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a b s t r a c t 

 

The present work aimed to prepare some compounds for use in pigmented solar cells based on charge transfer (CT) 

complexation. For this purpose, first, several derivatives of 1,8–naphthalimide and benzanthrone fluores- cent dyes were 

synthesized. Secondly, the synthesized fluorescent dyes were complexed with picric acid (PA) ac- ceptor via CT interaction 

in methanol solvent at room temperature. Then, the synthesized CT complexes were stoichiometrically, spectroscopically 

and thermally characterized. The results obtained from CHN elemental anal- yses and spectrophotometric titrations 

indicated the formation of CT complexes with a molar ratio of 1:1 between the PA and each dye. The spectroscopic and 

physical parameters (KCT, εmax, ECT, f, μ, RN, IP, and ΔG°), the band gap energy (Eg), and the kinetic–thermodynamic 

parameters (E⁎, A, ΔS⁎, ΔH⁎ and ΔG⁎) were calculated for each CT product in methanol solvent at room temperature. IR 

results indicated that the complexation be- tween each dye and PA acceptor occurs through π → π* and proton transfer 

interactions. 

 

Introduction 

 
Fluorescent brighteners (FBs) are of interest as prospective polymer modifiers to obtain fluorescent polymers [1]. Among 

the wide variety of FBs currently used in industry and biomedical research, 1,8– naphthalimide and benzanthrone 

derivatives have particular interest due to their favorable spectral properties [2–4]. Derivatives of 1,8– naphthalimide 

benzanthrone dyes exhibit bright colors, strong fluores- cence, and high photostability and transport properties, and show wide 

range of application in chemical and biological and research [5]. They are used in: liquid crystals, sensors, polymer 

brightening, solar energy collectors, daylight fluorescent pigments, membrane studies, in biology as markers and active units, in 

medicine as antitumor medications, and as dispersing dyes for textile materials [6–20]. Chemical interactions be- tween electron 

donors (D) and electron acceptors (A) have continued to gain a great deal of attention after more than half a century of 

sustained research and are one of the most important research topics in many fields of biology, chemistry, medicine, and 

pharmacology. Such interac- tions are accompanied with the formation of intensely colored chargetransfer (CT) complexes 

(D
+
―A ) associated by absorption of radiation in the visible or UV regions [21]. CT complexes have a wide range of ap- plications 

in many fields, like optics, magnetics, electrical conductivity, biochemistry, bioelectrochemical energy transfer processes, and 

biology [22–31]. Picric acid (PA; C6H3N3O7) is a strong organic acid. The three nitro groups in PA are electron-withdrawing, 

removing electron density from the aromatic ring and thereby causing it to become a good electron-accepting moiety. The 

electron-accepting, electron-deficient, and highly acidic nature of PA are responsible for making PA one of the most 



  

 

 

commonly-used electron acceptors in CT interactions, as de- scribes in many recent studies [32–62]. 

Our goals in this work were to: (i) synthesize nine derivatives of 1,8– naphthalimide and benzanthrone fluorescent dyes; (ii) 

synthesize the CT complexes of these fluorescent dyes with PA as the acceptor in meth- anol solvent at room temperature; 

(iii) observe the electronic spectral properties of the synthesized CT complexes; (iv) verify the complexa- tion stoichiometry 

between the dyes and PA acceptor using CHN ele- mental analysis and spectrophotometric titrations; (v) obtain the 

spectroscopic data using the Benesi–Hildebrand method; (vi) assess the band gap energy (Eg) of the synthesized CT 

complexes; (vii) ascer- tain the mode of interaction between the dyes and PA acceptor using IR spectroscopy; (viii) obtain 

the thermal properties of the synthesized CT complexes using TG analysis; and (iv) determine the kinetic 

 

Table 1 

Chemical structure, chemical formula, molecular weight, and abbreviation of the fluorescent dyes used in this study.  

 

Abbreviation Chemical structure Chemical formula MW (g 
mol

−1
) 

Dye 1  C18H17NO3 295 

 
 
 
 
 
 

 
Dye 2 C19H19NO3 309 

 
 
 
 
 
 
     
    Dye 3 C21H23NO3 337 
 
 
 
 
 
    Dye 4 C28H21N3O4 463 

Dye 5 C34H35N5O4 577 
 
 
 
 
 
 

Dye 6 C24H15NO2 349 
 



 
 
 
 
 
 
 
   Dye 7 C24H14BrNO 412 
 

Table 1 (continued) 
Abbreviation Chemical structure Chemical formula MW (g 
mol

−1
)  

 
Day 8

 
 

Dye 9   



  

 

thermodynamic data (ΔS⁎, ΔH⁎, E⁎, A, and ΔG⁎) using the Coats–Redfern method. 

 
1. Experimental section 

 
1.1. General 

 
All of the reagents and solvents used were of high reagent grade and were obtained from Merck, Fluka or Aldrich Chemical 

Companies and were directly used for the synthesis with-out further purification. The 

infrared (IR) spectra (as KBr discs) were collected at room temperature using  a  Shimadzu  FT–IR  spectrophotometer  over  

the  range  of 

400–4000 cm
−1

. The UV–Vis absorption spectra were collected at 
room  temperature  using  a  Genesys  10S  UV–Vis  spectrophotometer 
over the range of 320–800 nm with quartz cells (1.0 cm). Elemental per- centage for the elements (%C, %N, and %H) were 

obtained using a Perkin–Elmer 2400 series CHN microanalyzer. Thermogravimetric (TG) measurements were performed using a 

Shimadzu TGA–50H ther- mal analyzer with standard platinum TG pans. 

 
1.2. Fluorescent dyes 

 
1.2.1. Synthesis of the dyes 

Five 1,8-naphthalimide derivatives (Dye 1–Dye 5) were synthesized according to methods previously described [63–68]. Four 

benzanthrone derivatives (Dye 6–Dye 9) were synthesized according to methods pre- viously described [69–71]. The syntheses 

were done in a liquid/liquid two-phase system and the products (Dye 1–Dye 9) were collected in high yield. The synthesized 

dyes were identified and characterized by their IR and 
1
H NMR spectra, elemental analyses, and melting points. Table 1 lists 

the abbreviation, molecular weight, chemical formula, and chemical structure of the synthesized fluorescent dyes. 

