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Abstract

A series of new N-arylated ferrocenepyrazole structures, carrying different donor or acceptor
substituents in the para position of the aryl ring has been synthesized by the Chan-Lam cross
coupling reaction. The nonplanar geometric molecular structure of some of these chromophores
together with their crystal packing was determined by X-ray diffraction and the HOMO and LUMO
energy levels were evaluated by electrochemical and optical measurements and by DFT theoretical
calculations. By the investigation of solvent effects and TD-DFT calculations the intense electronic
absorption band at around 270-310 nm was confirmed to be an internal-charge-transfer (ICT) band,
showing a significant red shift by increasing the electron withdrawing properties of the substituent
on the para position of the aryl ring. TD-DFT calculations and EFISH measurements of the
quadratic hyperpolarizability have shown that also the second order NLO response of these new
ICT chromophores can be tuned by changing the nature of the substituent. Both theoretical up, f
and experimental EFISH uf1907 and S1g07 Values are significant, with a quite satisfactory correlation
of the general trend of theoretical uf and EFISH uf1907 Values. The highest value of EFISH uf1907

(410 x 10™*® esu) was measured for the chromophore carrying the strong electron withdrawing NO,

group.



Introduction

Due to the potential applications in optical communications, data storage, field effect
transistors, light emitting diodes, and dye-sensitized solar cells, molecular structures including
electron-acceptor (A) and electron-donor (D) groups were extensively investigated as new
functional materials." Asymmetric organic or organometallic push-pull structures or molecular
species characterised by internal-charge-transfer (ICT) processes, which have dipolar electronic
structures, are potentially interesting nonlinear optical (NLO) molecular materials.? In particular
examples of intramolecular charge-transfer excitations, affording large dipole moment changes Aeg
(difference between excited-state and ground-state dipole moments), as origin of significant
quadratic hyperpolarizability (5) and of quadratic electro-optic effect (QEO effect) have been
reported.> Modulation of the charge-transfer processes in organometallic chromophores has
provided excellent opportunities for tuning the second order nonlinear optical response,* so that
push-pull and ICT organometallic chromophores based for instance on metals such as iron and
ruthenium have been largely investigated.” Ferrocene has an ionization energy and redox
electrochemical potentials comparable to those of the best organic donors,® together with a high
chemical stability of both the neutral (Fe**) and cationic (Fe**) species with a facile interconversion
between the two oxidation states.” Therefore, it has been investigated as an ideal organometallic
donor building block for mixed-valence organometallic species,® magnetic charge-transfer,? photo-
induced charge transfer,'® and redox-active sensors for cations and anions detections.** Hence
ferrocene, the first organometallic species reported as donor moiety for second-order NLO
chromophores,*® remains one of the most widely investigated donor species, comparable to N,N'-
dimethyl, and methoxyphenyl organic donors. A significant series of investigations have been
devoted to push-pull chromophores where the donor properties of ferrocene are due to the electronic

coupling between the metal d-orbitals and the n-network of the donor-acceptor linker of the push-



pull structure.® *? Second order NLO chromophores involving the ferrocenyl moiety as the donor

part of an ICT process have been much less investigated.

Pyrazoles are five-membered heterocyclic structures investigated as promising donor
moieties for organic second-order NLO chromophores. Moreover, they may find applications in
optical laser technology,’® or as an electroluminescent source.** Blue emitting fluorescent dyes
based on pyrazole structure characterized by high fluorescence quantum yield have been also
reported.’® Second order NLO properties of several pyrazole derivatives were investigated, showing
relatively good 4 values.’®'” For instance Miller et al.® have reported the first organic ICT
chromophores based on an N-arylated pyrazolic structure, characterized by a quite good second
order NLO response measured by EFISH technique. Moreover Zilio et al.® measured, by the HRS
techniques, a 4 value of 45 + 2x10™ esu for a second order NLO organic chromophore based on a
substituted pyrazole. New pyrazole based push-pull second order NLO chromophores are reported

to exhibit excellent values of both ground state dipole moments and quadratic hyperpolarizability.?

The present work focuses on the synthesis and on the structural, spectroscopic, electrochemical,
theoretical and second order NLO characterization of ICT chromophores based on N-arylated
ferrocenyl pyrazole derivatives [1-(4-R-phenyl)-5-methyl-3-ferrocenyl-1H-pyrazole (R = H, tert-
butyl, Ph, CO(CH3), CHO, CI, F, CF3 CN, NO,, OMe, NMe,)]. These chromophores have been
synthesized by the Chan-Lam coupling reaction® in good vyields and characterized by
microanalysis, FT-IR, FT-NMR and mass spectrometry. Their structures have been confirmed by
single crystal X-ray diffraction (XRD) and their electronic absorption spectra and electrochemical
properties have been experimentally investigated and theoretically analyzed by DFT and TD-DFT
methods. Their second order NLO responses were experimentally measured by means of the EFISH

technique and theoretically calculated by the TD-DFT approach.



