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ferrocene-a-cyanostilbenes as
efficient materials for second order nonlinear
optical polarizability†

Sugandha Dhoun,‡a Griet Depotter,‡b Sarbjeet Kaur,a Paramjit Kaur,*a Koen Claysb

and Kamaljit Singh*a

A set of new ferrocene-a-cyanostilbene (Fc-a-CNS) conjugated dyads was synthesized and their optical,

nonlinear optical (NLO) and electrochemical properties were investigated. The second-order nonlinear

polarizabilities were determined using hyper-Rayleigh scattering (HRS) with femtosecond pulsed laser

light at 840 nm. The dyads exhibit structure-dependent NLO properties, which could be rationalized by

correlating optical with electrochemical data. The dyad with the strongest (formyl) acceptor group in

combination with the longer conjugation path between this acceptor and the Fc (ferrocene) donor,

showed the largest static hyperpolarizability value, as compared to dyads with shorter conjugation and/

or weaker acceptors. A partially symmetrical and longer triad showed the longest absorption wavelength,

yet the smallest dipolar properties (dipole moment and first hyperpolarizability), are due to partial

cancellation, in agreement with symmetry correlations.
Introduction

Nonlinear optical (NLO)1–5 responsive materials are of great
interest for applications related to photonics,6,7 nanophotonics8

and optoelectronics,9–12 such as integrated optics, optical
sensing, optical signal processing, optical computing, broad
band optical communications, optical poling, optical limiting,
etc. Standard materials frequently contain a donor–acceptor (D–
A) combination intercepted by a conjugated bridge.13–15

Amongst the various categories of compounds, the NLO
response of ferrocene (Fc) based dyads, wherein a Fc donor (D)
is linked to an appropriate acceptor (A) has been the subject of
intensive investigations owing to many attractive features.16–20

For example, electrochemical or chemical alteration of the
oxidation state from +2 to +3 of the metal centre renders Fc
a strong donor or acceptor, depending upon the oxidation state.
This concept has lent practicability to the electrochemical redox
switching21–27 of the NLO response of the Fc D–A dyads. Fc
generally possess low oxidation potential and is capable of
a facile charge transfer (CT) to an acceptor to yield stable a-
ferrocenyl carbocations.17,28,29 Further, since the non-
centrosymmetric D–A dyads are usually associated with high
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optical nonlinearities,24,30–32 suitably functionalized push–pull
dyads (D–p–A) in which electron donor Fc is connected through
p-conjugating spacers to strong electron acceptors, have wit-
nessed signicant interest in their synthesis and properties.
Interesting trends in the structure dependent electrochemical,
optical and nonlinear optical properties have been re-
ported.31,33,34 Correlating the linear, electrochemical, theoretical
calculations and hyper-Rayleigh scattering (HRS) experiments,
we earlier25 demonstrated that in contrast to the modulation of
the acceptor strength, increasing the conjugation pathway (p-
bridge) between Fc and the acceptor exerts a greater inuence
(red shi of the absorption band and smaller optical band gap)
on the NLO response. Thus, the Fc based (D–p–A) compounds
with shortest conjugation path depicted higher intrinsic
hyperpolarizability compared to their longer conjugation
counterparts. Additionally, owing to their reversible redox
behaviour,35–38 these chromophores recorded different hyper-
polarizability values in each of the two (+2 and +3) redox states
and a high on/off (bon/boff) ratio (switchability). Recently, we
also reported that the ferrocene-diketopyrrolopyrrole39 dyads
exhibit higher nonlinear polarizability, b, which is modulated
upon increasing the strength of acceptor as well as the length of
intervening p-conjugation, although the effect of former is
more pronounced.

In the family of D–A dyads, where a-cyanostilbene (a-CNS) is
used as an acceptor are efficient luminophores and show pho-
toactivity, tunable uorescence,40 and aggregation-induced
enhanced emission (AIEE)41–43 leading to potential applica-
tions in biological imaging,44,45 optoelectronic devices such as
organic eld-effect transistors (OFETs),46,47 organic light
This journal is © The Royal Society of Chemistry 2016
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Fig. 1 Design strategies of Fc-a-CNS D–A (A and B) and D–A–D (C)
chromophores.

Paper RSC Advances

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

6.
 D

ow
nl

oa
de

d 
by

 K
U

 L
eu

ve
n 

U
ni

ve
rs

ity
 L

ib
ra

ry
 o

n 
28

/1
0/

20
16

 1
4:

36
:4

1.
 

