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a b s t r a c t 

In this work, we have prepared new derivatives of the 2, 5 -aromatic disubstituted pyrrole. Fullerene 

and ferrocene were used as substituent fragments. These compounds are chemically different, however 

all of them withdraw electronic charge from the aromatic ring in which they are supported; as a result 

all the derivatives exhibit semiconductor behaviour. We describe the preparation of these species, and 

also characterize all of the new compounds. DFT calculations were carried out in order to establish the 

source of electronic behaviour and to make comparisons between the experimental results. The Kubelka- 

Munk method indicates that the fullerene compound is a low band gap semiconductor, thus we used 

this material to prepare thin films. The films were characterized and their optoelectronic behaviour was 

evaluated. 

© 2021 Elsevier B.V. All rights reserved. 
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. Introduction 

Since the introduction of semiconductor substances as the main 

omponents of transistors in 1947 [ 1 , 2 ], a large variety of dif-

erent substances with semiconductor behaviour have been stud- 

ed from experimental and theoretical standpoints, in order to as- 

ess their propensity to work in transistors or similar devices. In 

950, Akamatu and Inokuchi made way for the introduction of or- 

anic semiconductor substances [3] , by initiating a very interest- 

ng research project that had very fruitful results. Among these 

tudies, research related to π-conjugated monomers and polymers 

tands out [ 4 , 5 ], which has provided fundamental materials for the 

esign of devices, including photovoltaic cells [6] , light emitting 

iodes [ 7 , 8 ] and transistors [9] . To date, polymer photovoltaic cells

ave undergone vast improvement, thanks to the photoconductiv- 

ty in their polymers, furthering their future application in organic 

olar cells [10] . With reference to their chemical qualities, there 
∗ Corresponding author. 
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re four groups of photoconductive polymers [ 10 , 11 ]: (i) polymers 

ith a saturated backbone, (ii) polymers with polynuclear aromatic 

oieties, (iii) polymers with a high degree of π-conjugation in 

he main chain and (iv) polymers with a σ -conjugated backbone 

 10 , 12 ]. 

Pyrrole is a heterocyclic compound with a high degree of π- 

onjugation in the main chain, which has manifested semiconduc- 

or behaviour [13] and been probed as a corner stone for the de- 

ign of materials with interesting electronic properties [14] . In par- 

icular, 2, 5 -aromatic disubstituted derivatives of pyrrole [ 15 , 16 ] 

how electronic tuning behaviour, and it has been demonstrated 

hat the introduction of different substituent groups on the aro- 

atic, dramatically changes its behaviour from insulator to semi- 

onductor, resulting in better semiconductor capacity when the 

unctional groups participate in an electron release, consisting of 

NO 2 [ 17 , 18 ]. Moreover, the diketopyrrolopyrrole (DPP) acceptor 

nit has recently emerged as a promising candidate for use in op- 

oelectronic applications [ 10 , 19 , 20 ]. For example, the PDPP3T was

esigned with unsubstituted terthiophene units between each pair 

f DPP units, and has exhibited not only high charge carrier mobili- 

https://doi.org/10.1016/j.molstruc.2021.130107
http://www.ScienceDirect.com
http://www.elsevier.com/locate/molstr
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molstruc.2021.130107&domain=pdf
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ies of around 10 −2 cm 

2 V 

−1 s −1 for electrons and holes, but also ex- 

ended optical absorption towards the infrared region, with a low 

and gap of 1.36 eV [10] . Most recently, furans have been incor- 

orated into DPP acceptor units to produce a low-band gap of be- 

ween 1.35 and 1.41 eV, in these conjugated polymers [10] . 

A diazonium salt is an ionic unstable organic species, which 

ears a triple-bonded di-nitrogen unit [21] . Above all, aryl dia- 

onium salts constitute an important series of compounds that 

re commonly used in organic chemistry because the diazonium 

roup activates nucleophilic aromatic substitutions and provides a 

outine way for introducing a wide range of compounds, as well 

s the fact it can be easily synthesised, manifests rapid electron- 

eduction and strong aryl-surface covalent bonding [22] . It can be 

repared from aniline or an aromatic species bearing –NH 2 sub- 

tituents, which can be obtained from the reduction of the corre- 

ponding nitroarene [23] .This type of chemistry has been success- 

ully applied to various processes for the functionalization of ma- 

erials, for example the modification of carbon surfaces via graft- 

ng of electrochemically reduced aryl diazonium salts [ 24 , 25 ], co- 

alent functionalization of CNO’s [26] , SWCNT’s [27] , semiconduc- 

ors, fullerene and metal-oxide nanoparticles [26–28] . Considering 

hat the conductivity of pyrrole derivatives can be improved by the 

nclusion of new electron withdrawing groups into the N- sub- 

tituted aromatic ring of the framework species, the diazonium 

alts method may offer an interesting alternative for the prepara- 

ion of new substances. In this case, the introduction of organic 

nd organometallic compounds such as ferrocene and fullerene to 

he pyrrole unit may generate an interesting group of semicon- 

uctor compounds, due to favourable physical, chemical and elec- 

ronic properties. Ferrocene (Fc) is one of the most widely used 

rganometallic molecules in functional materials for sensors [29] , 

olar cells [30] , magnets [31] , and biological applications [ 32 , 33 ].

