. Instrumentation and physical measurements

3.1. Electronic spectra

The electronic spectra of the donors, acceptors and the resulted
CT complexes were recorded in the region of (200–800 nm) by

using a Jenway 6405 Spectrophotometer with quartz cells,
1.0 cm path in length.
3.2. Photometric titration

Photometric titration was performed at 25 �C for the reactions
of donors with acceptors in chloroform, as follow: the concen-

tration of the donors in the reaction mixtures was kept fixed at
5.0 · 10�4 M, while the concentration of acceptors were chan-
ged over a wide range from X · 10�4 to Y · 10�4 M. These

produced solutions with donor: acceptor molar ratios varying
from 1:0.25 to 1:4.00.

IR measurements (KBr discs) of the solid donors, acceptor

and CT complexes were carried out on a Bruker FT-IR
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HENDI/CHL, (C) BHENDI/TCNQ, (D) BHENDI/DCQ and (E)

· 10�4 M), (b) = acceptor (1.0 · 10�4 M) and (c) = CT complex.
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Figure 2 Electronic absorption spectra of: (A) BDMAENDI/DDQ, (B) BDMAENDI/CHL, (C) BDMAENDI/TCNQ, (D)

BDMAENDI/DCQ and (E) BDMAENDI/DBQ reactions in CH3OH and/or CHCl3. (a) = donor (1.0 · 10�4 M), (b) = acceptor

(1.0 · 10�4 M) and (c) = CT complex.
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Figure 3 Photometric titration curves for: (A) BHENDI/DDQ, (C) BHENDI/CHL, (E) BHENDI/TCNQ, (G) BHENDI/DCQ and (I)

BHENDI/DBQ systems.
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Figure 4 Photometric titration curves for: (B) BDMAENDI/DDQ, (D) BDMAENDI/CHL, (F) BDMAENDI/TCNQ, (H)

BDMAENDI/DCQ and (J) BDMAENDI/DBQ systems.
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DCQ and (I) BHENDI/DBQ systems.
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spectrophotometer (400–4000 cm�1). The compositions of the
complexes were confirmed from mass spectra at 70 eV by
using AEI MS 30 mass spectrometer. The thermal analysis
(TGA&DTG) was carried under nitrogen atmosphere with

a heating rate of 10 �C/min using a Shimadzu TGA-50H
thermal analyzers.
4. Results and discussion

The elemental analysis and physical measurements data of

the CT complexes formed [(BHENDI)(DDQ)], [(BDMA-
ENDI)(DDQ)], [(BHENDI)(CHL)], [(BDMAENDI)(CHL)],
[(BHENDI)(TCNQ)], [(BDMAENDI)(TCNQ)], [(BHENDI)
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(H) BDMAENDI/DCQ and (J) BDMAENDI/DBQ systems.
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(DCQ)], [(BDMAENDI)(DCQ)], [(BHENDI)(DBQ)] and
[(BDMAENDI)(DBQ)] are listed in Table 1. All the reactions
of (BHENDI) and (BDMAENDI) with DDQ, CHL and

TCNQ were carried out in chloroform as a solvent except
for the reactions of DCQ and DBQ with two N,N0-bis-alkyl
derivatives of 1,4,6,8-naphthalenediimide donors were carried
out in methanol. The N,N0-bis-alkyl derivatives of 1,4,6,8-

naphthalenediimide charge-transfer complexes are stable in
air, soluble in DMSO and DMF.