Results and Discussion
Synthesis, physicochemical and crystallographic characterization

The starting material [3-ferrocenyl-5-methyl-1H-pyrazole] was prepared by reaction of a ferrocenyl
B-diketone (FCCOCHCOCH;)? with hydrazine hydrate (1:1 ratio) according to the literature.?
Many synthetic routes for the synthesis of N-arylated pyrazole derivatives involve the condensation
of N-arylated hydrazine with the p-diketone moiety, while alternative routes involving a C-N
coupling reaction were developed by using NaH,** Cs,CO3 and K,COj3 based Cu catalysts®® and Zn-
Li%® based catalysts. However, our attempts to synthesize by these routes N-arylated ferrocenyl
pyrazoles were unsuccessful. Therefore, we synthesized these molecules following the Chan-Lam
coupling reaction®® which is a copper salt-promoted cross coupling (scheme 1). The reaction
proceeds under relatively mild conditions independently from the nature of the substituents on the
phenyl ring. A possible reaction mechanism is reported in scheme 1 while details are given in the
Supporting Information. The Chan-Lam coupling reaction proceeds stereo and regioselectively with
excellent yields by copper catalyzed N-arylation of ferrocenyl-5-methyl-1H-pyrazole. The products
[1-(4-R-phenyl)-5-methyl-3-ferrocenyl-1H-pyrazole (R = H, tert-butyl, Ph, COCH3;, CHO, ClI, F,
CF3, CN, NO,, OMe, NMe;] were obtained by reaction of [3-ferrocenyl-5-methyl-1H-pyrazole] in
CH.ClI, solution with various arylboronic acids in the presence of copper" acetate, pyridine and 4A
molecular sieves (see supporting Information). All the chromophores were unambiguously
characterized by FT-IR, FT-NMR and Electron lonization (El)-mass spectroscopies. The pyrazole
moiety could allow the formation of regioisomers, but for all the chromophores investigated (1-12)
(see Scheme 1) one major regioisomer was predominant. The minor regioisomer produced in low
yield (<5%), was easily separated by column chromatography. The thermogravimetric analysis
confirmed a thermal stability in the air up to 300 °C (see TGA of 8 and 9 reported in Figure S1), so

that all the chromophores could be stored without special precautions. The structures of



chromophores 5, 7, 8 and 9 were fully characterized by single crystal X-ray diffraction (Table S1

and Figure 1) and by *H NMR spectroscopy
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Scheme 1. The Chan-Lam synthesis of chromophores 1-12 and a possible reaction mechanism.

The C-N coupling bond formation for chromophores 5, 7, 8 and 9 at the desired nitrogen
atom was confirmed by crystals grown by recrystallization from different mixed solvents (CH3;OH,
CHCI3 and CH,CI,) at room temperature. The structures of 5, 7, 8 and 9 are shown in Figure 1 with
the appropriate atom numbering. The data collections, structure refinement as well as the parametric
data of the unit cells are given in Table S1, whereas Table 1 contains the most relevant bond

lengths, bond angles and dihedral angles for 5, 7, 8 and 9. All the chromophores crystallize in the



centrosymmetric space groups (5, 7 and 9: monoclinic P lattice with P2;/c; 8: monoclinic P lattice

with P24/n), thus, they are not expected to show any bulk nonlinear optical property.** 427

Figure 1. Representation of the crystallographic molecular structure of chromophores 5, 7, 8 and 9
(with 30% probability ellipsoids), with numbering of C, N, O, F and Fe atoms.

The crystal packing of chromophores 5, 7-9 shows the antiparallel alignment of the
neighboring chromophores; the overlap pictograms of the aromatic rings and other inter and intra-
atomic interactions are shown in Figures S2-S7 and exhibit inter and intramolecular interactions via
hydrogen bonding and 7-7 interactions. For instance 5 shows a hydrogen bonding network via C-
H-+O contacts particularly stabilized by m--n (3.362 A) and C-H--n (3.385 A) interactions
involving the cyclopentadienyl ring as shown in (Figure S3), while 7 shows strong H-F bonding of
2.455 and 2.961 A between two adjacent rings, with a stabilisation of a sheet-like structure (Figure

2).

The geometric parameters of all the chromophores are closely related®® and characterized by
a slight twist angle between the cyclopentadienyl ring of ferrocenyl and the pyrazole ring, and with

a torsion angle between the pyrazole and the aromatic rings. It follows that the arrangement of the
7



total « structure is not planar, although the arrangement between the cyclopentadienyl ring of the
ferrocenyl and the pyrazole moieties is slightly planar (Figure 3). As shown in Figure 3 the lack of
planarity of the structures of 5, 7-9 is measured by their cyclopentadienyl-pyrazole twist angle and
by their torsion or dihedral angles ¢ and ¢» between the ferrocenylpyrazole moieties and the

substituted phenyl ring respectively.

Figure 2. Core sheet-like formation by H--F bonding in the crystal structure of 7, with H---F
hydrogen bond distances of 2.455 and 2.961 A.

A pictorial representation of the values (given in Table 1) of ¢y and ¢» is reported in Figure
S8. The torsion between the plane of the pyrazole and the phenyl ring reduces the & interaction and
therefore the intramolecular charge-transfer process which should control the molecular second-
order NLO response.?® As reported in Table 1 the values of angles ¢, and ¢, indicate that the
aromatic and pyrazole rings are quite twisted in all the chromophores as confirmed by DFT

optimized structures of 1, 7-12 reported in Figure S10.



Figure 3. Dihedral or torsion angle ¢, and ¢, of 5, 7, 8 and 9.

Table 1. Relevant structural parameters of 5, 7, 8 and 9. The interatomic distances are reported in
A, angles in degrees.

Chromophore 5 7 8 9
Average Fe-C 2.052(4) 2.046(9) 2.049(9) 2.046(2)
Fe-Cent(1) 1.655(5) 1.648(0) 1.650(2) 1.648(3)
Fe-Cent(2) 1.651(5) 1.646(2) 1.653(4) 1.646(0)
Cent(1)-Fe(1)-Cent(2) 177.72(3) 178.95(9) 178.35(8) 179.22(8)
N(1)-N(2) 1.370(9) 1.370(3) 1.372(7) 1.371(3)
N(1)-C(8) 1.372(1) 1.368(2) 1.373(8) 1.370(2)
N(1)-C(5) 1.416(1) 1.422(5) 1.413(3) 1.408(8)
N(2)-C(11) 1.335(1) 1.338(6) 1.331(6) 1.333(8)
C(11)-C(12)-N(1) 157.89(3) 160.16(0) 158.27(5) 160.22(5)
C(11)-N(2)-C(5) 155.45(1) 157.58(0) 155.37(7) 155.71(5)
N(1)-C(5)-C(1) 178.31(5) 178.71(3) 177.49(2) 178.58(1)
Cp-pyrazole twist angle -14.93 8.74 -11.17 -13.16
N(2)-N(1)-C(4)-C(5) 41 -45.37 46.92 -42.92 -42.75
C(7)-N(1)-C(4)-C(3) ¢, -38.22 51.47 -33.56 -34.06