hemically, Fc groups have unique redox characteristics and a pi- 

onjugated system, which potentially offer superb electron-transfer 

apacity. In another context, fullerene has attracted interest due to 

ts highly symmetric structure, its ability to undergo multiple ad- 

ition reactions and its exceptional electron accepting characteris- 

ics. With its strong electron accepting properties and remarkably 

ow reorganization energy, C 60 is one of the most popular chro- 

ophores to have been incorporated into multicomponent molec- 

lar architecture [34] . 

This work therefore aims to prepare new derivatives of 2, 

-aromatic disubstituted pyrroles, functionalized with fullerene 

nd ferrocene, by applying the diazonium salts procedure. Subse- 

uently, we implemented chemical and structural characterization 

f these pyrrole derivatives. Finally, their optoelectronic nature was 

valuated, applying a thin film analysis, in the case of the fullerene 

erivative. DFT calculations were undertaken, in order to establish 

he source of electronic behaviour and then compared with experi- 

ental results and in the case of ferrocene derivatives calculations 

f the same nature were carried out in order to compare the in- 

rinsic electronic differences between both isomers. 

. Materials and methods 

.1. Synthesis of precursor compounds 

Reagents and solvents employed in all syntheses were pur- 

hased from Sigma-Aldrich Chemistry. The preparation of these 

recursor compounds has been reported previously [ 15 , 18 ]. 

1, 4-diphenylbuta-1, 3-diyne (I). We added copper (I) chlo- 

ide (0.9 g, 9.09 mmol) and N, N, N ,́ N -́tetramethylethylenediamine 

TMEDA), 0.3 mL (0.23 g, 1.99 mmol) to a solution of phenyl acety- 

ene (4.65 g, 45.53 mmol) in isopropanol. The mixture was stirred 

ontinuously for 3 hours in an oxygen atmosphere. Acidified water 

as added to the resulting solution. The product was separated by 
2 
ltration, dried in a vacuum, and purified by recrystallization from 

exane. Yield: 95%, white solid, m.p. 86.5 °C. 

IR (cm 

−1 ): ν(C-H): 3049, ν (C 

≡C): 2146, ν(C = C): 1592, ν(C-H): 

438 y 1484. 
1 H-NMR (400 MHz, CDCl 3 ): δ (ppm) 7.71 (s, 2H), 7.53 (m, 3H). 
13 C-NMR (100MHz, CDCl 3 ): δ (ppm) 73.92, 81.55, 121.81, 128.43, 

29.19, 132.49. 

1- (p-nitro-phenyl) -2, 5-diphenylpyrrole (II). We added CuCl 

I) (0.2g, 1.97mmol) and 4 -nitroaniline 1.36 g (9.84 mmol) to a 

olution of 1, 4-diphenylbuta-1, 3-diyne (2g, 9.8mmol) in N, N- 

imethylformamide (DMF) (15mL). The reaction mixture was then 

tirred constantly for 48 hours in a nitrogen atmosphere, at a tem- 

erature of 153 °C. Subsequently, this product was washed several 

imes in cold acetone, separated by filtration and dried in a vac- 

um. Yield: 50%, yellow solid, m.p. 253-255 °C. 

IR (cm 

−1 ): ν (C-H):3063, (-NO 2 ): 1521, 1496, (C-H): 1677, 1595, 

-NO 2 ): 857. 
1 H-NMR (400 MHz, CDCl 3 ): δ (ppm) 6.65 (s, 1H), 7.27 (m), 8.23 

s, 1H). 
13 C-NMR (100 MHz, CDCl 3 ): δ (ppm) 111.26, 132.52, 135.72, 

28.26, 128.97, 129.31, 144.50, 126.95, 124.10 y 146.07. 

Synthesis of 1- (p-amino-phenyl) -2, 5-diphenylpyrrole (III). 0.5 

 (1.47 mmol) of 1- (p-nitro-phenyl) -2, 5-diphenylpyrrole in 75 

L of ethyl acetate was placed in a three-necked flask, and stirred 

onstantly for 10 min at 60 °C. Then we added 0.6 g (10.74 mmol) 

f metallic Fe and 5 mL of concentrated HCl. The mixture was 

tirred constantly for 3.5 h at reflux in a nitrogen atmosphere, 

t 75 °C. When synthesis was complete, the reaction mixture was 

ltered in a vacuum and the extracted solid was washed several 

imes with distilled water and the product dissolved in acetone. 

he product solution was concentrated in the rotavapor. Yield: 70%, 

aramel brown solid, m.p. 240.42 °C. 

