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Abstract

Immobilization of organic compounds on semiconducsurface was recently
exploited to enhance the semiconductor light alsmrpand photocatalytic performance.
Here, synthesis of  2,4-Dinitrophenylhydrazone-b&detayde  (DPHH), 2,4-
Dinitrophenylhydrazone-2-thiophenecarboxyaldehyB®HS), 2,4-Dinitrophenylhydrazone-
4-dimethylaminobenzaldehyde (DPHN) and 2,4-Dinitrepylhydrazone-4-aminobenzoic
acid (DPHB) was introduced and characterized witfergnt spectroscopic techniques such
as FT-IR and UV-Vis spectroscopy. The UV-vis absorp spectra of the hydrazone
compounds were stabilized (red shifted) in poldvestts such as N,N-dimethylformamide
(DMF) and acetonitrile (ACN). Density functionaletbry (DFT) was used to investigate the
structures conformations and stabilizing forcespiDg of g-GN4 nanosheets with 5% of the
hydrazone derivatives decreases the optical bapdrgan 2.71 eV to 2.62 eV with DPHN
derivatives. The DFT investigation coupled withueed density gradient (RDG) show that
hydrazone derivatives was stabilized on f{£by vdW forces. These results shows that the
hydrazone derivatives could be potentially usedseassitizers for photocatalysis and solar

cells systems.
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1. Introduction

Recently, photocatalysis has been emerged as prngmsocess for different applications
[1,2]. For example, harvesting sunlight by semiaatdrs for renewable energy production
such as KBunder visible light is a promising economic anéael technology [3]. On another
hand, removal of organic/inorganic pollutants fromastewater is efficient and cheap
photocatalysis applications [4,5]. In photocataysemiconductor plays the vital role in light
absorption and subsequent electron/hole generatiocess [6]. Different semiconductors
materials have been used such as,Ti(B], MoS [9,10], V>0s[11], and g-GN4[6,12]. The
metal free 2D dimension gsN, is one of the promising materials in these appbos. The
structure of g-@N4 has been theoretically investigated by differessearchers [13-16]. The
corrugated structure was more stable than the soreling planar isomer, which stabilizes
the Fermi level and increasing the active site uglotrhole formation [13,14]. The
mechanical properties of g8, such as strain response, elastic constant eléctaord
magnetic properties was explored [17,18]. The eteptroperties of the nanosheet was stable
under 10 V/nm electric field. However, the pristiggCsN, material suffers from different
drawback such as the lack of visible light absorp&nd the fast electron/hole recombination.
In order to overcome these drawbacks, several iggbs have been used such as doping g-
CsN4 with metal nanoparticles [19,20] to prevent thecebn/hole recombination process or
with organic dyes to extend the visible light alpgimn efficiency. To increase the giC,
visible light absorption, several dyes have beeardsich as Montmorillonite [21], Bentonite

[22], Erythrosine B [23], Fluorescein [19,24], BosY, basic fuchsin [25] and Rose Bengal



[26]. However, most of the used dyes suffer froab#ity, expensive, and in some cases the
tedious preparation method.

On the other hand, 2,4-dinitrophenyhydrazine (2,MIPD reacts with different
aldehydes and ketones by condensation reactiongivi® the corresponding hydrazine
compounds in high yield and moderate conditions42Jf The reaction results on colored
compounds, which is the basis for the visual detestof aldehydes and ketones in vivo and
vitro applications [30]. It is also used in highrdhghput detection of mutants strains [31]. 2,4
DNP was used in combination with nanoalumina fagaagtion of heavy metals from water
[32]. In addition, pyrazolone derivatives were rdpd as an antibacterial and anti-
tuberculosis agents [33].