4.1. Electronic absorption spectra

The electronic absorption spectra of the reactants; donors

N,N0-bis-alkyl derivatives of 1,4,6,8-naphthalenediimide
(donor = (BHENDI) and (BDMAENDI) (1.0 · 10�4 M) and
Table 2 Spectrophotometric results of the CT complexes of (A)

DI)(CHL)], (D) [(BDMAENDI)(CHL)], (E) [(BHENDI)(TCNQ)

[(BDMAENDI)(DCQ)], (I) [(BHENDI)(DBQ)] and (J) [(BDMAEN

CT complexes k (nm) K (l mol�1) e (l mol�1

A 480 7.980 · 104 10.58 · 102

B 356 4.440 · 104 9.700 · 104

C 290 16.72 · 104 10.41 · 104

D 292 2.590 · 106 16.19 · 102

E 355 5.320 · 104 11.37 · 104

F 357 8.500 · 104 16.20 · 104

G 357 2.620 · 104 5.940 · 104

H 355 2.490 · 104 5.990 · 104

I 357 2.640 · 104 6.120 · 104

J 355 2.410 · 104 5.970 · 104
acceptors (DDQ, CHL, TCNQ, DCQ and DBQ) (1.0 ·
10�4 M)) in CHCl3 (in the case of DCQ and DBQ CT
complexes, the CH3OH was used) along with those of the

formed 1:1 CT complexes are shown in Figs. 1 and 2A–E,
respectively. The spectra demonstrate that the formed CT
complexes show new absorption bands as follow; do not exist
in the spectra of the reactants. These bands are attributed to

charge-transfer complexes formation and can be assigned as
follow:

(i) The spectra of the complex of the general formula
[(BHENDI)(acceptor)] (acceptor = DDQ, CHL, TCNQ,
DCQ and DBQ) show new bands at 480 nm for DDQ,

290 nm for CHL, 355 nm for TCNQ, 295 and 357 nm
for DCQ and at 295 and 357 nm for DBQ complexes.
[(BHENDI)(DDQ], (B) [(BDMAENDI)(DDQ)], (C) [(BHEN-

], (F) [(BDMAENDI)(TCNQ)], (G) [(BHENDI)(DCQ)], (H)

DI)(DBQ)] CT complexes.

cm�1) E (eV) f Ip l

2.59 0.714 6.93 0.766

3.49 1.05 7.56 89.00

4.28 1.20 8.11 83.20

4.25 1.75 8.09 10.40

3.50 1.23 7.56 96.20

3.48 1.25 7.55 97.40

3.48 0.642 7.55 69.80

3.50 0.404 7.56 55.20

3.48 0.802 7.55 78.00

3.50 0.645 7.56 21.60
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(ii) The spectra of the [(BDMAENDI)(acceptor)] complexes

show new bands at 265 and 356 nm for DDQ, 292 nm
for CHL, 357 nm for TCNQ, 300 and 355 nm for
DCQ and at 300 and 355 nm for DBQ complexes.

All of these CT bands do not exist in the spectra of both
donor and acceptor or become shifted to red or blue wave-
length, which indicate the formation of the charge-transfer

complexes. The stoichiometry of the [(donor)(acceptor)]
(donor = (BHENDI) and (BDMAENDI)) reactions were
Figure 7 Infrared spectra of (A) BHENDI, (B) BHENDI/DDQ, (C

(F) BHENDI/DBQ compounds.
shown in all cases to be of ratio 1:1. This was concluded on

the bases of the obtained elemental analysis data of the iso-
lated solid CT complexes as indicated in the Table 1, as well
as from the complexes infrared spectra, which indicate the exis-
tence of the bands characteristic for both the N,N0-bis-alkyl

derivatives of 1,4,6,8-naphthalenediimide and the acceptors.
The stoichiometry of 1:1 is also strongly supported by photo-
metric titration measurements. These measurements were

based on strong absorption bands at 480 nm for DDQ,
290 nm for CHL, 355 nm for TCNQ, (295 and 357 nm) for
) BHENDI/CHL, (D) BHENDI/TCNQ, (E) BHENDI/DCQ and
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DCQ and at 295 and 357 nm for DBQ in the general formula

of [(BHENDI)(acceptor)] complexes and at (265 and 356 nm)
for DDQ, 292 nm for CHL, 357 nm for TCNQ, (300 and
355 nm) for DCQ and at 300 and 355 nm for DBQ with the
general formula [(BDMAENDI)(acceptor)] complexes.