Electrochemical Studies

Electrochemical potentials for second order NLO chromophores provide required
information about HOMO and LUMO energy levels.*® Therefore, we have carried out cyclic

voltammetry (CV) measurements at 0.2 Vs™ on a glassy carbon working electrode in acetonitrile



solution with 0.1 M tetrabutylammonium perchlorate (TBAP) as the supporting electrolyte. A
saturated calomel electrode (SCE) was used as the operating reference electrode and a platinum
wire as the counter electrode. The electrochemical data of the oxidation and reduction processes of
the chromophores 1, 7-12 are reported in Table 2, and the representative cyclic voltammograms of
8, 9 and 10 are shown in Figure S10. All the chromophores display the first oxidation peak
reversible or quasi-reversible from both the electrochemical and chemical point of view with a
current ratio (ipa/ipc) equal to unity, assignable to the monoelectronic oxidation process of the

ferrocenyl (Fe"—Fe""

) moiety within the potential range of +0.44 to +0.36 V. Compared to 0.40 V
of the oxidation potential of the free ferrocene in the same experimental conditions,® the
chromophores 8, 9 and 10 exhibit slightly higher oxidation potentials, while the chromophores 1, 7,

11 and 12 show slightly lower potentials.®

However, the peak corresponding to the reduction could be detected only for chromophores
8, 9, 10 (Table 2 and Figure S10), carrying electron withdrawing groups in a para position of the
aryl ring. The reduction peak, which corresponds to a monoelectronic process centered on the
aromatic moiety of the chromophores 1, 7, 11 and 12, was not detected in the working potential
window. This can be explained by the significant effect produced on the reduction potential by the
electron withdrawing properties of the substituent in the para position. In fact the potential of the
reduction process shifts significantly from -1.79 V (8) to -2.17 V (9) and -2.39 V (10) as expected
for a more easy process by increasing the electron withdrawing properties of the substituent in the

para position of the aromatic ring.

Therefore, it appears that the potential of the oxidation process, which is centered on the
ferrocenyl moiety, is only slightly affected by the electronic effects induced by the substituent,
while the potential of the reduction process, which is centered on the aromatic ring, is significantly
affected. It follows that the energy of electrochemical HOMO level is quite comparable for all the

chromophores while the energy of the electrochemical LUMO level is higher for 9 and 10 when

10



compared to 8 and probably much higher for 1, 7 and particularly for 11 and 12. Any attempt to
evaluate the energy of the LUMO levels of 1, 7, 11 and 12 by the electrochemical and optical
method (ELumo= Enomo + E¢™" where E,%"*'= 1239.84187/Jonse) failed, due to the very weak
intensity and broad characteristic of their low-energy absorption band, which introduces a great

difficulty in defining the value of Aqnset Without introducing large errors.

Table 2. Key CV features of chromophores 1, 7-12 and electrochemical energy levels HOMO and
LUMO derived therefrom.

E -
Chromophore Eisic[V] Euzia [V] ELumo [eV]°Erowmo [eV]® ~OMYEMO

[eV]
1 n.d. 0.38 n.d. -4.78 n.d.
7 n.d. 0.37 n.d. -4.77 n.d.
8° -1.79 041 -2.66 -4.81 2.16
9 -2.17 0.44 -2.23 -4.84 2.61
10 -2.39 0.44 -2.01 -4.84 2.83
11 n.d. 0.36 n.d. -4.76 n.d.
12 n.d. 0.37 n.d. -4.77 n.d.

a) A reduction peak is detected at -1.05 V, corresponding to the reduction of the nitro group (see Figure

810) b) ELumo = '(E1/21|c + 44) C) Erhomo = '(El/Z,Ia + 44) (n.d.: not deteCted).

Electronic absorption spectra

The absorption spectra of the chromophores 1 and 7-12 in CH3CN solution are shown in
Figure 4a, and HE (high energy), ME (medium energy) and LE (low energy) absorption bands of
chromophores 9 and 10 in Figure 4b, while detailed data about the absorption maxima of
chromophores 1 and 7-12 are reported in Table 3. All the chromophores depict an intense
absorption band in the range 264-320 nm (HE), and a less intense band which sometimes, as in the
case of 8, 11 and 12 is a barely distinguishable shoulder in the region 335-380 nm (ME). Finally, all
the chromophores show a very weak absorption band at about 440-460 nm (LE) only slightly

dependent upon the nature of the substituent in the para position of the aryl ring (Table 3).

11
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Figure 4. a) Electronic absorption spectra of chromophores 1 and 7-12. b) HE, ME and LE
absorption bands of 9 and 10 in CH3CN solution.

The HE band can be originated mainly from the N-arylpyrazolic moiety of the
chromophores; for instance such very strong absorption band was reported for various N-
arylpyrazoles by Miller et al.'® The maximum of the HE band for all the chromophores investigated
in this work, with the exception of 8, is shifted to lower wavelengths with respect to the strong
absorption band above 310 nm reported for various N-arylpyrazoles.’® In agreement with such

assignment for 3,5 dimethyl 1-(4-nitrophenyl)-1H pyrazole a strong band with Anmax at 311 nm and

¢= 11748 Mt cm™ was reported by D.M. Burness.*

Table 3. Experimental data of the HE, ME and LE absorption bands of 1, 7-12 in CH3CN solution.