View Article Online
emitting diodes (OLEDs)48,49 and solar cells49,50 etc.However, the
NLO behaviour of Fc-a-CNS dyads has not been fully addressed.
Taking into account, the exibility in the structural diversi-
cation, thermal stability and unique photophysical properties
of these p-conjugated luminophores, herein, we report the
synthesis, linear optical and NLO properties of new chromo-
phores having a Fc donor and an appropriately substituted a-
CNS as an acceptor intercepted by a conjugated linker, repre-
senting D–A (dyad) and D–A–D (triad) designs. In the latter, the
acceptor is anked by two Fc units through a conjugated
bridge.

In this work, new D–A or D–A–D type designs having a Fc
donor and an appropriately substituted a-CNS acceptor, inter-
cepted by a conjugated linker have been synthesized and the
design principles are shown in Fig. 1. Their structure is deter-
mined by means of UV-visible absorption spectra, FTIR spec-
troscopy, mass spectrometry and 1H and 13C NMR spectral and
microanalytical data. The NLO properties have been deter-
mined in dichloromethane (DCM) solution using hyper-
Rayleigh scattering (HRS) technique using femtosecond
pulsed 840 nm laser light. The linear optical data of the above
chromophores has also been computed using density func-
tional theory (DFT) calculations (Gaussian 09) and revealed
a good correlation between the experimental results and the
theoretically calculated data. Energies of the frontier molecular
orbitals (FMOs) have been computed from time dependent DFT
(TD-DFT) calculations and spectral resolution has been ach-
ieved by band tting (OriginPro 8). Moreover, the structure–
dipole moment relationship has also been deduced and the
effect of the molecular design on the observed linear, electro-
chemical and NLO properties has been discussed.
Experimental section
Materials and reagents

All liquid reagents were dried/puried by using the recommended
drying agents and/or distilled over 4 Å molecular sieves. Tetrahy-
drofuran (THF) and toluene were dried using sodium benzophe-
none ketyl while N,N-dimethylformamide (DMF) was distilled
over CaH2 and stored over 4 Å molecular sieves. Acetyl
ferrocene51 and bis(triphenylphosphine)dichloropalladium(II)52

were prepared following the reported procedures. Ferrocene
and 4-bromobenzaldehyde were purchased from Spectrochem
and used as received. 4-Bromophenylacetonitrile, 4-
This journal is © The Royal Society of Chemistry 2016
formylphenylboronic acid, copper cyanide, copper(I) iodide and
tetrakis(triphenylphosphine)palladium(0) were purchased from
Sigma Aldrich and used as such. Ethynylferrocene 239,53 and 4-
(ethynylphenyl)ferrocene 339,54 were prepared by the reported
methods. All reported yields are isolated yields. Melting points
were recorded in open capillaries and are uncorrected. For
column chromatography, silica gel (60–120 mesh) was employed
and eluted with ethyl acetate/hexane mixtures.
Instrumentation

UV-visible absorption recordings were carried out using HITA-
CHI U-2910 Spectrophotometer. 1H NMR and 13C NMR spectra
were recorded on Bruker Biospin Avance III HD at 500 MHz, in
CDCl3 containing tetramethylsilane (TMS) as internal standard.
Data are reported as chemical shi in ppm (d), integration,
multiplicity (s ¼ singlet, d ¼ doublet, t ¼ triplet, m ¼multiplet,
br ¼ broad) and coupling constant J (Hz). Infrared spectra were
recorded on Perkin-Elmer FTIR-C92035 Fourier-transform
infrared (FT-IR) spectrophotometer in range 400–4000 cm�1

as KBr pellets. Electrochemical measurements were made using
CHI660D electrochemical workstation using three electrodes:
platinum as working as well as counter electrode and Hg/Hg2Cl2
as reference electrode. The experiments were carried at 1� 10�4