 
1.2.2. Characterization of the synthesized dyes 

For the 6-(propoxy)-N-allyl-1,8-naphthalimide (Dye 1); Yield 82%, m.p.  88–90  °C.  FT-IR  (KBr)  cm
−1

:  1709  νas(C_O),  1660  
νa(C_O), 1533  ν(C_C),  1152  νas(C\\N),  1093  νs(C\\N).  

1
H  NMR  (600  MHz, 

DMSO d6): δ = 0.90 (t, 3H, OCH2CH2CH3), 1.74 (m, 2H, OCH2CH2), 4.06 (t, 2H, OCH2), 4.93 (d, 2H, NCH2), 5.22 (m, 2H, _CH2); 5.87 

(m, 

1H,    CH_);     6.89–8.45    (m,    5H,    ArH).    Analysis:     C18H17NO3 (295 g mol
−1

); Calc. (%): C 73.23, H 5.77, N 4.74. Found 
(%): C 73.27, 
H 5.86, N 4.70.For the 6-(allyloxy)-N-butyl-1,8-naphthalimide (Dye 2); Yield 85%, m.p.  82–84  °C.  FT-IR  (KBr)  cm

−1
:  1701  

νas(C_O),  1652  νa(C_O), 1536  ν(C_C),  1155  νas(C\\N),  1096  νs(C\\N).  
1

H  NMR  (600  MHz, 
DMSO d6): δ = 0.98 (t, 3H, CH3); 1.54 (m, 4H, 2 × CH2); 3.26 (t, 2H, 
NCH2); 4.56 (m, 2H, OCH2); 5.20 (m, 2H, _CH2); 5.82 (m, 1H, CH_); 7.60–6.68 (m, 2H, ArH); 8.56–7.94 (m, 3H, ArH). Analysis:  
C19H19NO3 
(309 g mol

−1
); Calc. (%): C 73.78, H 6.14, N 4.54. Found (%): C 74.45, 

H 6.23, N 4.46. 
For the 6-(allyloxy)-N-hexyl-1,8-naphthalimide (Dye 3); Yield 86%, m.p.  63–65  °C.  FT-IR  (KBr)  cm

−1
:  1705  νas(C_O),  1634  

νa(C_O), 1534  ν(C_C),  1152  νas(C\\N),  1092  νs(C\\N).  
1

H  NMR  (600  MHz, 

DMSO d6): δ = 0.96 (t, 3H, CH3); 1.48 (m, 8H, 4 × CH2); 3.22 (t, 2H, 

NCH2); 4.52 (m, 2H, OCH2); 5.24 (m, 2H, _CH2); 5.84 (m, 1H, CH_); 7.58–6.72 (m, 2H, ArH); 8.52–7.98 (m, 3H, ArH). Analysis: 

C21H23NO3 

(337 g mol
−1

); Calc. (%): C 74.77, H 6.83, N 4.16. Found (%): C 74.01, 
H 6.74, N 4.21. 

For the N,N′-[iminobis(ethane-2,1-diyl)]bis(1,8-naphthalimide) (Dye 4); Yield 80%, m.p. 179–181 °C. FT-IR (KBr) cm
−1

: 3207 
ν(N\\H), 1709 νas(C_O), 1659 νa(C_O), 1598 δ(N\\H), 1540 ν(C_C), 1159 

νas(C\\N), 1088 νs(C\\N). 
1

H NMR (600 MHz, DMSO d6): δ = 3.02 (t, 4H, 2CH2, NH-CH2), 3.65 (t, 4H, 2CH2, CON-CH2), 4.05 

(s, 1H, NH), 

7.79–8.41 (m, 12H, aromatic). Analysis: C28H21N3O4 (463 g mol
−1

); 
Calc. (%): C 72.55, H 4.56, N 9.06. Found (%): C 72.62, H 4.65, N 9.00. 



 

1.00 

 

For the N,N′-[iminobis(ethane-2,1-diyl)]bis((6-(N-propylamino))- 1,8-naphthalimide) (Dye 5); Yield 79%, m.p. 193–195 °C. FT-

IR (KBr) 
cm

−1
: 3130 ν(N\\H), 1702 νas(C_O), 1641 νa(C_O), 1603 δ(N\\H), 

1541  ν(C_C),  1149  νas(C\\N),  1089  νs(C\\N).  
1

H  NMR  (600  MHz, 
DMSO d6): δ = 0.95 (t, 6H, 2CH3, CH3CH2CH2NH), 1.58 (m, 4H, 2CH2, CH3CH2CH2NH),3.06 (t, 4H, 2CH2, NH-CH2-CH2NCO), 3.12 (t, 4H, 

2CH2, CH3CH2CH2NH), 3.44 (t, 2H, 2CH2, NH-CH2-CH2NCO), 4.04 (s, 1H, NH 

alphatic), 6.86 (s, 1H, NH Aromatic), 7.82–8.47 (m, 10H, aromatic). Analysis: C34H35N5O4 (577 g mol
−1

); Calc. (%): C 70.70,  H  
6.10,  N  12.13. Found (%): C 70.60, H 6.07, N 12.20. 

For the 3-(2-hydroxybenzylideneamino)-7H-benzo[de]anthracen- 7-one (Dye 6); Yield 83%, m.p. 170–172 °C. FT-IR (KBr) 
cm

−1
:  1634 

ν(C_O),   1604   ν(C_N),   1534   ν(C_C),   1261   δ(C\\C).   
1

H   NMR 
(600 MHz, DMSO d6): δ = 6.78–8.42 (m, 14H, aromatic); 12.03 (s, 1H, OH). Analysis: C24H15NO2 (349 g mol

−1
); Calc. (%): C 

82.51, H 4.31, N 4.02. Found (%): C 82.44, H 4.35, N 3.96. 

For the 3-(2-bromobenzylideneamino)-7H-benzo[de]anthracen-7- one (Dye  7); Yield  85%,  m.p. 176–178 °C.  FT-IR (KBr) 
cm

−1
:  1643 

ν(C_O),   1603   ν(C_N),   1532   ν(C_C),   1268   δ(C\\C).   
1

H   NMR 
(600 MHz, DMSO d6): δ = 6.96–8.33 (m, 14H, aromatic). Analysis: 
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Fig. 1. Electronic absorption spectra of the synthesized CT complexes in methanol 
solvent at room temperature. 
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Table 2 

Microanalytical data of the synthesized CT complexes. 
CT complex Molecular formula Mwt. g mol

−1

 Elemental analyses Molar ratio 

 C%   H%   N%   

Found Cal
c. 