HE ME LE

)bmax )vmax )\tmax

Chromophore [nm (eV)Ye (x10%) [nm (eV)}e (x10%) [nm (eV)}e (x10°)

[M?*cm™] [M?*cm™] [M™*cm™]
1 276 (4.48) /215 335(3.70)/1.85  449(2.76)/0.81
7 275 (450)/22.9  334(3.71)/2.61  440(2.81)/0.43
8 318(3.89) /248  382(3.24)/6.40°  460(2.69)/1.71°
9 285 (4.36) /18.3  351(3.53)/2.79  450(2.75)/0.42
10 264 (4.69) /245  343(3.61)/3.32  446(2.77)/0.61
11 276 (4.49) /252 335(3.70)/L27°  440(2.81)/0.43
12 270 (459) /25.1  337(3.67)/2.13°  445(2.78)/0.41

Barely distinguishable shoulder

12



The HE band of chromophores 1, 7-12, like the strong absorption band reported for various
N-arylpyrazoles,'® is not significantly solvatochromic, while its energy is controlled by the nature of
the substituent with a strong or significant bathochromic shift for chromophores 8 and 9 carrying
stronger electron acceptor groups in para position of the aromatic ring. Taking as reference
chromophore 1 the HE band of 8 is red shifted by 42 nm while that of 9 by 9 nm, in agreement with
the increased electron withdrawing character of the NO, group when compared to the CN group.
Conversely, chromophores 11 and 12, carrying respectively the slightly donor group OCHj; and the
strong donor group NMe,, show a very small or null hypsochromic shift when compared to 1 (Table
3). It appears thus that the electronic effects produced by the substituents in the para position of the
aromatic ring are transmitted along the entire molecular skeleton, although the =

ferrocenylpyrazolic moiety is not coplanar with the aromatic ring.

This statement is supported by the evidence that 3-ferrocenyl-5-methyl-1H-pyrazole, lacking
the aryl ring, shows a strong absorption band in CHsCN solution at 270 nm (¢ = 32125 M™*cm™),
blue-shifted with respect to the HE band of all the other chromophores here investigated, with the
exception of 12, (Table 3), whose energy is clearly affected by an ICT process from the donor
ferrocenyl pyrazole moiety to the aromatic ring. The ME and LE absorption bands for substituted
ferrocene molecules seem to be originated mainly by the ferrocenyl moiety since substituted
ferrocenyl molecules are characterized by three absorption bands.** The one at a shortest
wavelength in the range of 269-289 nm of medium intensity (¢ about 3000 M™cm™), is probably
part of the strong HE band of 1, 7-12. A second weak band (e about 1200-1800 M™*cm™) in the
range 319-335 nm was attributed to an MLCT originated by a n—n* transition from Fe'' atom to the
cyclopentadienyl ring. A third very weak band at about 440 nm (& around 460-590 M*cm™) was

assigned to a d-d transition within the d® iron atom since it is not dependent on the solvent.

Therefore, the ME band for the chromophores 1, 7-12 (in the range 335-382 nm) can be

mainly attributed to an MLCT transition centered on the ferrocenyl r system, perturbed as intensity
13



and wavelength of the maximum by its coupling with the N-arylpyrazole. In fact, the ME band
shows a significant red shift particularly for 8, 9, 10 and an increase in its intensity, (Table 3) with
respect to that of the 3-ferrocenyl-5-methyl-1-H-pyrazole (Amax at 335 nm with e= 1400), lacking

the aryl ring.

It appears thus that despite the lack of planarity of the structure of chromophores 1, 7-12 a
significant electronic effect is transmitted on the energy and intensity of the MLCT transition of the
ferrocenyl moiety according to the electronic nature of the substituent. For instance when
comparing chromophore 1 with 8 and 9, carrying the electron withdrawing groups NO, and CN in
para position of the aryl ring, the ME band shows a bathochromic shift of 47 nm for 8 and 16 nm
for 9 (Table 3), as expected if the ferrocenyl moiety, when linked to an N-arylpyrazole, significantly

participates to an ICT process.

Finally, the LE band of chromophores investigated in this work is not solvatochromic and
very slightly perturbed as energy by the nature of the substituent, with an exception for 8, carrying
the strong electron withdrawing NO, group (Table 3). Such evidence suggests the assignment of
this band to a d-d transition centered mainly on the ferrocenyl moiety, not much perturbed by the
coupling between the cyclopentadienyl ring and the N-arylpyrazole. In conclusion, the electronic
absorption spectra of the chromophores support an ICT process despite the lack of planarity of their

structures.

DFT and TD-DFT calculations

In order to find a solid theoretical support to the electronic origin of the ICT process, and
consequently the main features of the electronic absorption spectra and of the second order NLO
response, B3LYP/6-31+G** and TD (B3LYP/6-31+G**) calculations both in gas phase and in
solvent (CH3CN) phase were carried out for chromophores 1 and 7-12. The DFT optimized

molecular structures of 1 and 7-12, reported in the Supplementary Information (Figure S10), are

14



totally in agreement with the main features of the structures deduced from the X- ray
crystallographic investigation of 5, 7, 8 and 9. As it can be deduced from the isodensity plots of
Figure 5, reporting also the energy of the HOMO and LUMO levels of 1, 7-12, the energy of the
HOMO level, in agreement with the electrochemical investigation, is not too much influenced by
the nature of the substituent in para position of the aromatic ring since the electronic density in the
ground state is mainly localized on the ferrocenyl moiety. On the contrary, the energy of the LUMO
level is strongly influenced by the substituent, as supported by the electrochemical investigation in

the case of 8, 9 and 10, being the LUMO principally localized on the aromatic ring.