M solution of a compound in DCM using 2 � 10�2 M tetrabu-
tylammoniumhexauorophosphate as supporting electrolyte.
The solutions were purged with dry nitrogen gas for 10 min and
the working electrode as well as the reference electrode was
cleaned aer each reading. The experiments were carried out at
scan rate of 100 mV s�1. Thermogravimetric analyses (TGA)
were recorded on TGA/DSC 1 STAR SYSTEM FROM METTLER
TOLEDO in the temperature range of 0–800 �C at the heating
rate of 10 �C min�1 under nitrogen atmosphere. Spectroelec-
trochemical studies were performed using Spectro-
electrophotometer K-MAC SV2100-BF-0121. Femtosecond HRS
measurements55–60 were performed at 840 nm using a femto-
second pulsed Ti: sapphire laser. The pulse duration is 130 fs at
a repetition rate of 80 MHz for an average power of 1.8 watt at
840 nm. This results in a peak power of 220 kW, in front of the
waveplate/polarizer/lens train of optical elements before being
focused in the sample. Crystal violet (C.I. Basic violet 3) in
methanol was used as the reference, with a value of 434 � 10�30

esu at 840 nm corresponding to the octopolar bxxx hyper-
polarizability tensor component.
Computational details

Ab initio quantum mechanical calculations were performed
using Gaussian 09 suite of programs.61 Optimization of molec-
ular geometries of 4–8 and related calculations were performed
by DFT method using B3LYP functional group and 6-31G as the
basis set. The rst 20 excited states were calculated by using TD-
DFT in gas phase as well in DCM as solvent using CPCMmodel.
The molecular orbital contours were visualized using Gauss
view 5.0.9.
RSC Adv., 2016, 6, 50688–50696 | 50689
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Synthesis of dyads and intermediates

Synthesis of (Z)-2,3 bis-(4-bromophenyl)acrylonitrile 1. To
a solution of 4-bromobenzaldehyde (2.0 g, 10.81 mmol) and 4-
bromophenylacetonitrile (2.5 g, 12.75 mmol) in dry methanol
(30 ml), a solution of sodium methoxide (1.5 ml, 25 wt%) was
added, dropwise with vigorous stirring. Upon completion of the
addition, the mixture turned cloudy and the suspension was
stirred for another 2 h, at room temperature and subsequently
cooled, which resulted in the precipitation of the product,
which was ltered and recrystallized from ethanol to obtain
analytically pure 1 as white solid (80%). Mp: 120–122 �C. IR
(KBr) nmax: 1363, 1400, 1492, 1586, 1904, 2220, 2855, 2925, 3048
cm�1. 1H NMR (500 MHz, CDCl3, 25 �C) d/ppm: 7.45 (s, 1H,
–CH), 7.51–7.61 (m, 6H, Ar-H) and 7.75 (d, J ¼ 14 Hz, 2H, Ar-H).
13C NMR (125 MHz, CDCl3, 25 �C) d/ppm: 111.4, 117.3, 123.7,
125.2, 127.5, 130.7, 132.3, 133.1, 141.1. Anal. calculated for
C15H9NBr2: C, 49.62; H, 2.50; N, 3.86; found: C, 49.86; H, 2.89; N,
3.52.
General procedure for synthesis of 4, 8 and 7

A septum capped two-neck round bottom ask containing 1
(0.1 g, 0.2 mmol), CuI (0.003 g, 0.016 mmol), bis
(triphenylphosphine)dichloropalladium(II) (0.015 g, 0.02 mmol)
and cesium carbonate (0.448 g, 1.3 mmol) was ushed with dry
nitrogen gas. Dry THF (10 ml) was added using hypodermic
syringe at room temperature followed by evacuation and rell-
ing with N2 gas once again. A solution of 2 (0.057 g, 0.27 mmol)
in anhydrous THF (5 ml) maintained under inert atmosphere
was added dropwise to the reaction mixture at room tempera-
ture. Subsequently, the reaction mixture was heated to 85 �C for
4 h. Aer the completion of TLC (thin layer chromatography),
the reaction mixture was extracted with ether (50 ml). The
combined ether extract was washed with water (3 � 20 ml) and
the organic layer dried over anhydrous sodium sulfate. The
solvent was removed under reduced pressure to obtain crude
mass, which was puried by column chromatography using
5 : 95 (ethyl acetate/hexane) as eluent to isolate analytically pure
4 (60%). Following the same procedure, using CuI (0.003 g,
0.016 mmol), bis(triphenylphosphine)dichloropalladium(II)
(0.015 g, 0.02 mmol) and cesium carbonate (0.448 g, 1.3 mmol)
and 2 (0.173 g, 0.82 mmol), 8 was obtained in 50% yield. Like-
wise, using 1 (0.1 g, 0.2 mmol), CuI (0.003 g, 0.016 mmol) and
bis(triphenylphosphine)dichloropalladium(II) (0.015 g, 0.02
mmol) and 3 (0.15 g, 0.5 mmol), 7 was obtained in 62% yield.
Further, in these reactions signicant amounts of the corre-
sponding diacetylene coproduct as a consequence of Glaser
coupling reaction was also isolated.62 The characteristic data of
4, 7 and 8 is presented below.