IR (cm 

−1 ): ν (N-H):3413 y 3331, ν (C-H): 3061, ν (N-H): 1623 y 

597, ν (-C-H): 1513 and 1482. 
1 H-NMR (400 MHz, CDCl 3 ): δ (ppm) 6.42 (s, 1H), 6.74 (s, 1H), 

.16 (m, 3H), 5.58 and 6.60 (d, 1H), 4.22 (s, 1H). 
13 C-NMR (100 MHz, C 2 D 6 OS): δ (ppm) 110.13, 128.7, 130.28, 

28.50, 128.60, 128.78, 133.40, 127.31, 126.71, 136.11. 

Synthesis of ferrocene derivatives (IV, V). 0.093 g (0.3 mmol) of 

- (p-amino-phenyl) -2, 5 - diphenylpyrrole was placed in a ball- 

ask (1) with 10 mL of concentrated H 2 SO 4 , then stirred for 20 

in in another ball flask, in which (2) 0.06 g (0.32 mmol) of fer- 

ocene was placed in 10 mL of ether and stirred constantly for 10 

in. A solution of 0.28 g of NaNO 2 (4 mmol) with 5 mL of H 2 O

as stirred continuously for 10 min. The solution in the ball flask 

1) and the NaNO 2 solution were added dropwise to the ball flask 

2). The reaction mixture was kept for 3 h, stirring continuously 

t room temperature. The mixture was then washed with distilled 

ater. Subsequently, the reaction mixture was washed with chlo- 

oform and another solid and the solution was retrieved. The part 

issolved in chloroform was transferred to the rotavapor, obtain- 

ng a dark brown compound IV , with a yield of 41.97%. Solid com- 

ound V was light brown in colour, with a yield of 23.67%. 

IR of compound IV (cm 

−1 ): ν (C-H): 3050 y 2917, ν (-C = C): 

677, ν (Fe-Cp): 593, ν (-C-H): 1596 and 1494. 
1 H-NMR (400 MHz, CDCl 3 ): δ (ppm) 6.93 (s, 1H), 0.90 (s, 1H), 

.28 (s, 3H), 7.56 (m, 5H). 
13 C-NMR (100 MHz, CDCl 3 ): δ (ppm) 110.23, 88.25, 57.21, 29.71, 

28.94, 136.90, 133.92, 128.94. 

IR of compound V (cm 

−1 ): ν (C-H): 3060, ν(C = C): 1514, ν (C-C): 

483 and 1598, ν (-C-H): 1040, ν (Fe-Cp): 588, (Fe-C): 401. 

Synthesis of 1- (p-fullerene-phenyl) -2, 5 - diphenylpyrrole 

VI). We placed 0.09 g (0.290 mmol) of 1- (p-amino-phenyl) -2, 5- 

iphenylpyrrole with 3 mL of concentrated HCl in a ball flask and 

tirred for 2 h. A solution of NaNO 2 (0.03 g, 0.434 mmol) in 2 mL

f H 2 O was prepared. The ball flask solution and the NaNO 2 solu- 
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ion were cooled to 0 °C. Once this temperature was reached, 0.1 

 of fullerene (0.138 mmol) and the NaNO 2 solution were added 

o the mixture in the ball flask. The reaction mixture was stirred 

ontinuously for 15 days, at room temperature. Yield: 57.89%, dark 

rown solid, m.p. 205.23 °C. 

IR (cm 

−1 ): ν (C-H): 3056, ν (C-H): 1513 y 1483, C 60 : 1427, 1180, 

74 y 524. 
13 C-RMN (400MHz, solid): δ (ppm) 148.01, 135.49, 118.50, 

27.99, 129.53, 110.17 and 78.58. 

.2. Pyrrole derivative characterization 

Infrared spectra were recorded on a Thermo Scientific model 

icolet 6700 FT-IR spectrometer. 1 H and 

13 C NMR spectra were ob- 

ained using the Bruker Avance 400 MHz spectrometer, with TMS 

s standard. TGA thermal analyzes were performed on a TA Instru- 

ents Q50 0 0IR in an air atmosphere with a flow of 25 mL min 

−1 

nd a heating rate of 10 °C min 

−1 . DSC analyzes were performed on

 TA Instruments Q20 0 0 in an N 2 atmosphere with a flow of 50 mL

in 

−1 and a heating rate of 10 °C min 

−1 . UV-vis spectroscopy was 

arried out on a spectrophotometer Unicam UV-300, at a wave- 

ength range of 20 0-110 0 nm. 