 Found Calc.  Found Calc. 

Dye 1–PA C24H20N4O
10 

524 54.91 54.
96 

 3.78 3.82  10.75 10.69 1:
1 

Dye 2–PA C25H22N4O
10 

538 55.70 55.
76  4.18 4.09  10.36 10.41 1:

1 
Dye 3–PA C27H26N4O

10 
566 57.17 57.

24  4.52 4.59  9.95 9.89 1:
1 

Dye 4–PA C34H24N6O
11 

692 59.03 58.
96  3.42 3.47  12.22 12.14 1:

1 
Dye 5–PA C40H38N8O

11 
806 59.64 59.

55  4.77 4.71  13.83 13.90 1:
1 

Dye 6–PA C30H18N4O
9 

578 62.24 62.
28  3.15 3.11  9.60 9.69 1:

1 
Dye 7–PA C30H17BrN4

O8 
641 56.25 56.

16  2.73 2.65  8.82 8.74 1:
1 

Dye 8–PA C30H17FN4
O8 

580 62.15 62.
07  2.88 2.93  9.57 9.66 1:

1 
Dye 9–PA C31H20N4O

9 

592 62.77 62.
84 

 3.29 3.38  9.50 9.46 1:
1 

 

C24H14BrNO (412 g mol
−1

); Calc. (%): C 69.89, H 3.39, N 3.41. 
Found (%): C 69.96, H 3.46, N 3.47. 

For the 3-(2-fluorobenzylideneamino)-7H-
benzo[de]anthracen-7- one (Dye 8); Yield  80%, m.p. 171–
173 °C.  FT-IR  (KBr)  cm

−1
:  1639 

ν(C_O),   1608   ν(C_N),   1528   ν(C_C),   1262   δ(C\\C).   
1

H   NMR 
(600 MHz, DMSO d6): δ = 7.12–8.23 (m, 14H, aromatic). 
Analysis: C24H14FNO (351 g mol

−1
); Calc. (%): C 82.06, H 

4.01, N 4.02. Found 
(%): C 82.01, H 4.08, N 3.95. 

For the 3-(2-methoxybenzylideneamino)-7H-
benzo[de]anthracen- 7-one (Dye 9); Yield 84%, m.p. 172–
174 °C. FT-IR (KBr) cm

−1
: 1636 

ν(C_O),   1606   ν(C_N),   1526   ν(C_C),   1272   δ(C\\C).   
1

H   NMR 
(600 MHz, DMSO d6): δ = 3.72 (s, 3H, CH3), 6.69–8.36 (m, 
14H, aro- 
matic). Analysis: C25H17NO2 (363 g mol

−1
); Calc. (%): C 82.66, H 

4.69, N 3.87. Found (%): C 82.58, H 4.60, N 3.96. 
 

1.3. CT complexes 

 
1.3.1. Synthesis of the CT complexes 

An methanolic solution containing 1 mmol of each dye 

was mixed with an methanolic solution of PA acceptor (1 

mmol) and stirred for ca. 30 min at room temperature on 

a magnetic stirrer. The mixture was reduced to one-half by 

evaporation on a water bath. All the solid CT products 

were prepared by the same method. The CT products 

were filtered off and washed with methanol. Finally, the 

products were collected and dried in vacuo for 48 h [72–75]. 

 
1.3.2. Stoichiometry determination 

 
1.3.2.1. In solid–state. To obtain the stoichiometry of the Dye–PA 

interac- tion in solid form and to realize the purity and the 

constituents of the obtained complex, microanalytical analysis 

of the C, N and H contents were determined using a Perkin–

Elmer 2400 series CHN microanalyzer. 

 
1.3.2.2. In liquid–state. The stoichiometry of the Dye–PA 

interaction in the liquid–state in methanol solvent was 

acquired by the determination of the conventional molar ratio 

using the spectrophotometric titrations 

at room temperature. A 4.0, 3.5, 3.0, 2.5, 2.0, 1.5, 1.0, 0.75, 0.5, 
or 0.25 mL of 5.0 × 10

−4
 M PA standard solution in the 

appropriate solvent was added to 1.00 mL of 5.0 × 10
−4

 M 
dye solution. The concentration of the  PA  acceptor  (Ca)  
was  varied  from  4.00  ×  10

−4
  M  to  0.25 × 10

−4
 M, whereas the  concentration  of  the dye  (CdC

°
 ) was kept at 



  

 

and the electronic spectrum of each Dye–PA reaction was 
then collected against a reagent blank solution. Fig. 1 
shows the electronic spectra of the synthesized dyes (5.0 
× 10

−4
 M), the PA acceptor (5.0 × 10

−4
 M) 

and   the   resulting  CT  complexes   in  methanol   in   the  
region of 

320–800 nm. The PA acceptor has a strong absorption 

yellow color. It displays a strong broad absorption band 

from 300 nm to 450 nm with a maximum at 351 nm. 

Solution of Dye 1, Dye 2, Dye 3, and Dye 4 at a 

5.0 × 10
−4

 M in methanol solvent display a strong broad  
absorption 
band with a maximum at 365, 339, 355, and 332 nm, 
respectively. Solu- tion of Dye 6, Dye 7, and Dye 8 at a 5.0 × 
10

−4
 M in methanol solvent dis- play a medium absorption 

band with a maximum at 433, 436, and 

436 nm, respectively. Dye 5 and Dye 9 show a weak broad 

long-wave band around 300–550 nm. The spectrum of 

Dye 5 has a λmax at   345 nm, while that of the Dye 9 is 352 

nm. With the addition of PA to each dye solution, an 

intense, very strong, broad band was observed in the 

visible region. Spectra of CT complexes formed with Dye 1, 

Dye 2, Dye 3, Dye 4, and Dye 6 display absorption maxima 

at 358, 342, 355, 345, and 348 nm, respectively. The CT 

complexes of Dye 5, Dye 7, Dye 8, and Dye 9 exhibit 

maximum absorption band at 352 nm. These strong broad 

bands are indicative of the formation of the H-bonded 

complex between the dye and PA. A new absorption band 

appear in the spectrum of the Dye 6–PA, Dye 7–PA, and Dye 

8–PA complex at λmax 520 nm, while the free dyes and PA 

display no measurable absorption band at that 

wavelength. 