In these measurements the concentration of donor was kept
fixed at 0.25 · 10�4 M while the concentration of the acceptors
was varied over the range of 0.0625 · 10�4–0.750 · 10�4 Mwith
Figure 8 Infrared spectra of (A) BDMAENDI, (B) BDMAEND

BDMAENDI/DCQ and (F) BDMAENDI/DBQ compounds.
respecting of [(BDMAENDI)(DDQ)], [(BHENDI)(CHL)],

[(BDMAENDI)(CHL)] and [(BHENDI)(TCNQ)]. Concerning
of [(BHENDI)(DDQ)], [(BHENDI)(DCQ)], [(BDMAENDI)
(DCQ)], [(BHENDI)(DBQ)] and [(BDMAENDI)(DBQ)] charge-
transfer complexes, the donor was kept fixed at 0.50 · 10�4 M

while the concentration of the acceptors was varied over
the range of 0.125 · 10�4–1.500 · 10�4 M. Exceptional, the
[(BDMAENDI)(TCNQ)] complex, the donor was kept fixed at
I/DDQ, (C) BDMAENDI/CHL, (D) BDMAENDI/TCNQ, (E)
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0.1667 · 10�4 Mwhile the concentration of the TCNQ acceptor

was varied over the range of 0.0417 · 10�4–0.500 · 10�4 M
as described.

Photometric titration curves based on these measurements
are shown in Figs. 3 and 4A–E. The donor–acceptors equiva-

lence points indicate that the donors:acceptors molar ratio in
all cases is 1:1 and this result agrees quite well with the elemen-
tal analysis and infrared spectra of the solid CT complexes.

Accordingly, the formed CT complexes upon the reaction of
(BHENDI) and (BDMAENDI) as donors with p-acceptors
(DDQ, CHL, TCNQ, DCQ and DBQ) under investigation

have the general formula [(donors)(acceptors)]. The 1:1 modi-
fied Benesi–Hildebrand equation (Skoog, 1985) was used in
calculating the values of the equilibrium constant, K and the

extinction coefficient, e. The values Co
a and Co

d are the initial
concentrations of the p-acceptors (DDQ, CHL, TCNQ,
DCQ and DBQ) and the donors (BHENDI) and (BDMAEN-
DI), respectively, while A is the absorbance at the CT bands.
Table 3 Infrared frequenciesa (cm�1) and band assignments for (A)