Here, we use the simple synthesized of 2,4 DNPazryde derivatives coupled with g,

to enhance the optical band gap. The synthesizedpaonds were characterized with
different spectroscopic techniques such as FT-IRl &fV-Vis in different solvents.
Theoretical calculations with density functionagdiny (DFT) were corroborated experimental

results to further investigate the titled compounds

2. Experimental

2.1 Materials. 2,4-dinitrophenylhydrazine (2,4-DNP), 4-dimethyaobenzaldehyde, 2-
thiophenecarbaldehyde, and 4-aminobenzoic acid pashased from Sigma-Aldrich,
Germany. All solvents wear supplied by Sigma-AldriGermany and used without further
purification.

2.2 Preparations

2,4-DNP derivatives. preparation of 2,4-DNP derivatives wear perfornaedording to the
literature [28]. For example, DPHN was synthesibgdaking 0.99 g (5 mmole) from 2,4-

DNP and 0.745 g (5 mmole) from 4-dimethylaminobdshetayde in ethanol. The 2,4-DNP



color was orange which turns to deep brown afteHRPformation. The solution was
reflexed for 4 h at 120 °C for complete reactioneTdeep brown DPHN solid product was
collected by filtration and washed with ethanolesay time. Similarly, 2,4-DNP was reacted
with 2-thiophene-carbaldehyde, 4-aminobenzoic aamt] benzaldehyde and the products
wear coded as DPHS, DPHB, and DPHH respectively.
g-C3sN4 nanosheet: the bulk g-GN4 was synthesized by adding 10 g from urea in aedos
crucible and heated in furnace at 550 °C for 20g&nin). g-GN4 nanosheet was prepared by
dissolving 100 mg of the bulk gsN4 in methanol and sonicated for 4 hrs. Then thetsolu
was centrifuged and removes the remained soliduystod he suspended g, nanosheet
was collected and stored for further use.
2.3 Characterization
The UV-Vis absorptions measurements of hydrazomwateses in different solvents were
performed using Perkin-Elmer Lambda 11 UV/VIS spgaftotometer using 1 cm quartz cell.
Reflectance measurements were performed using Ocean optic spectrometer USB4000-
UV-VIS-ES. The fluorescence measurements wear performed usi@SCO
spectrofluoremeter (model-FB-8300). IR was measungging Perkin-Elmer FT-IR
spectrophotometer in 4000-400 ¢mange.
2.4 Computational details

The structures were optimized to the minimum enarging Gaussian09 package
[34]. Frequency calculations were performed in otdeconfirm that the optimized structures
have minimum energy at the potential energy scaty@Bfunctional wear used with the 6-
311G(d,p) basis set. Time-dependent density funatitheory (TD-DFT) was performed to
calculated the molecular frontier HOMO and LUMO itals. Non-covalent interactions

(NCI) were investigated using Multiwfn program [3&}d visualized by VMD (1.9) [36].
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Scheme 1: structure of 2,4 DNP derivatives.
3. Resultsand Discussion
3.1 Structures geometry optimization of hydrazone derivatives

The reaction between 2,4 DNP and different aldediyieough condensation yields
Schiff bases, DPHH, DPHS, DPHN, and DPHB (Schemdli$ optimized structure of 2,4
DNP showed that the compound was stabilized bystheng hydrogen bonding between
H18...011 (Fig.1a). The calculated electrostatic poa¢ shows the presence of electron
deficiency region over the —NHgroup which could be the possible position for the
nuclophilic attach (Fig 1b). The condensation neast on the NH group for 2,4 DNP was
confirmed by the HOMO and LUMO energy calculati¢kgy.1c and d). The HOMO orbital
of 2,4 DNP was distributed over the whole molecpiaticularly the NH group, while the
LUMO orbitals was situated on the phenyl ring [3Vhe reaction of 2,4 DNP with different
aldehyde in ethanol yields 2,4 DNP hydrazine déitrea (Scheme 1). DFT calculations show
that the products were stabilized by strong hydnogend (HB) between the Nxygen
atom and the -N-H group hydrogen atom, which i®regal for similar hydrazine compounds
in solid state [38] and solution [28]. The HB diste was 1.85, 1.84, 1.85, 1.84 A and the
bond angle of 129.1, 129.8, 129.7, 189 DPHH, DPHS, PDHN, and DPHB respectively

(Fig. 2). DPHS and DPHN were planar molecules witredral angle around the N-N of £80



[28], while the DPHH and DPHB was offset by a diteédangle of 62.4and 156.6

b) \\ -295 Kial/mole

respectively.