For ferrocene compounds, electronic paramagnetic spectroscopy 

EPR) was undertaken in a quartz tube at room temperature with 

 Jeol JES-TE300 spectrometer, operating at X-Band fashions at 100 

Hz modulation frequency and a cylindrical cavity in the TE 011 

ode. The external calibration of the magnetic field was made 

sing a precision gaussmeter, Jeol ES-FC5. These values were cor- 

ected by isotropic simulation using the ES-PRITS/TE programme 

rom Jeol. 

The diffuse reflectance of the samples of ferrocene and fullerene 

erivatives were measured in powder form at 25 °C using a UV-Vis 

IR Cary 50 0 0 spectrophotometer, at a wavelength ranging from 

0 0-80 0nm. We used the Kubelka-Munk method to obtain band 

ap energies. 

Tauc’s theory [35] proposes a method to estimate the band gap 

nergy of amorphous semiconductors using the optical absorption 

pectrum, based on the assumption that the absorption coefficient 

can be expressed according to the following Eq. (1) : 

 

α · h v ) 1 /γ = B ( h v − E g ) (1) 

here h ν is the energy of the incident photon, E g is the optical 

and gap energy, and B is a constant. The γ factor depends on the 

ature of the electron transition, which is equal to 1 
2 or 2 for di- 

ect and indirect band gap energy transitions, respectively. It has 

een proved that when properly executed; this method provides 

ccurate values for E g . However, because α is used to construct the 

auc plot, negligible light scattering is required for this method to 

unction successfully. In the case of powder samples, the scatter- 

ng component cannot be ignored; thus optical absorption spec- 

roscopy does not constitute an appropiate technique for determin- 

ng the value of E g . In this case, diffuse reflectance spectroscopy 

ffers a better method for analysing band-gap energies. 

The parameters necessary for implementing the graphical 

ethod are obtained by analysing the results deduced from diffuse 

eflectance, using the Kubelka-Munk equation [36] . This makes it 

ossible to convert the reflectance measured in experiments, into 

alues for the absorption coefficient α, so that they can subse- 

uently be plotted, thus reveal the band gap value. Firstly, it is 

ecessary to calculate the Kubelka-Munk or reemission function F 

 R ∞ 

) , analogous to Tauc’s plots (see Eq. 2 ): 

 ( R ∞ 

) = 

K 

S 
= 

( 1 − R ∞ 

) 
2 

2 R ∞ 

(2) 

here R ∞ 

= 

R samp le 

R s tan dard 
is the reflectance from an infinitely thick 

pecimen, and K and S represent absorption and scattering co- 
3 
fficients, respectively. Finally, putting F ( R ∞ 

) instead of α into 

q. 1 yields the form ( Eq. 3 ) [ 37 , 38 ]: 

 

F ( R ∞ 

) · h v ) 1 /γ = B ( h v − E g ) (3) 

.3. Geometry optimization 

Geometry optimizations were obtained using the DFT method 

ased on a combination of Becke’s gradient corrections [39] for ex- 

hange and Perdew-Wang’s for correlation [40] . This is the scheme 

or the B3PW91 method, which is included in the GAUSSIAN16 

ackage [41] . These calculations were performed using the 6-31 

 

∗∗ basis set. 

.4. Deposition and characterization of thin films 

The powder obtained from the fullerene compound was de- 

osited in the form of thin films on different substrates, in a 

igh vacuum chamber, using the sublimation technique. The sub- 

trates used were: PET coated with an indium tin oxide film (ITO), 

onocrystalline silicon wafers type "n" (c-Si) and glass. The silicon 

nd glass substrates were previously washed, employing an ultra- 

onic bath cleaning process with different solvents and then vac- 

um dried. Subsequently, to effect the deposition, the substrates 

ere placed on a stainless-steel base inside the vacuum chamber 

t approximately 8 cm above the crucible, where evaporation was 

arried out. The powders of the synthesized material were placed 

n a molybdenum crucible at room temperature. When the heating 

rocess was initiated, the temperature reached within the chamber 

as approximately 573 K. The deposition rate was 0.2 Å / s and the

ressure in the vacuum chamber was 10 −6 torr. 

Infrared analysis was carried out for the films deposited on the 

ilicon wafers. IR spectroscopy was performed on a Thermo Scien- 

ific Nicolet iS5 FT-IR spectrometer. Optical absorption studies of 

lms deposited on quartz substrates were measured on a Thermo 

cientific Evolution 220 UV-Vis spectrophotometer, at a wavelength 

anging from 20 0-110 0 nm. X-ray diffraction patterns were ob- 

ained from the films deposited on the glass and silicon wafer sub- 

trate with CuK α radiation ( λ = 1.54183 Å) in a Bruker-D8 Advance 

iffractometer. Measurements were made in grazing beam mode 

t 1 ° inclination on the sample, with a measurement interval of 

 °-60 °, a step size of 0.02 ° and a step time = 1.5 s. SEM im-

ges were obtained on a SEM JEOL 7600 scanning electron micro- 

cope, operated at a voltage of 20 kV, using the films deposited on 

lass and silicon. For the electrical characterization of the devices 

ade on PET-ITO films, we used a programmable voltage source; 

 sensing station with a lighting and temperature controller circuit 

rom Next Robotix and auto-ranging Keithley 4200-SCS-PK1 pico- 

mmeter analyser. 