[(BHENDI)(TCNQ)], (E) [(BHENDI)(DCQ)] and (F) [(BHENDI)(D

A B C D E

3424 br 3446 vs br 3424 br

3356 w

3424 s br 3425 s

3080 ms 3076 m br 3080 ms 3050 m –

2974 w

2949 w

2855 w

2821 ms

2770 ms

2925 w

2924 w

2854 w

2770 w

2973 w

2949 w

2856 vw

2821 ms

2770 ms

2972 w

2972 w

2855 w

2770 w

2955 m

2680 m

2619 w

– 2213 ms – 2221 w

2181 w

–

– 2730 vw

2700 vw

2660 vw

2500 vw

– 2700 vw

2630 vw

2681 m

2619 m

1702 s

1658 vs

1704 s

1660 vs

1701 s

1657 vs

1702 s

1658 vs

1702 s

1658 vs

1581 ms

1514 vw

1564 s

1543 ms

1579 s

1519 w

1580 ms

1541 m

1581 m

1456 s

1375 w

1457 s

1372 ms

1455 s

1374 w

1456 ms

1374 w

1457 s

1372 m

1350 s

1287 ms

1244 s

1163 ms

1334 s

1249 s

1348 s

1287 ms

1244 s

1161 ms

1349 s

1287 ms

1245 s

1162 ms

1333 vs

1246 vs

1178

1153 m

1111 m

1043 ms

1191 w

1161 ms

1109 w

1029 ms

1110 ms

1042 ms

1112 m

1042 ms

1110 m

1034 m

986 vw

957 vw

895 w

852 w

808 vw

883 ms

816 ms

956 vw

896 vw

851 vw

809 vw

894 vw

860 ms

808 vw

953 w

882 ms

808 vw

771 s

714 w

773 ms 770 ms

711 mw

770 ms

714 vw

770 s

721 w

602 mw

571 mw

445 vw

410 ms

601 mw

570mw

601 mw

570 mw

601 mw

570 mw

474 m

596 m

542 ms

a br, broad; m, medium; s, strong; sh, shoulder; w, weak.
b m, stretching; d, bending.
Plotting the values of the Co
a � Co

d=A against the Co
a þ Co

d values

for each acceptor, a straight line is obtained with a slope of 1/e
and intercept of 1/Ke as shown in Figs. 5 and 6A–E. For the
reactions of the two N,N0-bis-alkyl derivatives of 1,4,6,8-naph-
thalenediimide donors with (DDQ, CHL, TCNQ, DCQ and

DBQ), the obtained values of both K and e associated with
these complexes are given in Table 2. These complexes show
high values of both the formation constants (K) and the extinc-

tion coefficients (e). These high values of K confirm the ex-
pected high stabilities of the formed CT complexes as a
result of the expected high donation of the two N,N0-bis-alkyl

derivatives of 1,4,6,8-naphthalenediimide donors; N,N0-bis-
[2-hydroxyethyl)]-1,4,6,8-naphthalenediimide (BHENDI) and
N,N0-bis-[2-N,N-dimethylaminoethyl)]-1,4,6,8-naphthalenedii-

mide (BDMAENDI) which contains oxygen and nitrogen
atoms as well as the aromatic rings. The values of the equilib-
rium constants are strongly dependent on the nature of the
used acceptor but, there is clear relationships can be obtained
BHENDI, (B) [(BHENDI)(DDQ)], (C) [(BHENDI)(P-CHL)], (D)

BQ)] compounds.

F Assignmentsb

br 3446 br m(O–H); BHENDI, and H2O of KBr

mas(C–H); CH2 + CH3

m(C–H); aromatic

s

2928 m

2653 ms

2607 ms

m(C‚C); CH aromatic

ms(C–H); CH2

– m(C‚N); DDQ and TCNQ

br 2653 m br

2607 m

Hydrogen bonding

1702 s

1660 vs

m(C‚O); donors, DDQ and P-chloranil

s 1580 ms m(C‚C); aromatic

s

1456 s

1373 ms

d(CH); CH def.

d(CH); aromatic

s

1333 vs

1246 vs

1155 m

mas(CN)

m(C-O); C-OH

s

1109 w

1032 ms

ms(CN)

989 vw

951 w

882 m

d(CH); in-plan bend

770 s

720 w

d(CH); CH- rock

596 mw

540 w

d(CH); out-of-plan



Table 4 Infrared frequenciesa (cm�1) and band assignments for (A) BDMAENDI, (B) [(BDMAENDI)(DDQ)], (C) [(BDMAENDI)

(P-CHL)], (D) [(BDMAENDI)(TCNQ)], (E) [(BDMAENDI)(DCQ)] and (F) [(BDMAENDI)(DBQ)] compounds.