+ 29.5 Kcal/mole

Fig.1: a) optimized 2,4-DNP structure, b) MEP ¢f-BNP, ¢) HOMO orbital of 2,4-DNP, d)

LUMO orbital of 2,4-DNP calculated at B3lyp/6-31igg).




Fig.2: optimized structures of 2,4-DNP hydrazone denxsgtia) DPHH, b) DPHN, c) DPHS,

and d) DPHB calculated at B3lyp/6-311g(d,p).

The reaction of 2,4 DNP with different aldehyde wasgestigated by the FT-IR spectroscopy.
2,4-DPN shows vibration peaks at 3390 and 3300, amhich corresponds to the Midnd N-

H groups respectively (Fig.3a) [28]. The C-H stngtg aromatic mode for benzene ring
vibration appears at 3072 &rim addition to the in plane-bending mode (1400-860") and
out of plane bending mode (950-600 Bm(Fig.3b). In addition, 2,4 DNP has two MO
groups, which normally show up for free groupshia tegion 1600-1350 ¢hfor symmetric
and antisymmetric stretching modes. However, irs thiork, the antisymmetric and
symmetric modes of N{bbserved at 1566 and 1367 respectively. The §fGups vibrations
were red shifted compared to the literature valg®&®0-1349 cnl) [39], was attributed to
intramolecular hydrogen bond formation (N-H,). The in-plane and out-of plane modes
of NO, groups appear at 827 and 620 crespectivelyUpon reaction of 2,4-DNP with the
corresponding aldehyde, for example DPHN, the @&8390 crit disappear and only sharp
vibration peak at 3300 cfrwas observed indicated the formation of the cpwrding Schiff
bases [32]. The formation of the Schiff bases waeompanied by the appearance of the

C=N vibration peak at 1595 ¢h{Fig. 3a ).
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Fig. 3: FT-IR of a) 2,4-DNP and DPHN, b) magnified spe@&DNP and DPHN.

3.2 absorption spectra and solvent effect

The UV-Vis absorption spectra of 2,4-DPN derivasiae shown in Fig. 4. The synthesized
Schiff bases gives an absorption peak in the 280r80 which assigned to thert transition
[27]. In addition, a strong and broad peak at 358), 392, 424 for DPHB, DPHH, DPHS,
and DPHN in ethanol was observed respectively @dabl The red shifted UV-Vis peak of
2,4-DNP derivatives was assigned to the riransition. For example, the higher red shifted
peak of DPHN at 424 nm in ethanol attributed to ititeamolecular charge transfer (ICT)
between the N-dimethyphenyl moiety (donor) and 2 dinitrophenylhydrazine moiety
(acceptor). The TD-DFT calculations were perfornteddetermine the HOMO, LUMO
frontier orbitals and the oscillator strength oé telectronic transition (Fig. 5 and Table 1).
The HOMO orbitals were distributed over the wholeleaules, while the LUMO orbitals
was situated over the 2,4-DNP moiety [27]. The gnegap gives and indication for
important physical parameters such as stability @adtivity. Table 2 show that 2,4 DNP
hydrazones have small energy gap that indicatetésence of small energy barrier for
electron transfer transition. The red shifted peak,4 DNP hydrazones was assigned to the
HOMO - LUMO transition (Fig. 5), which have the higher @tenic transition and higher

oscillator strength (Table 2). The calculated titgms (TD-DFT) The calculated band gap



was in the order of DPHH > DPHS > DPHB > DPHN, whim accordance with the
experimental absorption peak position the samerofide exceptional band gap decrease in
DPHB could be attributed to the offset structufrlinearity and the higher charge transfer
to 2,4-DNP moiety (-0.25) compared to other deiest (Table 2).