. Results and discussion 

.1. Synthesis and characterization of precursor compounds 

The preparation of 1, 4- diphenylbuta-1, 3- dyine (I) was car- 

ied out based on the Glaser reaction, which includes the Hay 

odification. This method consists of the oxidative coupling of ter- 

inal alkyne groups, employing a catalyst of copper chloride, and 

sopropanol as solvent [ 42 , 43 ]. 

The trisubstituted pyrrole (II) compound was prepared by 

eans of the Reisch and Schulte reaction [44–46] . During this 

rocedure, the 4-nitroaniline, containing an electron withdrawing 

roup (-NO 2 ) reacts in the presence of copper chloride at 153 °C in

MF and N 2 atmosphere for a 48 h period. The use of polar sol- 

ents as DMF favors the formation of pyrroles [47] . The IR spec- 

rum corresponding to compound II manifests the characteristic 
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Scheme 1. Chemical reactions: (a) Reduction of the NO 2 group to NH 2 , (b) Formation of ferrocene derivatives, (c) Formation of 1-(p-fullerene-phenyl)-2,5-diphenylpyrrole. 

a

b

t

f

w

p

a

w

t

d

3

1

f

t

a  

c

a

i

r

c

e

t

p

r

a

a

1

d

s

4

t

t

g

dsorption band at 3063 cm 

−1 pertaining to the (C-H) group vi- 

rations, as well as the symmetric and asymmetric vibrations from 

he NO 2 group at 1521 and 1496 cm 

−1 . The 1 H NMR spectrum 

rom this same compound shows a singlet signal at 6.65 ppm, 

hich corresponds to the two hydrogen atoms supported on the 

yrrole ring, a fact confirming that this ring was formed in the re- 

ction. The signals of 73.99 and 81.61 ppm from the 13 C spectrum, 

hich belong to the acetylenic groups, disappear after the reac- 

ion, whereas the signal at 111.26 ppm, corresponding to the 2, 5- 

isubstituted pyrrole group, appears after the reaction. 

.2. Synthesis and characterization of compound 

-(p-amino-phenyl)-2, 5-diphenylpyrrole 

1-(p-amino-phenyl)-2, 5-diphenylpyrrole (III), was prepared 

ollowing the Béchamp method [48] , which consists of the reduc- 

ion of nitro groups to the corresponding amine species. The cat- 

lyst is iron powder and a Brönsted acid is added in order to in-
4 
rease the yield from the reaction (see Scheme 1 a). In this reaction, 

romatic nitro compound is adsorbed onto the iron surface. Here, 

t reacts with hydrogen ion H 

+ produced from the water and acid 

eaction, which generates the production of amine [49] and the 

oncentration of this acid rules this electronic transfer, because its 

xcess helps it pass through the reaction determining step, leading 

o the formation of -NH 2 [50] . The FT-IR analysis shows the ap- 

arition of typical absorption bands at 3413 and 3331 cm 

−1 , cor- 

esponding to the symmetric and asymmetric vibrations from the 

mine group, besides the bending vibration from this same group 

t 1623 cm 

−1 and the disappearance of the nitro group band of 

521 cm 

−1 ; a set of signals which confirms the formation of the 

esired compound in pure form. The NMR analysis makes it pos- 

ible to observe the 6.42 ppm peak from the pyrrole ring and the 

.22 ppm peak from the hydrogen atoms of amine in the 1 H spec- 

ra. Furthermore, the 110.13 ppm signal from the pyrrole group and 

he 136.11 ppm signal from the carbon atom joined to the amine 

roup, appear in the 13 C spectrum. 
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Fig. 1. IR spectrum of 1-(p-ferrocene-phenyl)-2, 5- diphenylpyrrole (IV). 
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Fig. 2. (a) IR spectrum of compound V. (b) Amplification of the area where the Fe-C 

bond band is at 401 cm 

−1 . 
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.3. Synthesis and characterization of the ferrocene derivatives (IV, V) 

The preparation of 1-(p-ferrocene-phenyl)-2, 5- 

iphenylpyrrole (IV) was carried out, following the diazonium 

alts procedure, which consists of the formation of the cationic 

pecies R-N 2 
+ and the posterior formation of an N 2 molecule. 

he reported method of preparation [51] was modified using 

 2 SO 4 instead of HCl in order to improve solubility of the reactant 

ubstance 1-(p-amino-phenyl)-2, 5-diphenylpyrrole, in the sulfuric 

cid (see Scheme 1 b). The reactant mixture was washed with 

istilled water, and the resulting solid was put in chloroform, 

ielding two phases; one soluble (IV) and one insoluble (V), in 

his solvent. 