A B C D E F Assignmentsb

3521 vs 3521 vs 3521 vs 3522 vs 3520 vs 3521vs m(O–H); BHENDI, and H2O of KBr

3067 mw 3067 mw 3068 mw 3067 mw 3122 w

3068 mw

3033 mw

3128 br

3066 mw

3040 mw

mas(C–H); CH2 + CH3

m(C–H); aromatic

2956 mw

2892 w

2957 mw

2892 w

2957 mw

2893 w

2957 mw

2893 w

2956 mw

2892 w

2956 mw

2892 mw

m(C‚C); CH aromatic

ms(C–H); CH2 + CH3

– 2252 mw – 2221 mw m(C‚N); DDQ and TCNQ

– – – – – – Hydrogen bonding

1695 s

1646 vs

1691 s

1646 vs

1693 s

1646 vs

1694 s

1646 vs

1694 s

1645 vs

1694 s

1456 vs

m(C‚O); donors, DDQ and P-chloranil

1578 s 1578 s 1577 s 1577 ms

1541w

1578 s 1577 s m(C‚C); aromatic

1455 s

1367 s

1454 s

1367 s

1456 s

1367 s

1456 ms

1367 ms

1455 s

1368 s

1454 s

1367 s

d(CH); CH def.

d(CH); aromatic

1329 vs

1245 vs

1178 vs

1332 v s

1245 vs

1178 vs

1329 vs

1245 vs

1178 vs

1331 vs

1245 vs

1178 s

1328 vs

1244 vs

1778 vs

1331 vs

1245 vs

1178 vs

mas(CN)

m(C–O); C–OH

1052 vs

1009 w

1051 vs

1009 w

1052 vs

1009 w

1052 vs

1009 w

1052 vs

1009 mw

1052 vs

1009 ms

ms(CN)

960 vw

886 mw

856 w

960 vw

887 mw

856 w

960 vw

886 mw

856 w

886 w

858 mw

960 w

885 ms

856 m

959 w

886 ms

856 m

d(CH); in-plan bend

768 s

722 w

768 s

772 w

768 s

720 w

768 ms

772 w

767 s

721 m

767 vs

721 m

d(CH); CH-rock

590 w

502 m

463 vw

410 ms

591 w

502 m

462 vw

410 ms

590 w

502 m

442 vw

410 ms

591 w

501 w

473 w

410 ms

590 m

501 m

462 vw

590 m

501 m

462 vw

410 ms

d(CH); out-of-plan

a br, broad; m, medium; s, strong; sh, shoulder; w, weak.
b m, stretching; d, bending.
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between the K values and the electron withdrawing substitu-
ents to it such as cyano and halo groups. Furthermore, the
all systems were also measured spectrophotometrically after
24 h to get an idea about the stability of the donor/acceptor

systems in solution manner.
From Figs. 5 and 6, the values of (e), (K), oscillator strength

(f), which is dimensionless quantity, used to express the transi-

tion probability of the CT band and the transition dipole mo-
ment (l) (Lever, 1985; Tsubomura and Lang, 1964; Aloisi and
Pignataro, 1973; Foster, 1969; Kinoshita, 1962; Haynes, 2010–

2011) of the CT complexes are evaluated and listed in Table 2.
The dissociation energy (W) (Haynes, 2010–2011) can be
calculated from the corresponding CT energy ECT, ionization
O

O

O

O

HOCH2CH2N

Scheme 2 Structure of [(BHE
potential of the donor (Ip) and electron affinity of the acceptor
(EA). The energy of the p –p* interaction (ECT) is calculated.
Where kCT is the wavelength of the CT band of the complexes.

4.2. Infrared spectra

The infrared spectra of BHENDI, BDMAENDI and the

formed CT complexes, [(BHENDI)(p-acceptors)] and [(BDMA-
ENDI)(p-acceptors)] (where p-acceptors = DDQ, CHL, TCNQ,
DCQ and DBQ) were recorded from KBr discs. These spectra

are shown in Figs. 7A–E and 8A–E, respectively. The spectral
bands are detected and assigned into their vibrational modes
and given in Tables 3 and 4. The presence of the essential of
N-CH2CH2O

OO

CNCNH

ClCl

NDI)(DDQ)] CT complex.