@ a® L "'0 (%S ‘;
e o
-015- i LR BB J
>e8 & -0.46
(@) ’t A
2 “ “ LR AR}
:'1-0" ssus anea ® ® s .,: b .71
- -0;?2 -0.98 :::t: A ”
N [(s]
s -1.5 1 1 - <
© ' 0 1,55 <
- i m N smmsm 7 <
B = < o @ 7193
e < \ 4
o -2.88
c A -5.09
w '5.0- v M~ 8 3 v II.II
525 ¥ N o -t m
LA RN J 5.33
o551 R 2y 35 s su . z
e B i@ i S
™ .
g < @& @~ P ) oo s
-6.0- e [ s) - @@ ."
© ~¢~ <D P c‘ q.?
~et oo“ g bgf
¢ ® ¢ &

[y
~
o0
({o)
[y
o
[y
[N

12

Figure 5. Isodensity plots, energy of the HOMO and LUMO levels and the HOMO-LUMO energy
gap of chromophores 1 and 7-12 calculated at the B3LYP/6-31+G** level of theory.

Only in the case of 12, carrying a strong donor NMe;, group in a para position of the
aromatic ring, the HOMO has partially delocalized also on the aromatic ring and the LUMO on the

ferrocenyl moiety. In detail the energy of the HOMO level shows, in agreement with the

15



electrochemical trend, only a slight energy stabilization for 7, 8, 9 and 10, and a slight
destabilization for 11 and 12, when compared to 1 (Figure 5). DFT calculated values of the HOMO
energy levels, ranging from about -5 to -5.5 eV, are lower than those deduced from the oxidation
peaks of the electrochemical investigation (compare Figure 5 and Table 2), which are at about -

4.75/-4.85 eV.

The energy of the LUMO level shows, when compared to 1, a strong stabilization for 8,
carrying the strong electron withdrawing NO, group and a significant stabilization for 9 and 10,
carrying less strong electron acceptor groups, while a significant destabilization occurs for 11 and
12 carrying the electron donor OCH3; and NMe, groups. Such trend reproduces quite well that
deduced from the electrochemical investigation for 8, 9 and 10 (Table 2). As found for the HOMO
levels, the LUMO energy levels, with the exception of 8, are higher than those deduced from the
electrochemical investigation. As a result higher energy gaps are obtained with respect to the
electrochemical values (compare Figure 5 and Table 2) though the computed trend properly
reproduces the experimental one. In particular for chromophores 8-10, carrying electron
withdrawing groups on the aromatic ring, the DFT calculated HOMO-LUMO energy gap increases
from 2.67 eV to 3.56 and 3.89 eV respectively, while the electrochemical energy gap goes from
2.16 eV to 2.61 and 2.83 eV respectively. The disagreement between computed and experimental
values can be ascribed on one side to the adopted computational approach and, on the other side, to
the effects of solvation and ionic couples which affect the electrochemical values of both the

HOMO and LUMO energy levels.

By looking at the frontier orbital distributions of Figure 5, it turns out that the HOMO-
LUMO transition corresponds, for 1, 7-11, to a large transfer of electron density from the ferrocenyl
moiety to the N-arylpyrazolic system and particularly to the aromatic ring, while such electron

transfer is not so significant for 12. The role of the pyrazolic part of the molecule is not only that of

16



allowing the transfer of the electronic density from the ferrocenyl to the aromatic ring but also of

electron donor by a partial transfer of its electronic density to the aromatic ring.

We have then made TD-DFT calculations on chromophores 1 and 7-12 to give a definite
assignment of the transitions experimentally observed (Table 4). They have confirmed the
significant experimental red shift of the HE band by increasing the electron acceptor properties of
the substituent in the para position of the aromatic ring and the ICT character of such band. A quite
satisfactory agreement between calculated (Table 4) and experimental (Table 3) values of Amax Of
the HE band was found for 1 and 7, 11 and 12, while for chromophores 9, 10 and particularly 8,
carrying strong electron acceptor groups, the difference between calculated and experimental values

of Amax Of the HE band is relevant.

The anomaly of chromophore 8 is confirmed by the definition of the various relevant
components of the HE band. While for 7, 9, 10, 11 the major component is the HOMO-2 — LUMO
transition, for 8 it is the HOMO-2—LUMO+5. It appears that when the substituent can interact by
conjugation with the = system of the aromatic ring like in 8 (Figure S10), but also in 12 carrying the
strong donor NMe, group in the aryl ring (HOMO—LUMO+1 as the major component) there is an

effect on the energy levels strongly involving the substituent by conjugation.

Table 4. TD-DFT calculated Amax, f and energy contribution to the HE band at the major
B3LYP/6-31+G** level of theory for 1, 7-12

TD-DFT calculated Anax and main features of the various relevant

Chromophore components to the HE band

Amax, NM? f Energy, eV*® main transition (weight)”
1 280 (280) 0.19 (0.42) 4.43(4.42) HOMO-5 —»LUMO (50%)
7 278 (279) 0.26 (0.41) 4.45 (4.44) HOMO-2—LUMO (+62%)
8 404 (449) 0.20 (0.25) 3.07 (2.76) HOMO-2—LUMO+S5 (68%)
9 322 (329) 0.36 (0.46) 3.85(3.76) HOMO-2—LUMO (+100%)
10 301(301) 0.31(0.41) 4.11(4.11) HOMO-2—LUMO (+100%)
11 277 (278) 0.30 (0.46) 4.47 (4.45) HOMO-2—LUMO (+62%)
12 295 (299) 0.29(0.38) 4.19 (4.14) HOMO—LUMO+1 (+44%)
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a) Values in parentheses are calculated in CH3;CN solution. b) only components with contribution greater
than 44% are shown. Percentage contribution approximated by 2x(c;)?x100%, where c; is the coefficient for
the particular orbital rotation.