 
3.2. Stoichiometry of the CT interaction 

 
The stoichiometry of the CT interaction between PA 

acceptor and each dye in solid form was obtained to realize 

the purity and the constit- uents of the CT products. The 

results of the elemental analyses of these CT products were 

listed in Table 2. The calculated values are in good 

agreement with the experimental values of carbon, 

hydrogen, and ni- trogen which indicate that the obtained CT 

products were free of impu- rities. The stoichiometry of the 

CT interaction between the dyes and the PA acceptor was 

found to be 1:1. The stoichiometry of the CT interac- tions 

in solution was determined using the spectrophotometric 

titration method. The electronic spectrum of each CT 

interaction was obtained at varying PA acceptor 

concentration and a constant dye concentration in methanol 

solvent at room temperature. The stoichiometry of each CT in- 

teraction was obtained graphically by plotting the volume of 

PA accep- 

5.0 × 

10
−4

 

d 
M, to obtain solutions with a (Dye: PA) molar ratio 
that var- 

tor against the absorbance as shown in Fig. 2. The plots in 
this figure 
indicate that the greatest interaction between each dye and PA occurred 

ied from 1:4 to 4:1. The absorbance of each CT complex was 

measured and plotted against the volume of the added PA 

acceptor. 

 
2. Results and discussion 

 
2.1. Electronic spectra 

 
The PA acceptor (5.0 × 10

−4
 M) was mixed with each 

synthesized dye solution (5.0 × 10
−4

 M) in methanol solvent 
at room temperature, 

at a Dye: PA ratio of 1:1. 
 

3.3. Spectroscopic parameters 
 

The spectroscopic parameters such as the molar 
extinction coeffi- cient, εmax (L mol

−1
 cm

−1
); the formation 

constant, KCT (L  mol
−1

); the energy of interaction, ECT (eV); 
the standard free energy, ΔG° (kJ mol

−1
); the transition 

dipole moment, μ; the oscillator strength, f; 
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Fig. 2. Spectrophotometric titration curves for the synthesized CT complexes in 
methanol solvent at room temperature. 
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Fig. 3. The 1:1 Benesi–Hildebrand plots for the synthesized CT complexes in 
methanol solvent at room temperature. 
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Table 3 

Spectroscopic and physical data of the of the synthesized CT complexes at room temperature.  

 

Complex λmax 
(nm) 

ECT (eV) K 
(Lmol

−1

) 

εmax (Lmol
−1

 
cm

−1
) 

f μ Ip RN ΔG° (kJ 
mol

−1
) 

Dye 1–
PA 

358 3.47 1.33 × 
10

6
 

14 × 10
5
 0.60 2.13 10.0 0.977 −34,944 

Dye 2–
PA 

342 3.63 1.33 × 
10

6
 

20 × 10
5
 1.46 3.26 10.2 1.030 −34,952 

Dye 3–
PA 

355 3.50 1.74 × 
10

6
 

19 × 10
5
 0.82 2.49 10.0 0.989 −35,613 

Dye 4–
PA 

345 3.60 1.61 × 
10

6
 

20 × 10
5
 1.43 3.24 10.2 1.020 −35,408 

Dye 5–
PA 

352 3.53 2.13 × 
10

6
 

19 × 10
5
 0.83 2.49 10.1 0.998 −36,114 

Dye 6–
PA 

348 3.57 2.25 × 
10

6
 

27 × 10
5
 1.18 2.95 10.2 10.10 −36,250 

Dye 7–
PA 

352 3.53 4.09 × 
10

6
 

14 × 10
5
 0.64 2.18 10.1 0.995 −37,726 

Dye 8–
PA 

352 3.53 2.90 × 
10

6
 

21 × 10
5
 0.91 2.61 10.1 0.999 −36,872 

Dye 9–
PA 

352 3.53 1.26 × 
10

6
 

17 × 10
5
 0.75 2.37 10.1 0.997 −34,802 

 

the ionization potential, IP (eV); and the resonance energy, RN; 

were cal- culated for each CT complex as follows: 

 
3.3.1. Calculation of εmax and KCT 

Both the εmax and KCT value were calculated based on the 

1:1 Benesi– Hildebrand equation [76]: 

 

ðCaCdÞ=A ¼ 1=Kε þ ðCa þ CdÞ=εð1Þ
.
C 

°
 þ C 

°
Σ

=ε
 ð1
Þ 

3.3.4. Calculation of μ 

The value of μ was calculated using Eq. (4) [79]: 

 

μðDebyeÞ ¼ 0:0958 ½εmaxν½=νmax]½ ð4Þ 
 

3.3.5. Calculation of f 

The f can be derived from the absorption spectrum using an 
approx- 

 

 

 
where A is the absorbance of the detected CT band, Ca C

°
 

and Cd C
°
 are the initial concentrations of the PA and the dye, 

respectively. A straight line was obtained when plotting the 

(Ca Cd)/A values against the corre- sponding (C
°
 + C

°
 )(C + C ) 

values. The intercept and the slope of this line equal 1/Kε 

and 1/ε, respectively. 

 
3.3.2. Calculation of ECT 

The ECT value was calculated based on the equation 

derived by Briegleb [77]: 

ECT ¼ ðhnCTÞ¼ 1243:667=λCTðnmÞ
 ð2
Þ 

where\ νCT\ and\ λCT\ are\ the\ wavenumber\ and\ the\ 

wavelength\ of\ the\ interaction\ band\ of\ the\ obtained\ CT\ 

complex,\ respectively. 

 

3.3.3. Calculation of ΔG° 

The ΔG° value was calculated from the formation constant 

using Eq. (3) [78]. 
T is the absolute temperature in Kelvin, and R is equal to 

8.314 J mol
−1

/ K (gas constant). 

ΔG
°
 = − 2.303RT log KCT (3) 

imate formula (Eq. (5)) [80]: 



 

f  ¼ 4:319 × 10
−9

 
Z  

εmaxdν
 ð5
Þ 

The ∫εmax dv is the area under the curve of the εmax of 

the absorption band. For an initial approximation, f can be 

calculated using Eq. (6): 

 
f  ¼ 4:319 × 10

−9
εmaxν½

 ð6

Þ 

where ν½ is the full width at half the maximum in cm
−1

. 