O

O

O

O

N-CH2CH2OOCH2CH2N

HNC

HNC CNH

CNH

Scheme 4 Structure of [(BHENDI)(TCNQ)] CT complex.
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stretching and bending infrared bands of the (BHENDI),

(BDMAENDI) donors and acceptors (DDQ, CHL, TCNQ,
DCQ and DBQ) in the resulted CT complexes spectra strongly
support the formation of CT complexation. It is clearly obvi-
ously that finding small sifts in both wavenumber values

and the intensities of bands in comparison between the reac-
tants and the CT complexes were formed. This fact is due to
the structure configurations upon the complexation. For

example:

(i) As expected, the bands characteristic for the (BHENDI)

donor in [(BHENDI)(DDQ)] CT complex are shownwith
small changes in band intensities and frequency values.
For example, the m(O–H) vibration occur at 3424 cm�1

for free donor (Bellamy, 1975) is shifted to 3446 cm�1with
very strong broadening in the IR spectrumof theCT com-
plex. The vibration frequency of the C„N group for
DDQ observed at 2250 ad 2231 cm�1 is shifted to

2213 cm�1 in the charge-transfer complex. The other
observation is the shifted in the m(C‚C); aromatic from
1581 cm�1 in the free donor toward blue shift at

1564 cm�1. From the three mentioned items, we can be
concluded that, the charge-transfer complexation occurs
through the interaction between one of the hydroxyl

groups of the donor and one of the cyano groups of the
DDQ acceptor (Scheme 2).

(ii) In the infrared spectrum of [(BHENDI)(DDQ)] CT
complex, the spectrum of the CT complex did not exhi-

bit any new bands indicating that no chemical reaction
occurred, other than electron transfer (p – p*) from the
BHENDI to CHL (Scheme 3). This suggestion is sup-

ported by the change in the intensities of the character-
istic bands of aromatic rings.
O

O

O

O

N-CH2CH2OHHOCH2CH2N

OO

ClCl

ClCl

Scheme 3 Structure of [(BHENDI)(CHL)] CT complex.
(iii) In the case of [(BHENDI)(TCNQ)] CT complex, the IR

spectrum of TCNQ shows strong bands at 2220, 1540
and 860 cm�1 corresponding to m(C„N) (Bellamy,
1975), aromatic m(C‚C) and 1,4-disubstituted benzene
stretching, respectively (Fig. 6). These bands were

shifted in the spectrum of the CT complex with the
investigated compound to 2221, 2181, 1580, 1541,
1511, 894, 859 and 808 cm�1. TCNQ is a p-acceptor
and (BHENDI) is a rich donor that, this is contain nitro-
gen, oxygen and conjugated system with two aromatic
groups. So CT complexes can be formed with this flores-

cence dye. Molar ratio of the reactants in the CT com-
plex was determined by molar ratio method and it was
found to be 1:1 for studied donor with TCNQ. This
O

O

O

O

N-CH2CH2OHHOCH2CH2N

O

NCl

XX

HH

cheme 5 Structures of [(BHENDI)(DCQ)] and [(BHEN-

I)(DBQ)] CT complexes (where X = Cl and Br in case of

CQ and DBQ, respectively).
S

D

D
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ratio may be due to the presence of the steric hindrance.

The nitrogen atoms have lower electron density, but aro-
matic rings and hydroxyl groups in the (BHENDI) have
more electron density and less sterically hindered. So

n–p* and p –p* CT complexes were formed (Scheme 4).
(iv) If we examine the acceptors (DCQ) and (DCQ) we find

out that two withdrawing halo groups in the para and
ortho position, respectively, are relative to the 3H and

5H. These withdrawing groups give facility to liberate
the protons in position 3H and 5H to make intermediate
hydrogen bond with the lone pair of electron on the oxy-

gen atoms for the two hydroxyl groups of BHENDI.
The electron density around protons depends on the
degree of electro negativity for atoms attached with pro-

tons; therefore, the withdrawing groups make decreasing
in the electron density around protons. So the chemical
transfer for these protons is higher than that of the

protons attached to the atom that have a lesser electron
negativity. This was supported by the elemental analysis,
O