Interestingly it turns out that the HE band, attributable mainly to the HOMO-2—LUMO
transition for 7 and 9-11, and corresponding to a large transfer of electron density from the
ferrocenylpyrazolic system to the aromatic ring, involves a significant ICT process (Figure 6 left).
On the other hand in chromophore 12 the major contribution to the HE band is the
HOMO—-LUMO+1 transition (Table 4), associated with a much less significant transfer of
electronic density from the ferrocenyl and partially the pyrazolic system to the aromatic ring where
the substituent is a strong electron donor, so as to prevent the ICT process (Figure 6 right).

a9 P .
#a ’rf

@
ee°

LUMO LUMO+1

HOMO-2 HOMO
9 12

Figure 6. Isodensity plots of HOMO-2—LUMO and HOMO-LUMO+1 transitions mainly
involved in the HE absorption band of chromophores 9 and 12 respectively calculated by the TD-
DFT approach at B3LYP/6-31+G** level.
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Second-order Nonlinear Optical Properties

The second order NLO responses of the molecular chromophores 1 and 7-12 were measured
by the EFISH technique, which provides the yerisy value, from which EFISH quadratic

hyperpolarizability £, can be obtained through eq. 1

YersH = (ﬂﬂ/l /5KT )+ 7(_ 2w; w, CO,O) (1)

where u is the ground state dipole moment, xf3,/5kT the dipolar orientational contribution, 4 is the
fundamental wavelength of the incident photons in the EFISH experiment, y(-2m;0, ®, 0) is a third-
order term at frequency w of the incident photons, corresponding to the cubic contribution to yerisn,
usually negligible for quite dipolar chromophores such as those studied in this work. Finally, £, is
the projection along the dipole moment axis of the vectorial component fvec of the tensorial
quadratic hyperpolarizability. In the following £, is reported as Sig07 Since the EFISH experiments
were carried out working with a 1907 nm non-resonant incident wavelength. All the EFISH
measurements were carried out in CHCI; solutions at 10 M concentration (see experimental). The
experimental uf190; Values obtained for chromophores 1, and 7-11 (each experimental value is the
averages of 16 measurements) are reported in Table 5B, while the theoretical DFT values of the
ground (g) and first excited state () dipole moments, together with the theoretical £ and uf
values calculated by the TD-DFT approach are reported in Table 5A. The ufi907 value of

chromophore 12 was too small to be measured by the EFISH technique.

The experimental EFISH 1907 value and, according to the two-level approximation,® the
theoretical quadratic hyperpolarizability g are positive for all the chromophores, being DFT
calculated A u values always positive and dependent upon the nature of the substituents in the para
position of the aryl ring (Tables 5A and 5B), as expected for a ICT process involving a transfer of
electronic density from the donor ferrocenyl pyrazole moiety to the aromatic ring (Figure 6) with an

increase of the excited state dipole moment with respect to the ground state.
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It turns out that according to the electron withdrawing strength of the substituent, g values
between 7 and 91 x 10 esu have been calculated for chromophores 1 and 7-12, with the higher
values corresponding to 8, carrying the NO, group, to 9, carrying the CN group, and to 10, carrying
the CF3; group, all with high or significant electron withdrawing properties (Table 5A). The
calculated values of g and uf of 8 are anomalously high if compared to the other chromophores
(Table 5A), but in line with the anomalously high redshift of its HE absorption band and with the
much lower HOMO-LUMO gap. Evidence that the gvalue of chromophores 1 and 7-11 is
dominated by an ICT process, involving a significant electron transfer from the DD (donor-donor)
ferrocenylpyrazole moiety to the acceptor aromatic ring, is confirmed by the very low value
calculated for g of the DDD (donor-donor-donor) chromophore 12, carrying the strong donor

dimethylamino group on the aryl ring (Table 5A).

It must be pointed out that theoretical £ and wf values of all the chromophores investigated
have been calculated by the TD-DFT approach using the less complete 6-31+G** basis set, and the
B3LYP method (see Experimental) which cannot account in a satisfactory way the electron
correlation effects. Therefore, although both the B3LYP method and the basis set 6-31+G** cannot
produce a satisfactory estimation of £ values, they have been utilized in order to save computational
time when compared to inclusion of additional diffusion functions, which would require, for each
chromophore, the choice of an appropriate basis set for calculating a reliable £ value. It follows that,
due to the above limitations, the calculated £ values can give acceptable information on the general
trend (Tables 5A and 5B) for the series of chromophores 1 and 7-12, but not on the absolute value

of S of each chromophore.

Despite this limitation, the expected trend between EFISH uf1907 and the theoretical uf
values can be observed (Table 5A and 5B). We have thus calculated from f1907 Values, by the two

levels approximation,© taking as a reference of the energy of the first excited state of the HE band,
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static & and consequently uf,values corresponding to the zero incident wavelength (Table 5B)
which should be better compared to TD-DFT calculated #f values. We have found thus that
absolute values of theoretical pfand experimental EFISH w1907 Or wffyvalues of the various

chromophores display an acceptable correlation, although not enough linear, reproduced in Figure

7.

Table 5A. Theoretical TD-DFT ground and first excited state dipole moments and values of g and
up for 1, 7-12.

Chromophore uy’ (D) ue’ (D) Au® (D) up x 10%(esu) g x 10 (esu)
1 2.88 3.07 0.19 20.4 7.1
7 3.10 3.44 0.34 52.7 17
8 6.77 8.44 1.67 616 91
9 6.15 1.57 1.42 228 37
10 4.42 5.02 0.60 88.4 20
11 3.60 3.93 0.33 43.2 12
12 4.82 5.18 0.36 13.0 2.7

a) ug = ground state dipole moment. b) x = excited state dipole moment. ¢) Au = difference between excited
and ground state dipole moment.