3.3.6. Calculation of IP 

Ionization potential (IP) is the energy required to remove 

an electron from the highest occupied molecular orbital. It's 

used to measure the electron-donating power of a dye 

molecule. The IP value was calculated using Eq. (7) [81]: 

 
IP ðeVÞ ¼ 5:76 þ 1:53 × 10

−4
νCT ð7Þ 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 4. Values of the formation constant (KCT) for the 
synthesized CT complexes. 

Fig. 5. Linear correlations between the standard free 

energy (ΔG°) and the formation constant (KCT) for the 

synthesized complexes. 
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Fig. 6. Plots of (αhν)
½
 against hν for the PA acceptor, free dyes, and the 

synthesized CT complexes. 
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Fig. 7. IR spectra of the free Dye 1 and its CT 
complex with PA acceptor. 

Fig. 9. IR spectra of the free Dye 3 and its CT 
complex with PA acceptor. 

 

 

 

 

 

 
 

  
 
 
 
 
 



 
 
 
 
 
 
 
 
 

 

Fig. 8. IR spectra of the free Dye 2 and its CT complex with PA acceptor. Fig. 10. IR spectra of the free Dye 4 and its 
CT complex with PA acceptor. 



  

 
 

 

 

 

 

 

 
 

  
 

Fig. 11. IR spectra of the free Dye 5 and its CT complex with 
PA acceptor. 

Fig. 12. IR spectra of the free Dye 6 and its CT complex 
with PA acceptor. 

 

 

Table 4 

IR spectral assignments of the 1,8-naphthalimide dyes (Dye 1–Dye 5) and their CT complexes with PA acceptor. 

Free PA Free dyes Complexed dyes Assignments
a
 

 Dye 
1 

Dye 2 Dye 3 Dye 4 Dy
e 5 

 Dye 
1 

Dye 2 Dye 3 Dye 4 Dye 
5 

 

3416 3428 3430 3419 3468 34
22  – – – – 34

25  ν(O\\H); H2O; 
PA 

 

– – – – – –  3335 3325 3325 3335 –  ν(
+

N\\H⋯O
−
)  

– – – – 3207 31
30 

 – – – – –  ν(N\\H)  

3103 3102 3108 3107 3075 309
0 

 3075 3074 3081 3065 31
13 

 νas(C\\H); 
aromatic 

 

2980 2959 2961 2957 2975 298 2957 2960 2950 2954 29  νas(C\\H) +  



 
0 42 νs(C\\H) 

– 2872 2873 2866 2815 28
79 

 2869 2869 2860 2834 28
52 

 νas(C\\H) + 
νs(C\\H) 

 

– 2363 2365 2364 2355 23
65  2358 2357 2358 – 23

49  Combination 
band  

– 1709 1701 1705 1709 17
02 

 1706 1704 1710 1709 17
06 

 νas(C_O)  

– 1660 1652 1634 1659 16
41 

 1648 1653 1660 1658 16
66 

 νs(C_O)  

– – – – 1598 16
03 

 – – – 1627 16
24 

 δ(N\\H)  

1632 1533 1536 1534 1540 15
41 

 1589 1583 1599 1588 15
85 

 ν(C_C) (in-ring), 
aromatic 

 

1608 – – – – –  1501 1502 1519 1517 15
25  νas(NO2); PA  

1529, 1432 1435 1466 1444 1440 14
40  1462 1462 1458 1437 14

45  δ(CH) deformation  
1343 – – – – –  1496 1480 1398 1387 13

84  νs(NO2); PA  
– 1347 1349 1353 1340 13

50  1355 1352 1358 1337 13
54  δ(CH) deformation  

– 1259 1261 1263 – –  1267 1261 1267 – –  ν(C\\O)  
– 1250 1262 1247 1269 12

50 

 1228 1231 1237 1236 12
33 

 δ(C\\C)  

– 1152 1155 1152 1159 11
49 

 1110 111
1 

1137 1136 11
13 

 νas(C\\N)  

– 1093 1096 1092 1088 10
89 

 1071 1070 1067 1065 10
68 

 νs(C\\N)  

1150, 1086 917 949 920 907 91
8  944 940 905 941 87

2  δ(CH) in-plane 
bending  

781 – – – – –  856 849 845 854 84
1  δ(NO2), scissoring; 

PA  
– 790 783 790 787 78

7  788 789 785 786 78
1  δrock(CH)  

– 732 753 730 707 72
7  749 749 744 774 76

1  δ(CH) out-of-
plane bending  

703 – – – – –  660 658 654 663 65
8  ω(NO2); PA  

522 – – – – –  573 568 584 577 580  δrock (NO2); PA  
a
 ν, stretching; νs, symmetrical stretching; νas, asymmetrical stretching; δ, bending. 



  

 
 

 

 

 

 

 

 
 

  
 

Fig. 13. IR spectra of the free Dye 7 and its CT complex with PA acceptor. Fig. 14. IR spectra of the free Dye 8 and its 
CT complex with PA acceptor. 

 
 

3.3.7. Calculation of RN 

The RN value was calculated based on the equation 

theoretically de- rived by Briegleb and Czekalla [82]: 

 
εmax ¼ 7:7 × 10

−4
=½hνCT =½RN]−3:5] ð8Þ 

Fig. 3 shows representative 1:1 Benesi–Hildebrand plot of 

the syn- thesized CT complexes in methanol solvent. The 

values of the spectro- scopic parameters  are listed in Table 3. 

Generally, the  synthesized  CT 

complexes show high values of KCT. The values of KCT for the 
obtained CT complexes are in the range 1.26 × 10

6
–4× 10

6
 L 

mol
−1

. The CT com- plex obtained with Dye 7 exhibits the 
highest KCT value compared with 

other complexes. (Fig. 4). This high value of KCT suggests a high 

stability of the complex containing Dye 7 in methanol. The 

stability of the synthe- sized CT complexes for the different 

dyes decreases in the following order: Dye 7 N Dye 8 N Dye 6 N 

Dye 5 N Dye 3 N Dye 4 N Dye 1; Dye 2 N Dye 9. The complex 

obtained with Dye 6 exhibits higher εmax value com- pared with 

other CT complexes. All the ΔG° values are negative, suggest- ing 

that the interaction between the PA acceptor and all dyes is 

spontaneous, and reasonably stable [83]. The ΔG° values of the 

CT com- plexes for the different dyes are ordered as follows: Dye 

7 N Dye 8 N Dye 6 N Dye 5 N Dye 3 N Dye 4 N Dye 2 N Dye 1 N 

Dye 9. This ordering is consistent with the stability of the CT 

complexes. A strong linear corre- lation (r = 0.96302) is 

observed between ΔG° and KCT values (Fig. 5). The values of 



 
ΔG° become more negative with increasing KCT for the CT 

complex. 
3.4. Band gap energy 

 
The band gap energy (Eg) can be determined from the 

variation of the optical absorption near the fundamental 

absorption edge. To Eg, first the absorption coefficient (α) is 

calculated from the measured ab- sorbance (A) using the 

relation: 

 
a ¼ 1=dlnA ð9Þ 

where d is the width of the cell. 