Analysis of compound IV includes the experimental FT-IR, 

hich was compared to the theoretical one, a comparison which 

as undertaken from 400 to 3700 cm 

−1 , for which the following 

ands match well, with a tolerance of 5 cm 

−1 ; those correspond- 

ng to the (C-H) group at 3050 and 2917 cm 

−1 , on the theoreti-

al spectrum 3292 y 3220 cm 

−1 , and those belonging to the (C = C)

roup at 1677 cm 

−1 (theoretical: 1676 cm 

−1 ). The bands at 1596 

nd 1494 cm 

−1 correspond to the ν(-C-H) group (theoretical val- 

es: 1596 and 1588 cm 

−1 ) and the one at 593 cm 

−1 corresponds 

o the stretching of the FeCp group (theoretical: 628 cm 

−1 ). The 

mine bands do not appear; confirming that the compound is pure 

see Fig. 1 ). The same analysis for compound V shows almost the 

ame bands that appear in compound IV , here again the band at 

88 cm 

−1 is evident, corresponding to the Fe-C bond of the cy- 

lopentadienyl ring (see Fig. 2 a). However, there is a new band at 

01 cm 

−1 which corresponds to an Fe-C σ bond, indicating that 

n this isomer, the bond between the metal atom and the benzene 

ing is σ (see Fig. 2 b). 

In Fig. 3 , the 1 H-NMR spectrum of compound IV is shown. The 

ignals corresponding to the proton atoms of pyrrole are visible, 

ith chemical shifts of 6.93 ppm (H-1) (theoretical 6.89); 0.90 

pm (H-7) (theoretical 0.88) and 1.28 ppm (H-8, H-9, H-10) (the- 

retical 1.25), corresponding to the protons of the ferrocene cy- 

lopentadiene. Aromatic proton atoms found in a multiplet centred 

t 7.56 ppm (H-2, H-3, H-4, H-5, and H-6) (theoretical 7.52). 

Compound V is paramagnetic, with an unpaired electron; this 

s demonstrated by the corresponding 1 H-NMR spectrum ( Fig. 4 a) 

nd EPR spectrum, shown in Fig. 4 b. Results from this study con- 

rm this electronic behaviour. As ferrocene is a silent epr com- 

ound, given the oxidation state of iron Fe + 2 , the appearance of 

n isotropic broad signal in the EPR spectrum in the central field 

ith g = 20019 and 	H pp = 10 mT, suggests the oxidation of a part
5 
f the sample at Fe + 3 , in low spin S = 1/2. Overlapping with this

ignal assigned to Fe + 3 , another very narrow signal was detected, 

lso isotropic in character with g = 2.0019 and 	H pp = 0.38 mT; 

t does not present hyperfine coupling, so due to its characteris- 

ics, the presence of an organic radical was assumed. The oxida- 

ion state of iron changes from 2 + to 3 + ; a state which character-

stically appears in the EPR spectrum, meaning that this is a free 

adical species; it also manifests a very uncommon σ Fe-C bond 

52–54] . 

The DSC study shows an exothermic peak at 127.6 °C, an en- 

rgy release which can possibly be explained in two ways. Firstly, 

his may be crystallization energy or the broken of energy from 

he σ ; the fact that the compound does not manifest fusion tem- 

erature would seem to suggest that the second possibility is 

orrect. 

. Synthesis and characterization of compound 

-(p-fullerene-phenyl)-2, 5-diphenylpyrrole (VI) 

Organo-fullerene compounds are not common species because 

irect reactions between a fullerene species and organic com- 

ounds have seldom been witnessed [55] . Known reactions for 

his feature entail the rupture of the double bond at the sur- 

ace of the fullerene cage and the substitution of a functional 

roup and a hydrogen in that position, employing the mecha- 
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Fig. 3. 1 H-NMR spectrum of compound IV in CDCl 3 . 
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ism for aromatic electrophilic substitution [ 56 , 57 ]. The synthe- 

is of compound VI was also carried out by means of a diazo- 

ium salts reaction, related to the signalling mechanism. In this 

ase, the HCl environment was used to search for the genera- 

ion of nitrous acid and the generation of the diazonium ion at 

 °C (this low temperature was necessary because of the poor sta- 

ility of this reaction, when aromatic amines are involved). After 

he addition of NaNO 2 and fullerene (C 60 ), the mix was stirred 

or 15 days at room temperature, yielding 57.89%; the resultant 

owder was dark brown in colour and stable in air and light 

see Scheme 1 c). 