In order to investigate the solvent effect on tipéiaal properties, the absorption spectra of
2,4-DNP hydrazone derivatives were monitored ifedént solvents (Fig. 4). The absorption
spectra of the 2,4-DNP derivatives show significahinge with the change in solvent
polarity, particularly, in polar solvents. The ak®®mn spectra were red shifted with the
increase in the solvent polarity (Table 1) in DMREN > MeOH > EtOH > CHGI In order

to confirm the stability of 2,4 DNP hydrazones iolgr solvents, the TD-DFT were
performed using self-consistent reaction field (5C&nd polarized continuum model (PCM).
The predicted absorption peaks along with the lagoil strength for the singlet-singlet
transition are shown in Table 2. The results shioat the ICT peak was red shifted from

ethanol to DMF, which attributed to the increas¢hef solvent polarity.
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Fig. 4. Absorption spectra of 1Am of a) DPHH, b) DPHN, c¢) DPHS, and d) DPHB in

different solvents.

Table 1: Measured and calculated (TD-DFT) absompspectra of 2,4 DNP hydrazone

derivatives in different solventa faxin nm).

DPHB DPHH DPHS DPHN

€ Exp. Calc. Exp. Calc Exp. Calc. Exp. Calc.

DMF | 37.22| 372 378 391 395 403 408 441 446

(0.72} (0.65) (0.74) (0.81)

ACN | 35.68| 367 382 424 428.6
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MeOH| 32.6 | 360 378 392 422

EtOH | 24.85] 358 | 367.2] 370 | 375| 392 | 399 | 424 | 428
(0.63) (0.64) (0.74) (0.84)

CHCL | 47 | 350 365 392 432

4Oscillator strength for the HOMO-LUMO transition

11




Fig. 5: calculated HOMO and LUMO orbital for the optimizesructures of 2,4-DNP
hydrazone derivatives a) DPHH, b) DPHN, c¢) DPHS] dih DPHB calculated at B3lyp/6-
311g(d,p).
3.3 Molecular Electrostatic potential of 2,4 DNP hydrazone derivatives

In order to investigate the reactivity of the 2,ANB® hydrazone, the molecular
electrostatic potentials (MEP) for the optimizedngmunds were calculateMEP predicts
the charge distribution over the molecule; the tiggaregion is dominated by the high
electron density and prone to an electrophiliccattar performs as electron donor sites. On
the other hand, the positive region is an electteficient region and prone to nucleophilic
attack or perform as electron acceptor sites. M&® of the 2,4 DNP hydrazone derivatives
were performed at the optimized structure (B3lyp18-g(d,p)) (Fig. 6). The negative charge

sites were situated on the BN@roup of the 2,4 DNP moiety, while the positiveesiwere

localized on the substituted aryl moiety.

- 29.5 Kcal/mole

+29.5 Kcal/mole

Fig. 6: Calculated molecular electrostatic potential of-RNP hydrazone derivatives a)
DPHH, b) DPHN, c) DPHS, and d) DPHB calculated alyp/6-311g(d,p).

3.4 Immobilization of hydrazone derivatives on g-C3N,4 surface

12



In order to investigate the optical propertiesha 2,4-DNP derivatives on the ghG
surface, 5% from the DPHX compounds were addede@tGN,4. The FT-IR spectrum of g-
CsN.gives a broad peak for the N-H group in the ranb@023300 crit, which was broadens
after the addition of hydrazone derivatives (Fi@). 7"Weak peaks in the 100-1200 were
observed due to the C-N stretching mode that aontfire successful integration of hydrazone
derivatives into g-gN, structure [25]. The XRD diffraction of g8, shows two peaks at 13
and 27 for the in-plane structure and the interlayer lstag respectively (Fig.7b) [40].
Doping of the g-GN4 with 5% of the DPHX derivatives did not change peak position,
however, the peaks were broaden that confirm tterdalation of the Schiff bases between
the g-GN4 layers [40]. The UV-vis absorption of DPHS showgeak at 390 nm in ethanol
solution. Upon addition of 3 mg/ml gsN, to an ethanolic solution of DPHS, the UV-vis
absorption spectra shows an enhanced absorptioin téie visible region in addition to the