O

O

O

N

N

N

N

NCH2CH2 N

NCH2CH2 N

NCH2CH2 N

NCH2CH2 N

H3C

H3C

O

O

O

O

H3C

H3C

O

O

O

O

H3C

H3C

O

O

O

O

H3C

H3C

Scheme 6 Structures of [(BDMAENDI)(p-acceptors)] complexes
the photometric titration which make confirm that the

ratio occurs by 1:1 (donor:acceptor) and infrared spec-
tra which shows the appearance two peaks for hydro-
gen bond (Bellamy, 1975) at 2681 and 2619 cm�1 for

[(BHENDI)(DCQ)] and at 2653 and 2607 cm�1 for
[(BHENDI)(DBQ)] (Scheme 5).

(v) Even though the IR spectra of the isolated solid com-
plexes formed from the interactions of (BDMAENDI)

with DDQ, CHL, TCNQ, DCQ and DBQ are presented
in Fig. 7 and Table 4. However, the bands of the donor
and acceptors in these complexes reveals small shifts in

both band intensities and wavenumber values from
those of the free molecules. This is normal due to the
expected symmetry and electronic structure changes

upon complexation. For example, the m(C„N) vibra-
tions are observed as a very strong at 2220 cm�1 in the
spectrum of free TCNQ and at doublet at 2250 and

2231 cm�1 with medium strong bands for free DDQ.
These vibrations occur at single medium weak band at
-CH2CH2N

-CH2CH2N

-CH2CH2N

-CH2CH2N

CH3

CH3

O

O

O

NCl

Cl

Cl

NC

NC

O

O

Cl

Cl

Cl

Cl

CNNC

CNNC

XX

CH3

CH3

CH3

CH3

CH 3

CH 3

(where p-acceptors are DDQ, CHL, TCNQ, DCQ and DBQ).
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Figure 9 TGA/DTG curves of: (A) [(BDMAENDI)(DCQ)] and

(B) [(BDMAENDI)(DBQ)] CT complexes.

Table 5 Kinetic parameters using the Coats–Redfern (CR) and Ho

and (B) [(BDMAENDI)(DBQ)] CT complexes.

Complex Stage Method Parameter

E (J�1) A (s�1) D

A 1st CR

HM

Average

9.01 · 104

9.56 · 104

9.28 · 104

1.45 · 108

6.02 · 108

3.73 · 108

�
�
�

2nd CR

HM

Average

1.14 · 105

1.24 · 105

1.19 · 105

7.50 · 107

1.14 · 109

6.07 · 108

�
�
�

B 1st CR

HM

Average

1.32 · 105

1.39 · 105

1.35 · 105

1.08 · 1013

6.64 · 1013

3.86 · 1013

�
�
�

2nd CR

HM

Average

1.41 · 105

1.54 · 105

1.47 · 105

4.69 · 1012

1.68 · 1014

8.63 · 1013

�
–

�
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2252 and 2220 cm�1 in the spectra of the corresponding

[(BDMAENDI)(DDQ)] and [(BDMAENDI)(TCNQ)],
respectively. The interaction between the donor and
acceptor gave p – p* transitions by forming of radical

ion pairs, such as donors form radical cation and accep-
tors form radical ions as shown in Scheme 6.

4.3. Mass spectra

The compositions of the [(BHENDI)(DDQ)], [(BHENDI)

(CHL)] and [(BDMAENDI)(TCNQ)] CT complexes were con-
firmed using mass spectra at 70 eV by using AEI MS 30 mass
spectrometer. Interestingly, the exhibited of both molecular

ion peaks of donors and the acceptors (DDQ, CHL and TCNQ)
at 354 and 227 u for the BHENDI and DDQ; at 354 and 249 u
for the BHENDI andCHLand at 408 and 204 u for BDMAEN-

DI and TCNQ, respectively. The presence of both peaks of do-
nors and acceptor are strongly supported the formation of
charge-transfer complexes. The other peaks may correspond
to various fragments for complexes. The intensity of these peaks

gives an idea of the stability of these fragments.