In the FT-IR spectra for this species the absorption bands cor- 

esponding to the amino group on 3413 and 3331 cm 

−1 disappear 

see Fig. 5 a) and the pyrrole characteristic band of 3056 cm 

−1 is 

isible, as well as those at 1427, 1180, 574 and 524 cm 

−1 , which

re attributed to the C-C and C = C bonds on fullerene, (see Fig. 5 b)

 58 , 59 ]. The NMR study (see Fig. 6 ) was carried out on solid state

ecause of the strong insolubility of compound VI . The signal on 

10.17 ppm from the 13 C spectrum can be attributed to the pyr- 

ole fragment, whereas the 135.49 and 148.01 ppm correspond to 

he sp 

2 carbon atoms from fullerene and the 78.58 ppm to the sp 

3 

arbon atoms [ 60 , 61 ]. 

All these results show that the diazonium salts methodology 

an act as a useful and versatile method for functionalizing species, 

hich are not commonly structurally modified. This approach of- 

ers several ways to search for interesting derivatives of metal- 

ocene substances, in which even the metal centre can participate 

n novel bonding. Besides, the fullerene cages can find an alterna- 

ive strategy for producing different classes of decorates, leading to 
ome useful new materials. m

6 
.1. Band gap values 

The E g band gap of paramagnetic ferrocene and fullerene 

erivative (samples V and VI ) was calculated using the Kubelka- 

unk method, with Eq. (3) . The ( F ( R ∞ 

) · h v ) 2 vs hv graphs were 

lotted. In the graphs, a straight line is fitted to the straight seg- 

ent. The extrapolation of this straight line to the axis hv indi- 

ates the band gap value for compound V , which was 2.01 eV. For 

ompound VI , apparently two types of transitions occur: the first 

ransition in 1.75 eV corresponds to the onset of optical absorp- 

ion and the second transition in 1.86 eV is the fundamental en- 

rgy gap (see Fig. 7 ). From the previous results, it is apparent that 

he presence of fullerene in compound VI , in addition to enhanc- 

ng its charge carrying capacity, generates a material with a low 

and gap [10] . Therefore, it is apt for use as a component in op-

oelectronic devices. Apparently, the frontier energy levels of the 

ullerene are aligned, so that efficient electron transfer is achieved, 

hen paired with polymer electron donors [ 62 , 63 ]. Likewise, the 

ullerene derivative has low reorganization energies upon electron 

ransfer [ 62 , 64 ]. This derivative can be utilized in polymer photo-

oltaic devices, due to the light absorption caused by its reduced 

ymmetry, which results in the lower-energy transitions of the 

ullerene derivative [ 62 , 65 ]. To determine its possible function in 

ptoelectronic devices, an analysis of its properties must be car- 

ied out on thin films of this material. 

.2. Thin films: structure, morphology, and properties 

Thin films were prepared from compound VI , and retrieved by 

eans of the low pressure sublimation process, a technique which 
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Fig. 4. (a) 1 H-NMR spectrum of compound V in DMSO-d 6 , (b) EPR graphic of the behaviour of V. 
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as chosen because of the high quality and uniformity of the re- 

ulting surfaces. It is also important to consider the thermal stabil- 

ty of the film during the vaporization under low pressure, bearing 

n mind its possible application for optoelectronic devices. An FT- 

R analysis was carried out after the deposition procedure in or- 

er to ensure the preservation of the integrity of the compound. 

he characteristic bands in the film closely match the spectrum of 

he KBr pellet: the pyrrole band at 3055 cm 

−1 as well the bands 

t 1428, 1182, 575 and 525 cm 

−1 , which can be attributed to the

onds on fullerene. 
7 
The crystallinity of the sample was studied because this fea- 

ure can have compelling influence in terms of promoting elec- 

ronic transport through frontier molecular orbitals (HOMO-LUMO 

ap). The x-ray diffractogram, corresponding to the thin film from 

ompound VI , deposited on a substrate of monocrystalline silicon, 

s shown in Fig. 8 . The fact that diffraction peaks are well de- 

ned is very significant as this may indicate that the sample is 

olycrystalline, meaning that electronic transitions will be well de- 

ned. The signals correspond to a cubic phase centred on the faces, 

hich is characteristic of C 60 ; the set of peaks observed at 2 θ=
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Fig. 5. Comparison of IR spectra of (a) 1-(p-amino-phenyl)-2, 5-diphenylpyrrole and 
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0.76 °, 17.742 °, 20.815 °, 28.168 °, 30.956 ° and 32.994 ° correspond 

o the reflection planes in the directions (111), (220), (311), (331), 

422) and (511), respectively [ 66 , 67 ]. The study of morphology and

niformity was achieved using the SEM technique. Fig. 9 shows 

he SEM micrographs of the thin film deposited on silicon wafers 

ith amplifications of 50 0 0x, 250 0 0x and 50 0 0 0x. Fig. 9 a shows

he uniformity of the surface with homogeneous distribution over 

he base. There are no holes or particle clusters. Fig. 9 b shows the

agnification at 250 0 0x and the granular nature of the surface is 

ighlighted, also revealing small caves among the grains, whereas 

he 50 0 0 0x amplifications ( Fig. 9 c) show the rough texture of these

rains. This morphology is the result of the film growing pro- 

ess, which initially reacts to high temperatures, with a subsequent 

radual lowering of these values, favouring the formation of grains 
1
8,9

2, 3, 4, 5, 6, 7, 1

12

12

Fig. 6. 13 C-NMR spectrum of

8 
n the surface. These attributes strongly suggest good electronic 

haracteristics. 