Then Eg is calculated using the relation [84–86]: 

ðahνÞ ¼ A
.
hν−Eg

Σm ð10Þ 

where hν is the photon energy, A is an energy independent 

constant, and m is equal to 2 and ½ for indirect and direct 

transitions, respectively. The Eg can be evaluated graphically 

by extrapolating the linear portion of the (αhν)
½
 against hν 

curve to (αhν)
2
 = 0 [87]. 

Curves of (αhν)
½
 against hν for the PA acceptor, free 

dyes, and the synthesized CT complexes are given in Fig. 6. 

The value of Eg for the PA acceptor is 2.57 eV. The values of 

Eg for free dyes are equal to 2.94, 3.25, 2.96, 3.33, 2.29, 

2.39, 2.38, 2.36, 1.69 eV, for Dye 1, Dye 2, Dye 3, 

Dye 4, Dye 5, Dye 6, Dye 7, Dye 8, and Dye 9, respectively. 

When these dyes complexed with PA acceptor, the 

corresponding values for the ob- tained CT complexes are 

equal to 2.59, 2.60, 2.60, 2.90, 2.59, 2.57, 2.54, 2.59, and 2.56 

eV, respectively. These data indicate that the complexa- tion 

with PA decreases the band gap energy of the Dye 1, Dye 2, 

Dye 3, and Dye 4. On the other hand, the complexation with 

PA increases the 



  

 
 
 
 
 
 

 

 
 
 
 
 

 

 
 
 
 
 

 
 
 
 

 

 
Fig. 15. IR spectra of the free Dye 9 and its CT 
complex with PA acceptor. 

band gap energy of the Dye 5, Dye 6, Dye 7, Dye 8 and Dye 9; 

the increase in the band gap energy of these dyes are 0.3, 

0.18, 0.16, 0.23, and 

0.87 eV, respectively. 

Generally, the band gap energy of the 1,8–

naphthalimide dyes de- creases when these dyes 

complexed with PA acceptor, while the bad gap energy of 

the benzanthrone dyes increases when these dyes com- 

plexed with PA acceptor. We can explain this observation 

based on two facts: i) the relationship between the band 

gap energy and the aro- maticity is a reversible relation [88], 

and ii) significant mixing of the N- lone pairs of the 

heterocycle with carbon p-orbitals improves the aro- 

maticity and decreases the HOMO–LUMO energy gap [89]. 

The com- plexation with PA increases the band gap energy 

of the benzanthrone dyes because the formation of the 

positive nitrogen led to the attraction of the π-electrons of 

the naphthalene ring (the main nucleus of aroma- ticity of 

these dyes) and thus decreasing the aromaticity of the 

complex, and in return, it causes an increase in the band gap 

energy. On the other hand, the formation of the positive 

nitrogen in the complexes of 1,8– naphthalimide dyes 

doesn't affect on the aromaticity of the complex be- cause 

the positive nitrogen is isolated from the naphthalene ring 

with a nonaromatic five-membered ring. 

 
3.5. IR spectroscopy 

 
3.5.1. CT complexes with 1,8-naphthalimide derivatives 

The IR spectra bands of the free 1,8-naphthalimide 

derivatives (Dyes 1–5) and their CT complexes with the PA 

acceptor are shown in  Figs. 7–11, whereas the peak 

assignments for the important peaks are reported in Table 

4.The IR spectrum of the free PA acceptor shows the 

following characteristic vibrations: (i) a very strong broad 

band of 

ν(O\\H)  at  3416  cm
−1

;  (ii)  bands  at  1608  and  1343  
cm

−1
  were 

assigned to νas(NO2) and νs(NO2) vibrations, respectively; (iii) 
bending deformation vibrations of δ(C\\H) appearing at 
1529–1432 cm

−1
; (iv) deformation vibrations of the NO2 

group; and scissoring, wagging, and rocking appearing at 
781, 703, and 522 cm

−1
, respectively. The free 1,8-

naphthalimide derivatives (Dyes 1–5) show the following 
charac- 
teristic vibrations on their IR spectra: (i) C\\H vibrations: the 
bands ob- served in the range of 3100–2800 cm

−1
 were 

assigned to the νas(C\\H) and νs(C\\H). The bands 
observed at 1460–1440 and 1350–1340 cm

−1
 



 
can  be  attributed  to  the  C\\H  bending  
deformation  vibrations.  The sharp strong band at 

~790 cm
−1

 was assigned to δrock(C\\H) vibrations; 

 

Table 5 

IR spectral assignments of the benzanthrone dyes (Dye 6–Dye 9) and their CT complexes with PA acceptor. 

 

Free PA Free dyes    Complexe
d dyes 

   Assignments
a
  

 Dye 6 Dye 7 Dye 8 Dye 9  Dye 6 Dye 7 Dye 8 Dye 9   

3416 3423 3422 3438 3425  3458 3428 3434 3425  ν(O\\H); H2O; 
PA 

 

– – – – –  3227 3237 3234 3225  ν(
+

N\\H⋯O
−
)  

3103 3102 3100 3106 3104  3056 3046 3053 3064  νas(C\\H); 
aromatic 

 

2980 2981 2989 2985 2983  – 2905 2891 2993  νas(C\\H) + 
νs(C\\H) 

 

– 2870 2879 2875 2872  – – – 2832  νas(C\\H) + 
νs(C\\H) 

 

– 2358 2356 2362 2360  2363 2362 2359 2360  Combination 
band  

– 1634 1643 1639 1636  1644 1647 1652 1646  ν(C_O)  
– 1604 1603 1608 1606  1619 1627 1621 1606  C_N  

1632 1534 1532 1528 1526  1559 1567 1571 1576  ν(C_C) (in-ring), 
aromatic 

 