Table 5B. Experimental EFISH yf1907 and pff for 1, 7-11

Chromophore u(D)? uProo7 x 107 (esu) ufo” x 10 (esu)
1 2.88 280 251
7 3.10 335 301
8 6.77 410 355
9 6.15 360 320
10 4.42 330 299
11 3.60 320 287
12 4.82 n.d. n.d.

a) Theoretical DFT value of the ground state . b) static value calculated applying the two level
approximation® to EFISH f,4,, taking as reference the energy of the first excited state of the HE band; c)
too low value to be measured with an acceptable error.

Although such lack of linearity, mainly due to anomalously high 1907 and 3 values of 8,
it appears that the trend of the second order NLO response, experimentally measured as 1907 OF
theoretical as 0 is related, in a satisfactory way, to the & values of the Hammet parameters*® of the

substituents in para position of the aryl ring, which according to Ulman take into account both
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inductive and resonance effects.®” In agreement with the larger red shift of both HE and ME

electronic absorption bands of 8 and 9 with respect to 1, due to a more significant ICT process, both

theoretical x4 and experimental /1907 values are much higher for 8 and 9, carrying stronger

electron withdrawing groups with respect to other chromophores (Tables 5A and 5B)
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Figure 7. Correlation of the general trend of theoretical pug and experimental EFISH zf1907 values
for chromophores 1 and 7-12 and their relation with respect to the electronic properties of
substituents in para position of the aryl ring as defined by the Hammett parameters (o).*

Finally, it is of interest to compare the magnitude of static f values of 1, 7-11, not

dependent on the wavelength of the incident light, with static S values reported by Miller et al.'®

for a series of structurally related DA (donor-acceptor) ICT chromophores based on various N-

arylpyrazoles, lacking the ferrocenyl moiety. In accordance with a more significant ICT process,

DDA (donor-donor-acceptor) chromophores 1, 7-11, based on the ferrocenyl N-aryl pyrazole

structure, show S values between 52.1 and 97.1 x 10°° esu, much higher than those of the series of
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the structurally related DA chromophores, reported by Miller et al.,”™ which show /% values between

4.6 and 30.7 x 10 esu.
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Conclusions

In this paper, we report on a series of new DDA chromophores based on the ferrocenyl N-
aryl pyrazolic structure successfully synthesized using the Chan-Lam cross-coupling reaction
between the appropriate arylboronic acid and the ferrocenyl pyrazole moiety. The chromophores 5,
7,8 and 9, fully characterized by single crystal X-ray diffraction, show a non-planar structure with a
slight twist angle between the cyclopentadienyl ring of the ferrocenyl and the pyrazolic moieties
with significant torsion angles between the DD donor ferrocenyl pyrazole and the aryl ring. Such

structures have been confirmed by DFT calculations for all the chromophores.

Electronic absorption spectra and TD-DFT theoretical investigation have produced evidence
for a significant ICT process from the ferrocenyl system to the aryl ring. Despite the lack of
planarity, we have found that the effects induced by the electronic properties of the substituents in
the para position of the aryl ring are transmitted along the molecular structure to the ferrocenyl
pyrazolic moiety acting as DD strong donor while the aryl ring acts as the acceptor part of the ICT
process. It follows that the features of electronic absorption spectra, electrochemical measurements
and second order NLO responses of these new ICT chromophores are significantly tuned by the

nature of the substituents in the para position of the aryl ring.

The second order NLO responses, theoretically evaluated as the pg value calculated by the
TD-DFT method or experimentally measured as /1907 by the EFISH technique, working with a
1907 nm non-resonant incident wavelength, increase with increasing the strength of the acceptor
properties of the substituents, with anomalously high values in the case of the NO, group, so that
the correlation between the trend of theoretical g and experimental EFISH /1907 values is not
linear enough, although the relation of both ug and w1907 values with the Hammet o parameters of

the various substituents is quite satisfactory.
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The static /% values of the DDA ferrocenyl N-arylpyrazole chromophores investigated in this
work, calculated by the two levels approximation taking as reference the energy of the first excited
state of the HE absorption band, are much higher (between 52.1 and 97.1 x 10 esu) than the /%
values reported by Miller et al.'® for the structurally related DA, N-arylpyrazoles lacking of the
donor ferrocenyl moiety (between 4.6 and 30.7 x 10™* esu), thus confirming both the high donor
properties of the ferrocenyl moiety and that the connection of two strong donor moieties can induce
a strong increase of the second order NLO response of an ICT chromophore. Finally, the pg, values
of all the chromophores investigated in this work are unexpectedly relevant (between 251 and 355 x

10™® esu), taking into consideration the lack of planarity of the & system of their structures.

In conclusion by the investigation of the NLO properties of these new ICT chromophores
based on ferrocenyl N-arylpyrazolic structures we have shown that even in the presence of a
relatively low planarity of the whole = structure, the second order NLO response can be
significantly tuned by the nature of the substituent on the aryl ring and that the introduction of a
strong donor as the ferrocenyl moiety in the N-arylpyrazolic structure, producing a DDA structural
arrangement, is the origin of a large increase of the second order nonlinear response. Moreover TD-
DFT calculations clearly show that the pyrazolic part of the molecule does not act as a simple
7 spacer between the donor ferrocenyl moiety and the acceptor aryl ring, as it occurs in classical
push-pull systems, but mainly as an additional = donor, which strengthens the donor properties of

the ferrocenyl thus favoring a very effective ICT process by a DDA system.