Transmittance T ( λ) measured, at a wavelength range of 200- 

0 0 0 nm for the compound VI film deposited on glass substrate, 

s shown in Fig. 10 a. Apparently at shorter wavelengths ( λ< 500 

m), the film becomes nearly transparent. At longer wavelengths, 

> 500 nm, the film presents transmission. The film shows in- 

reased transmittance in the visible region from 500 to 700 nm 

nd from 700 nm it begins to oscillate between 70 and 83% 

ransmittance. The absorbance of fullerene derivative is enhanced 

lightly and shows two weak red-shifted peaks at 864 and 960 nm, 

ossibly considered a characteristic property of fullerene deriva- 

ives [68] . This further indicates the successful connection of the 

yrrole moiety to the fullerene [68] . 
11

0

 compound VI in solid. 
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Finally, the film of compound VI was evaluated in terms of its 

lectrical behaviour and the results are shown in Fig. 10 b. To carry 

ut measurements of electrical current-voltage (I-V), the film was 
Fig. 9. SEM micrographs taken of thin film of compound VI at diff

9 
eposited on a glass substrate, using ITO (indium tin oxide) and 

ilver as electrodes. According to the I-V graph, the film exhibits 

ymmetrical behaviour, as a result of the ambipolarity of com- 

ound VI . Reversing the polarity of the electrodes does not result 

n rectification of the current, thus indicating that there is good 

nergetic correlation between the work function of the electrodes 

 ɸ ITO = 4.7eV; ɸ Ag = 4.2eV) and the energetic level of the fullerene

erivative (HOMO = -5.45 eV and LUMO = -3.29 eV) that partici- 

ates in charge transport (see energetic diagram in Fig. 10 b). There 

s evident ohmic-like behaviour. Electric charges flow along the 

lm with no barriers between the electrode-thin film interfaces. 

his ohmic behavior and the value of the band gap are an indica- 

ion of the semiconductor character of compound VI , demonstrat- 

ng the possibility of using it in optoelectronic devices; probably as 

 resistor. 

. Theoretical results 

The optimized geometries of the three compounds under study 

re shown in Figs. 11 and 12: 

The most important comparison of these results with the ex- 

erimental ones involves the HOMO-LUMO energy gap of the de- 

cribed species, the results are the next: 

In the case of the ferrocene derivatives it is found a good 

atching, compound V which is an open shell species yields a re- 
erent amplifications: (a) 50 0 0x, (b) 250 0 0x and (c) 50 0 0 0x. 
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Fig. 10. (a) Optical transmission T ( λ) and (b) I-V graph of the compound VI film. 

Fig. 11. Optimized structures of the isomers of ferrocene derivatives. 

Fig. 12.. Optimized geometry of the fullerene derivative. 
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ult of 1.97 eV which agree with the Kubelka –Munk result, com- 

ound IV shows an insulator behaviour because in that case the 

alue is 4.03 eV. With the respect of fullerene derivative VI the 

heoretical result is 1.82 eV which also shows good correlation 

ith the experimental result. 

In order to validate the quality of the calculations the geome- 

ries of the compounds were compared with published similar 

ases and we obtain a goodcomparison, for example, the sigma 

ond between the iron atom and carbon in compound V has a 

ond length of 2.1 Å which corresponds well with other reported 

ompounds of this kind [53] . 

. Conclusions 

The synthesis of diazonium salts method has been applied suc- 

essfully to functionalize fullerene and ferrocene molecules, with 

he known 2, 5-disubstituted pyrrole. The reaction of ferrocene 

ith 2, 5- diphenylpyrrole gives place to two new species, one 

hich entails the formation of a C-C bond and the other with an 

ncommon Fe-C σ bond, which manifests paramagnetic behaviour. 

he reaction with fullerene makes it possible to create a fullerene 

pecies with a C-C bond, which using a SEM, shows a globular 
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onformation, characteristic of fullerene derivatives. The Kubelka –

unk analysis and the DFT study show that these three new com- 

ounds manifest semiconductor behaviour. The values of E g ob- 

ained for each compound fall within the organic semiconductor 

ange (2-2.9 eV). The fullerene derivative has the lowest E g value, 

aking it possible to enhance its charge carrying capacity in the 

yrrole disubstituted molecule. Likewise, we characterized the film 

f this compound. Based on the results obtained from the I-V anal- 

sis, it appears that this semiconductor can be used as a resistor. 
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