(Z)-3-(4-Bromophenyl)-2-(4-(2-ferrocenylethynyl)phenyl)
acrylonitrile 4. Orange solid. Mp 155–157 �C. IR (KBr): nmax

1022, 1104, 1261, 1411, 1589, 2206, 2346, 2853, 2952, 2962
cm�1. 1H (500 MHz, CDCl3, 25 �C): d/ppm 4.26 (s, 5H, Fc), 4.29
(s, 2H, Fc), 4.54 (s, 2H, Fc), 7.48 (s, 1H, –CH), 7.54–7.64 (m, 6H,
Ar-H) and 7.86 (d, J ¼ 10 Hz, 2H, Ar-H). 13C NMR (125 MHz,
CDCl3, 25 �C): d/ppm 69.11, 69.19, 70.03, 70.06, 71.53, 71.61,
123.51, 125.83, 126.66, 127.46, 129.29, 130.67, 131.78, 131.96,
50690 | RSC Adv., 2016, 6, 50688–50696
132.28, 133.47 and 141.67. Anal. calculated for C27H18BrFeN: C,
65.89; H, 3.69; N, 2.85; found: C, 65.96; H, 3.78; N, 2.82.

(Z)-3-(4-Bromophenyl)-2-(4-(2-(4-ferrocenylphenyl)ethynyl)
phenyl)acrylonitrile 7. Orange solid. Mp 162–164 �C. IR (KBr):
nmax 1030, 1104, 1176, 1261, 1414, 1465, 1739, 2214, 2349, 2850,
2918 cm�1. 1H (500 MHz, CDCl3, 25 �C): d/ppm 4.05 (s, 5H, Fc),
4.37 (s, 2H, Fc), 4.68 (s, 2H, Fc) and 7.44–7.90 (m, 13H, –CH and
Ar-H). 13C NMR (125 MHz, CDCl3, 25 �C): d/ppm 69.08, 69.17,
70.03, 70.06, 71.53, 71.60, 125.80, 129.29, 131.76, 131.93,
132.58, 133.73 and 141.14. Anal. calculated for C33H22BrFeN: C,
69.75; H, 3.90; N, 2.46; found: C, 69.87; H, 3.83; N, 2.59.

(Z)-2,3-Bis(4-(2-ferrocenylethynyl)phenyl)acrylonitrile 8.
Orange solid. Mp 177–178 �C. IR (KBr): nmax 1019, 1104, 1261,
1383, 1410, 1599, 1638, 1741, 2202, 2366, 2922, 2959, 3095
cm�1. 1H (500 MHz, CDCl3, 25 �C): d/ppm 4.26 (s, 10H, Fc),
4.29 (s, 4H, Fc), 4.54 (s, 4H, Fc), 7.52–7.57 (m, 5H, –CH and
Ar-H), 7.65 (d, J ¼ 10 Hz, 2H, Ar-H) and 7.88 (d, J ¼ 10 Hz, 2H,
Ar-H). 13C NMR (125 MHz, CDCl3, 25 �C): d/ppm 66.57, 69.48,
69.55, 69.75, 125.88, 127.50, 129.32, 130.71, 131.72, 131.79,
132.00, 132.16, 132.30, 132.51 and 141.55. Anal. calculated
for C39H27Fe2N: C, 75.39; H, 4.38; N, 2.25; found: C, 75.20; H,
4.53; N, 2.49.

Synthesis of (Z)-3-(4-formylphenyl)phenyl-2-(4-(2-
ferrocenylethynyl)phenyl)acrylonitrile 6