4.4. Thermal investigations

The [(BDMAENDI)(DCQ)] and [(BDMAENDI)(DBQ)] com-
plexes were studied by thermogravimetric analysis from ambi-

ent temperature to 600 �C in nitrogen atmosphere. The TG
curves were redrawn as % mass loss vs. temperature (TG)
curves. Typical TG curves are presented in Fig. 9, and the tem-
perature ranges and percentage mass losses of the decomposi-

tion reaction together with evolved moiety and the theoretical
percentage mass losses were discussed below.

Thermal analysis curves of the [(BDMAENDI)(DCQ)] and

[(BDMAENDI)(DBQ)] CT complexes show that decomposi-
tion takes places in four stages in temperature range 398–
873 K for [(BDMAENDI)(DCQ)] complex and in between

423 and 873 K for [(BDMAENDI)(DBQ)] CT complex
(Fig. 9A and B), respectively. The four endothermic decompo-
sition stages correspond to decomposition of the donor

and the acceptors. The TG curves of the two CT complexes
show a weight losses (Found 51.70%, Calcd. 51.50% for
rowitz–Metzger (HM) operated for (A) [(BDMAENDI)(DCQ)]

r

S (J mol�1 K�1) DH (J mol�1) DG (J mol�1)

9.24 · 101

8.06 · 101

8.65 · 101

8.62 · 104

9.17 · 104

8.89 · 104

1.29 · 105

1.29 · 105

1.29 · 105

0.9967

0.9998

9.88 · 101

7.72 · 101

8.8 · 101

1.09 · 105

1.19 · 105

1.14 · 105

1.68 · 105

1.65 · 105

1.66 · 105

0.9921

0.9953

8.0 · 10�1

1.59 · 101

4.49

1.28 · 105

1.35 · 105

1.31 · 105

1.27 · 105

1.28 · 105

1.27 · 105

0.9951

0.9981

6.71

2.3 · 101

1.48 · 101

1.37 · 105

1.5 · 105

1.43 · 105

1.4 · 105

1.38 · 105

1.39 · 105

0.9996

0.99903
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Figure 10 Kinetic diagrams of Coats–Redfern (CR) and Horowitz–Metzger (HM) equations for: (A and B) [(BDMAENDI)(DCQ)] and

(C and D) [(BDMAENDI)(DBQ)] CT complexes.
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[(BDMAENDI)(DCQ)] complex and Found 56.92%, Calcd.
57.60% for [(BDMAENDI)(DBQ)] complex) corresponding
to the loss of (C3H26N5Cl3O5) and (C3H26N5Br2O5Cl) for
[(BDMAENDI)(DCQ)] and [(BDMAENDI)(DBQ)] CT com-

plexes, respectively. The final products, formed at 873 K, con-
sist of black residual of carbon atoms because of limited
oxygen for both the two charge-transfer complexes. Reported

data on thermal analysis studies were collected in nitrogen
atmosphere media.

4.5. Kinetic studies

In order to study the influence of the DCQ and DBQ as accep-
tors on the formation of charge-transfer complexes with N,N0-

bis-[2-N,N-dimethylaminoethyl)]-1,4,6,8-naphthalenediimide
(BDMAENDI) and the thermal stability behavior of the re-
sulted CT complexes. This investigated were carried out kinet-

ically using the Coats–Redfern and Horowitz–Metzger
equations (Coats and Redfern, 1964; Horowitz and Metzger,
1963). The results are listed in Table 5, and shown in Fig. 10.

The calculating of thermodynamic data applied on the first
decomposition peak at around (DTGmax = 467 K) in both
CT complexes. Accordingly, the kinetic data in Table 5, all of

the CT complexes have negative entropy, which indicates that
activated complexes have more ordered systems than reactants.
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