1608 – – – –  1490 1486 1511 1506  νas(NO2); PA  
1529, 1432 1444 1442 1438 1435  1457 1466 1461 1466  δ(CH) deformation  
1343 – – – –  1377 1386 1380 1385  νs(NO2); PA  
– 1353 1341 1347 1355  1306 1305 1301 1305  δ(CH) deformation  
– 1261 1268 1262 1272  1213 1217 1227 1250  δ (C\\C)  
– – – 940 –  – – 998 –  ν(C\\F)  
1150, 1086 921 924 915 923  945 954 938 1033  δ(CH) in-plane 

bending  
– – 830 – –  – 843 – –  ν(C\\Br)  
781 – – – –  905 883 897 872  δ(NO2), scissoring; 

PA  
– 790, 740 784, 

743 
784, 
744 

782, 
732  774, 754 773, 743 777, 

749 
782, 
741  δrock(CH)  

– 700 703 704 701  703 712 697 691  δ(CH) out-of-
plane bending  

703 – – – –  593 622 566 565  ω(NO2); PA  

522 – – – –  483 511 516 531  δrock (NO2); PA  
a
 ν, stretching; νs, symmetrical stretching; νas, asymmetrical stretching; δ, bending. 



  

 
 

  
 

  
 

Fig. 16. The proposed structure of the Dye 1—PA 
complex. 

 

(ii) C_O vibrations: the very strong bands observed at 
1710–1700 and 1660–1630 cm

−1
 were assigned to the 

νas(C_O) and νs(C_O) vibra- tions, respectively; (iii) C_C 
vibrations: the band observed at approxi- mately 1540–
1530 cm

−1
 was assigned to the ν(C_C) vibrations; (iv) 

C\\O vibrations: the band centered at 1270–1260 cm
−1

 
was assigned 
to  the  ν(C\\O)  vibrations;  (v)  C\\N  vibrations:  bands  
observed  at 1160–1150 cm

−1
 and 1095–1090 cm

−1
 were 

assigned to C\\N asym- metric and symmetric stretching 
vibrations, respectively; and (vi) C\\C vibrations: the 
band centered around 1255 cm

−1
 was assigned to the 

δ(C\\C) vibrations. Also, Dye 4 and Dye 5 exhibit two 
characteris- tic vibrations at 3207 and 3130 cm

−1
 that 

were attributed to the 
ν(N\\H)  vibrations,  and  at  1598  and  1603  cm

−1
  

attributed  to  the 
δ(N\\H) vibrations, respectively. In the IR spectra of the 
synthesized 
CT complexes, the symmetric and asymmetric C\\H 
stretching bands appeared in the range 3100–2850 cm

−1
. 

The C_O asymmetric stretching vibration band was located 
around 1710 cm

−1
, and that of 

the symmetric stretching vibration around 1660 cm
−1

. The 
absorption around 1585 cm

−1
 is due to the aromatic C_C 

stretching vibrations. 
The    C\\H    deformation    mode    was    observed    at    the    
ranges 1460–1440 cm

−1
 and 1355–1350 cm

−1
. Bands 

observed at 1135–1110 cm
−1

 and 1070–1065 cm
−1

 were 
assigned to C\\N asym- 
metric and symmetric stretching vibrations, respectively. 

Frequencies of the C\\N band are shifted to lower 

wavenumbers than that of the free dyes due to the 

complexation with the PA molecule. The absorption 



 
Fig. 17. The proposed structure of the Dye 2—PA 
complex. 

 
bands at 1525–1500 cm

−1
 and at 1398–1380 cm

−1
 are 

due to the asym- metric and symmetric stretching 
vibrations of picrate as for other aro- 

matic nitro groups [90]. Peaks at 855–840, 660–655, 
and 580–665 cm

−1
 are due to the scissoring, wagging, 

and rocking modes of the C\\NO2 stretching 
vibrations, respectively. The nitro vibration 

bands,νas(NO2), νs(NO2), and δ(NO2), were shifted with 

respect to those of the free PA acceptor, likely due to 

intermolecular CT interac- 

tions.  The ν(O\\H)  vibration  of  the  free  PA  is  
observed as  a  strong broad band at 3416 cm

−1
. This 

strong broad band was not observed in the spectra of 
the synthesized CT complexes, suggesting that the OH 

group of PA was deprotonated towards the dyes' 
nitrogen atom. A weak band appearing around 3335–
3325 cm

−1
 was observed in the IR spectra of the CT 

complexes. This band is attributed to the stretching vi- 
bration of (

+
N\\H⋯O

−
) and confirms the proton 

transfer from the OH group of the PA acceptor to the 
nitrogen atom of the dyes to form an in- 

termolecular H-bonded ion pair [91–103]. The three nitro 

groups in the PA acceptor are electron-withdrawing 

groups. These groups withdraw electron density from 

the aromatic ring of PA making it a good electron-

accepting molecule. Instead, all the synthesized 

fluorescent dyes contain high electron densities over 

the aromatic rings making these dyes good electron-

donating molecules. So, the interaction mode between 

the dyes and the acceptor (Dye → PA) can occur through π 

→ π* charge migration via the aromatic ring of the dyes 

and the aro- 

matic ring of the PA acceptor. The ν(C_C) band of the 
free dyes ap- peared at 1533, 1536, 1534, 1540, and 
1541 cm

−1
 for Dye 1, Dye 2, 



  

 
 

  

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 18. The proposed structure of the 
Dye 3—PA complex. 

Fig. 19. The proposed structure of the Dye 4—PA 
complex. 

 

 
The IR spectra of the free dyes were characterized by a 

sharp and very strong band around 3100 cm
−1

 due to the 
νas(C\\H) vibrations, but after complexation with the PA 
acceptor, the intensity of this band significantly decreased. 
The strong broad band at 3416 cm

−1
, which is characteristic 

of ν(O\\H) vibration of the free PA acceptor, was absent 

 

Dye 3, Dye 4, and Dye 5, respectively. Once these dyes interact with  the 

PA acceptor, those bands shift in the corresponding CT 
complexes to 1589, 1583, 1599, 1588, and 1585 cm

−1
, 

respectively. Such shifts sug- gest that the complexation 
between those dyes and the PA  acceptor 

can occur through π → π* interaction along with the proton 

transfer in- teraction. The proposed representation of the CT 

complexes structures is illustrated in Figs. 16–20. 