main peak at 390 nm (Fig. 7c).
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Fig. 7: a) FT-IR spectrum and b) XRD diffraction gfCN,; and g-GNz-DPHN, c)

absorption spectra of 10nm DPHS and g-@N4/DPHS in ethanol.

The emission spectra of 2,4-DNP derivatives show \@w fluorescence peak at 470 nm.
The low emission of the 2,4-DNP derivatives atttdalito the internal photo-electron transfer
(PET) from the aryl moiety to the 2,4-DNP moietyn @e other hand, g+, shows broad
fluorescence peak at 456 nim,E 400 nm), attributed to the fast electron/holeomebination

process [41]. Upon immobilization of the 2,4-DNPridatives on g-GN, surface, the

13



emission peak at 456 nm was decreased due to tiohitof electron/hole recombination
process. For example, addition of @1 of PDHH to g-GN, decreases the emission
intensity by 63% (Fig. 8a). The emission of gNgwas red shifted with the addition of 2,4-
DNP hydrazone derivatives (Fig. 8b), which ascrilteddecreases of the band gap and

existence of sub-band gap levels [41].
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Fig. 8: Fluorescencehgx= 400 nm) of a) g-eN4with different concentration of DPHH and,

b) g-GN, with different 2,4 DNP hydrazone derivatives in@te.

Fig.9a show the reflectance spectra of 5%2,4 DNivateves deposited on gs84. The
spectrum shows the change of gNGreflectance with the 5%2,4 DNP derivatives. The
change in the band gap of ghG was calculated after the addition of 5%2,4 DNRvd¢ives
(Fig. 9b). The pristine g-bl, posses band gap energy of 2.7 eV [42,43]. Tableovs that
addition of 5%2,4 DNP derivatives to gNL; decreases the band gap from 2.71 to 2.62 eV
with the addition of 5%DPHN [25]. The DFT calcutats of DPHX/g-GN4 show the
stabilizations of the composite by noncovalentrat@ons. The calculated energy gap at the
optimized structures was used to corroborate tiperaxental data. ThEy of the optimized
structures indicate the decrease of thesl§z(band gap with the addition of different
hydrazone derivatives in the order DPHH < DPHS B~ DPHN (Table 2). This result is

in accordance with the increase of the charge fearesl from g-GN,to DPHX derivatives

14



(Table 2) that inhibit the electron/hole recombioat[44]. In addition, the decrease in the
band gap intensity increases with the increasén®fDPHX light absorption in the visible
region. Table 1 show that the absorption specti@RIIN is more red shifted\ o= 441 nm

in DMF), which improve the light absorption of gT; and tune the band gap structure [25].

a) 510 _
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8 | —— 9CaNaDPHH 200 — g-C3N4-DPHH
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2104} -
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Fig. 9: a) reflectance spectra of gNg and 5%2,4 DNP hydrazones, b) Diffuse reflectarfce o

g-CsN4 and 2,4 DNP derivatives.

Table 2: Calculated HOMO, LUMO, energy gap (eVeo#lonic charge (C/e) on g8, at

B3lyp/6-3119(d,p) and the measured band gap o$ahd 2,4 DNP hydrazone derivatives.