It follows that the experimental and theoretical investigation reported in this work might
provide better insight for devising a wide variety of new chromophoric DDA structures not planar
with extensive electron transfer along the molecular skeleton, and interesting second order

nonlinear optical properties due to a significant ICT process.
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Experimental
Materials and Synthetic Procedures

The 3-Ferrocenyl-5-methyl-1H-pyrazole was synthesized according to the reported
procedure.?> Chromatographic purifications and separations were carried out using silica gel 60
(AVRA, 100 — 120 mesh). CH,Cl, was distilled over CaCl, prior to use. Other solvents were of
reagent grade and were used without prior purification. All other chemicals were purchased from
M/s. Aldrich Chemical Co. and M/s.Johnson Matthey Chemicals. Details on the general
experimental conditions and on the analytical characterisation of chromophores are reported in the

Supporting Information.
General Physical Measurements

The *NMR spectra were recorded on a BRUKER (600 MHz) spectrometer. Chemical shifts
are reported in 6 (ppm) and mass spectra were recorded on a GC-MS (PERKIN ELMER)
spectrometer Infrared spectra were recorded on a PERKIN SHIMADZU spectrometer spectrum
One as KBr diluted discs. Electronic absorption spectra were recorded using Agilent 8453 UV-
visible diode array spectrophotometer in CH3CN as a solvent. Electrochemical measurements were
performed in a 4 cm® cell, in 5 x 10 - 10° M solutions in acetonitrile (Aldrich, 99.8%) with 0.1 M
tetrabutylammonium perchlorate (TBAP, Aldrich) as the supporting electrolyte. The solutions were
de-aerated by N, bubbling. The ohmic drop has been compensated by the positive feedback
technique. The experiments were carried out using an AUTOLAB PGSTAT potentiostat
(EcoChemie, The Netherlands) run by a PC with GPES software. Cyclic voltammetry (CV)
investigations were carried out at scan rates typically ranging 0.05 to 2 Vs, with ohmic drop
compensation. The working electrode was a glassy carbon one (AMEL, diameter = 1.5 mm)
cleaned by synthetic diamond powder (Aldrich, diameter = 1 um) with a wet cloth (STRUERS DP-

NAP); the counter electrode was a platinum wire. The operating reference electrode was an aqueous

26



saturated calomel electrode (SCE). To prevent water and chloride leakage into the working solution
a compartment filled with the operating medium and ending with a porous frit was interposed
between the reference electrode and the cell. Thermogravimetric analyses (TGA) were performed
(0-1000 °C) on a TGA SDT Q600 V20.9 Build 20 instrument under N, atmosphere, at a heating rate

of 20 °C min™.
Single-crystal X-ray structural determination of chromophores 5, 7-9

Crystals of 5, 7-9 were obtained by a slow evaporation of the solutions (MeOH and DCM) at
room temperature. Crystals were stored in paraffin oil, mounted in a MiTeGenloop, and X-ray
diffraction measurements were done in the range 100 to 120 K. The crystal approximate dimensions
are 0.37 x 0.25 x 0.09 mm?® (5), 0.35 x 0.23 x 0.17 mm® (7), 0.45 x 0.18 x 0.08 mm? (8) and 0.35 x
0.27 x 0.21 mm?® (9). The X-ray diffraction data were collected on an Agilent SuperNova (Oxford
Diffraction) diffractometer using Mo-K, radiation (A = 0.71073 A). The Apex2>® package was used
for cell refinements and data reductions. The structures were solved by direct methods using the
Shelxs 97%° or Superflip*® program with the Olex 2** graphical user interface. Structural refinements

were carried out using ShelxI-97 or Shelx|-2014.%042

The positions of all the atoms were obtained by direct methods. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were positioned geometrically and were also
constrained to ride on their parent atoms, with C — H = 0.95 — 0.1.00 A, and Ui, = 1.2 — 1.5Ugq

(parent atom). The crystallographic details are summarized in Table S1.
EFISH measurements

All of the EFISH measurements®* were carried out in CHCI; solutions at 10° M
concentration, working with a nonresonant incident wavelength of 1907 nm, using a Q-switched,
mode-locked Nd*:YAG laser [pulse durations of 15 ns (90 ns) at a 10 Hz repetition rate]

manufactured by Atalaser. The 1064 nm initial wavelength was shifted to 1907 nm by a Raman
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shifter with a high-pressure H, cell. The apparatus for the EFISH measurements was made by

SOPRA (France).

A high voltage was applied across the EFISH cell containing the solution. The EFISH cell
consisted of a stainless steel container with two quartz optical windows that form a wedge-shaped
cavity within the cell. The electrode was connected to the high voltage supply. The cell was
mounted on an electrically isolated translation stage. The whole cell was then translated
horizontally relative to the incident beam to produce fringes at the second harmonic wavelength.
Every measurement was referenced separately to the fringes of the pure solvent (CHCI5) that was
used to dissolve the chromophore to consider laser power’s fluctuations. The uf1907 Values reported
in Table 5B are the averages of 16 successive measurements performed on each sample. The

standard deviation was never greater than 20%.
Theoretical Calculations

The electronic structures and molecular properties oft he ferrocenyl-N-pyrazolic
chromophores investigated in this work were studied using the DFT (Density Functional Theory)
method in order to define bonding patterns, electronic charge, and molecular orbital energy
distributions, and the TD (Time Dependent)-DFT method to investigate the origin of electronic
absorption spectra and nonlinear optical properties. The initial geometry of chromophores was
taken from the available crystal data of 9 and guess structures of remaining chromophores were
obtained by changing the substituent in the para position of the aryl ring. The geometries of the
chromophores 1, 7-12 in the gas phase were optimized using the Becke’s three-parameter and Lee-
Yang-Parr functional (B3LYP).** The DFT calculations were carried out using the 6-31+G** basis
set. On the optimized gas phase geometries, TD-DFT single point calculations have been carried out
at the B3LYP/6-31+G** level, including the first 20 excited singlet states, both in the gas phase and

insolvent (CH3CN) phase using PCM (Polarizable Continuum Model) as solvation method. All
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calculations were performed using the GO9 package.”® Electronic isodensity plots of frontier

molecular orbitals were obtained using GaussView 5* molecular visualization program.
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