 
3.5.2. CT complexes with benzanthrone derivatives 

The IR spectra bands of the free benzanthrone derivatives 

(Dyes 6–9) and their CT complexes with the PA acceptor are 

shown in Figs. 12–15, whereas the peak assignments for the 

important peaks are reported in Table 5. Free 

benzanthrone derivatives (Dyes 6–9) show the following 

characteristic vibrations in their IR spectra: (i) C\\H 
vibrations: the bands observed in the range 3100–2850 
cm

−1
 were assigned to the νas(C\\H)and   νs(C\\H).   



 
The   bands   located   around   1440   and 
1350 cm

−1
 can be attributed to the C–H bending 

deformation vibra- tions. The strong bands at ~784 and 
~740 cm

−1
 were assigned to δrock 

(C\\H) vibrations; (ii) C_O vibrations: the very strong bands 
observed at 1640–1635 cm

−1
 were assigned to the ν(C_O) 

vibrations; (iii) C_N vibrations: the bands located around 
1605 cm

−1
 were assigned to the 

ν(C_N) vibrations; (iv) C_C vibrations: the band observed at 
approx- imately 1530–1525 cm

−1
 was assigned to the 

ν(C_C) vibrations; and 
(v) C\\C vibrations: the band centered around 1265 cm

−1
 

was assigned 
to the δ(C\\C) vibrations. Also, in Dye 7, the peak centered 
at 830 cm

−1
 is probably due to the ν(C\\Br) vibrations, 

whereas in Dye 8, the peak 

centered at 940 cm
−1

 is probably due to the ν(C\\F) 

vibrations. 

 

 
 

Fig. 20. The proposed structure of the Dye 5—PA 
complex. 



  

 
 

  
 

 

Fig. 21. The proposed structure of the 
Dye 6—PA complex. 

 
Fig. 23. The proposed structure of the Dye 8—PA 
complex. 

 

in the spectra of the synthesized CT complexes, suggesting 

the depro- tonation of the OH group of PA towards the 

nitrogen atom of the dyes. As a result of complexation, the 

vibrational frequencies of nitro group of the free PA 

acceptor—νas(NO2), νs(NO2), δsciss.(NO2), ω(NO2), and 

δrock(NO2)—appearing  at  1608,  1343,  781,  703,  and  
522  cm

−1
, 

 

 
 

Fig. 22. The proposed structure of the Dye 7—PA 
complex. 



 

respectively, were shifted and observed in the CT 
complexes at 1511–1490,  1386–1377,  905–872,  622–
565, and 531–483 cm

−1
,   re- 

spectively. The new bands observed in the spectra of 
the synthesized CT complexes at approximately 3237–
3225 cm

−1
 are the result of the stretching vibration of 

(
+

N\\H⋯O
−

), and due to the stretching vibra- 
tion of a proton attached to the nitrogen atom of the dyes. 
The band of 

 

 
 

Fig. 24. The proposed structure of the Dye 9—PA 
complex. 



  

 
 
 

 

 

 
 

Fig. 25. TGA diagrams of the Dye 1–Dye 9 complexes with 
PA acceptor. 

 

 

 
 

Fig. 26. Coats–Redfern diagrams of the Dye 1–Dye 9 CT 
complexes with PA acceptor. 

 

 

ν(C_C) of the free dyes appeared at 1534, 1532, 1528, and 

1526 cm
−1

 
for Dye 6, Dye 7, Dye 8, and Dye 9, respectively. Once these 

dyes interact 

with the PA acceptor, those bands shift in the 
corresponding CT com- plexes to 1559, 1567, 1571, and 
1576 cm

−1
, respectively. All these shifts support the 

conclusion that a deformation of the electronic environ- 

ment of the dyes is caused by accepting a proton from the PA 

molecule and by π → π* interaction between the dyes and PA 

molecules, as illus- trated in Figs. 21–24. 

 

3.6. Thermal study 

 
TGA curves of the synthesized CT complexes are shown in 

Fig. 25. The obtained data are supported the thermal 

stability behaviors of chemical structures proposed for 

these CT complexes under 



 

investigation. The thermal degradation of the CT complexes 

proceeds within two-to-three essential degradation steps. 

The weight losses of Dye 1–PA, Dye 2–PA, Dye 3–PA, Dye 4–

PA, Dye 5–PA, Dye 6–PA, Dye 7– 
PA, Dye 8–PA, and Dye 9–PA complex are 81%, 94%, 61%, 96%, 
92%, 93%, 
90%, 97%, and 97% corresponding to the decomposition of 

one of PA and dye molecules. Carbon atoms is the final 

thermal product remain 

as a residue at 800 °C. The kinetic–thermodynamic 

parameters; the ac- tivation energy (E⁎), the enthalpy of 

activation (H⁎), the frequency factor (A), the Gibbs free 

energy of activation (G⁎), and the entropy of activa- 
tion (S⁎) were evaluated graphically (Fig. 26) by employing 
the Coats- Redfern method [104], and the evaluated data 
are listed in Table  6. 
The negative values of (S⁎) for the CT complexes indicate that 
the acti- vated complexes are more ordered than that of 
either of the reactants. 
The reactions for which ΔS⁎ is negative and ΔG⁎ is positive 
are consid- ered as non-spontaneous, so, the thermal 
degradations of the  CT com- 

plexes is non-spontaneous, i.e., the synthesized CT complexes 

are thermally stable. 

 
3. Conclusion 

 
A series of 1,8–naphthalimide and benzanthrone 

fluorescent dyes were synthesized and characterized. All 

the synthesized dyes were found to display bright red, 

orange, or yellow fluorescence in methanol solvent. The 

ability of the synthesized dyes to react with PA acceptor 

was evaluated using UV–Vis. and IR spectroscopies. When 

PA reacted with each dye, a significant change in the UV–

Vis. and IR spectra of the formed product was observed 

compared with those of the free reac- tants, indicative of 

the formation of the CT complex. It has been found that the 

CT interactions tacked place via 1:1 molar ratio (Dye: PA). 

Sev- 

eral spectroscopic data (KCT, εmax, ECT, f, μ, RN, IP, and ΔG°), 

kinetic– thermodynamic data (E⁎, A, ΔS⁎, ΔH⁎ and ΔG⁎) 
and the value of Eg 

were estimated for each CT product in methanol solvent at 

room tem- perature. The IR data suggest that the 

complexation between PA and each dye occurs via π → π* 

and proton transfer interactions. 
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