Eromo® | ELumo® | Egap | Band gap| Cle

9-CG3Ny -6.70 | -3.03| 3.61 2.71 0

DPHH -6.52 | -2.98 | 3.54

9-CsN4/ 5%DPHH| -6.33 | -2.94 | 3.39 270 |0.04

DPHS -6.31 | -3.09 | 3.22

9-CsN4/ 5%DPHS| -6.12 | -3.08 | 3.04| 2.68 |0.06

DPHB -5.99 | -2.95 | 3.04

g-GNo/ %DPHB | -5.51 | -3.22 | 2.29 2.65 |0.07

DPHN -5.59 -2.80| 2.79

15



-GN+ 5%DPHN| -5.43 | -3.22| 221 2.62 0.15

3.5 Analysis of Noncovalent I nteractions (NCI)

Noncovalent interactions such as hydrogen bondihglogen bonding, TeTt
interactions, and vdW forces were responsible foe tassembly of molecular and
supramolecular systems [45-48]. In order to inged&é the nature of the molecular
interactions between the 2,4-DNP derivatives wiBshl,, NCI theory was used [35,49]. NCI
distinguishes weak interactions as low electrorsigrfp) and low reduced density gradients
(RDG) areas. In NCI, the blue isosurface value dati the presence of strong attractive
interactions, while the green isosurface showsptiesence of weak interactions such as vdwW
forces [35,50]. Analyzing the NCI results showd ti@ main forces between g, and 2,4-
DNP derivatives is the vdW forces (green isosuifasel hydrogen bonding (Fig. 10). The
vdW forces appears at -0.01 a.urs)p > 0.01 a.u (Fig. 11). In addition, the RDG plobwis
the presence of hydrogen bond (HB) at -0.02 a.d3p (> -0.01 a.u, which ascribed to the
intramolecular hydrogen bonding within the hydrazirderivatives (Fig. 11) and

intermolecular hydrogen bonding in ghG/2,4-DNP hydrazone derivatives.

16



Fig. 10: Noncovalent interaction isosurface plot of a) DRHH DPHN, c) DPHS, and d)

DPHB
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The molecular interactions between gNg and 2,4-DNP derivatives were investigated in
ethanol and DMF environments using the optimizedcsares at B3lyp/6-311g(d,p) level and
PCM solvent model. Table 3 shows the relative igdinergies of the g:8,/DPHX and the
corresponding charge transfer form gNgto DPHX derivatives. The calculated binding
energy of the investigated complexes was high&t- than ethanol with the increase of the
amount of the transferred charges in the same .ofides indicates that the complexes are
stabilized in the polar solvents, which could beitaited to the facile charge transfer inside
the complexes in polar solvents.

Table 3: Relative binding energies (kcal/mole) oPHX/g-GN4 in different solvents

calculated at B3lyp/6-311g(d,p) level and PCM sotuaodel.

EtOH DMF

9-CsN4/DPHH -4.6 (0.06) ~7.2 (0.015)
g-C:NJ/DPHS —4.9 (0.08) -8.1 (0.025)
9-CsNJ/DPHB -5.4(0.014) | -8.6(0.030)
g-CsN4/DPHN ~6.1(0.020) | -8.2(0.040)

@Data in parenthesis is the charge transferred ra@sN4 to DPNX

4. Conclusion

Four hydrazone derivatives of 2,4 dinitrophenylhpdane were synthesized and
characterized using different spectroscopic teakesq The optical properties of the
derivatives were investigated in different solvefise UV-Vis absorption of the hydrazones
were stabilized in polar solvents, which confirmdxy the TD-DFT calculations.
Immobilization of the hydrazone derivatives on gNg surface were stabilized by

nonocovalent interactions such as hydrogen boragvdW forces. The optical band gap of

18



g-CN4 was decreased by doping of 5% of DPNX derivatiwgbjch attributed to the

extended absorption of the complexes in the visidgon and facile charge immobilization.
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Highlights

* Synthesis, DFT calculations, and solvent effect of 2,4-DNP Derivatives.

» Polar solvents stabilize the absorption of 2,4-DNP Derivatives under visible light.

» Theband gap of g-C3N,4 nanosheet decreases by 2,4-DNP derivatives due to charge
transfer and light absorption increasing.

* Nonocovalent interactions stabilize the 2,4-Dinitrophenylhydrazone Derivatives/g-

CsN4 composite.
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