A septum capped two-neck round bottom ask containing 4
(0.05 g, 0.1 mmol) dissolved in dry toluene (10 ml), was evacu-
ated and charged with dry nitrogen gas and tetrakis
(triphenylphosphine)palladium(0) (0.009 g, 0.008 mmol),
potassium carbonate (2 M, 5 ml) and 4-formylphenylboronic
acid (0.015 g, 0.1 mmol) were added in sequence. The reaction
mixture was heated to 100 �C for 5 h. Aer completion of the
reaction, solvent was removed under reduced pressure and
compound was extracted with ether (2 � 25 ml). The combined
ether extract was washed with water (3 � 20 ml) and the organic
layer dried over anhydrous sodium sulfate. Removal of the
solvent under reduced pressure furnished crude 6, which was
puried by column chromatography using 5 : 95 (ethyl acetate/
hexane) as eluents to isolate analytically pure 6 (70%). Mp 158–
160 �C IR (KBr): nmax 1020, 1261, 1384, 1603, 1639, 2200, 2349,
2852, 2924 cm�1. 1H (500MHz, CDCl3, 25 �C): d/ppm 4.27 (s, 5H,
Fc), 4.29 (s, 2H, Fc), 4.54 (s, 2H, Fc), 7.57–8.03 (m, 13H, –CH and
Ar-H) and 10.08 (s, 1H, –CHO). 13C NMR (125 MHz, CDCl3, 25
�C): d/ppm 69.23, 70.09, 71.63, 125.86, 126.60, 127.62, 127.68,
128.00, 129.35, 130.01, 130.39, 131.78, 131.96, 132.49, 134.59,
135.60, 141.60 and 191.78. Anal. calculated for C34H23FeNO: C,
78.93; H, 4.48; N, 2.71; found: C, 78.72; H, 4.28; N, 2.92.

Synthesis of 4-((Z)-2-cyano-2-(4-(2-ferrocenylethynyl)phenyl)
vinyl)benzonitrile 5

A solution of compound 4 in dry DMF (8 ml) was maintained
under the atmosphere of dry nitrogen gas and copper(I) cyanide
(0.418 g, 4.6 mmol) was added using a solid addition tube. The
reaction mixture was heated for 24 h at 85 �C, aer which, the
solvent was removed under reduced pressure and compound
was extracted with DCM (3 � 20 ml). The combined organic
This journal is © The Royal Society of Chemistry 2016
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extract was washed with water (3 � 20 ml) and the organic
portion dried over anhydrous sodium sulfate. Removal of the
solvent under reduced pressure yielded crude product, which
was puried by column chromatography using 10 : 90 (ethyl
acetate/hexane) as eluents to isolate analytically pure orange
solid 5 (75%). Mp 172–174 �C IR (KBr): nmax 1096, 1261, 1409,
1465, 1585, 2199, 2223, 2854, 2925, 2962 cm�1. 1H (500 MHz,
CDCl3, 25 �C): d/ppm 4.27 (s, 5H, Fc), 4.30 (s, 2H, Fc), 4.54 (s, 2H,
Fc) and 7.57–7.92 (m, 9H, –CH and Ar-H) 13C NMR (125 MHz,
CDCl3, 25 �C): d/ppm 59.37, 68.18, 68.28, 69.07, 70.56, 70.65,
84.47, 91.85, 108.60, 111.73, 113.04, 125.06, 125.49, 128.59,
128.63, 130.84, 131.02, 131.65, 131.84 and 142.91. Anal. calcu-
lated for C28H18FeN2: C, 76.73; H, 4.14; N, 6.39; found: C, 76.82;
H, 4.41; N, 6.52.
Results and discussion
Synthesis and characterization

Dyad (Z)-3-(4-bromophenyl)-2-(4-(2-ferrocenylethynyl)phenyl)
acrylonitrile 4 was prepared (Scheme 1) in 60% yield through
Sonogashira coupling reaction63,64 of (Z)-2,3-bis-(4-bromo-
phenyl)acrylonitrile 1 and ethynylferrocene 2 using bis
(triphenylphosphine)dichloropalladium(II) and CuI as catalysts.
A similar reaction of 1 with 4-(ethynylphenyl)ferrocene 3,
furnished (Z)-3-(4-bromophenyl)-2-(4-(2-(4-ferrocenylphenyl)
ethynyl)phenyl) acrylonitrile 7 in 62% isolated yield.
Increasing the stoichiometric amount of 2 to 0.5 mmol in
reaction with 1 (0.2 mmol), led to the isolation of the triad
(Z)-2,3-bis(4-(2-ferrocenylethynyl)phenyl)acrylonitrile 8 in 50%
yield. Dyad 4 served as a common precursor for preparing the
Scheme 1 Synthesis of ferrocene-a-cyanostilbene dyads, triad and thei

This journal is © The Royal Society of Chemistry 2016
other two dyads 5 and 6. Thus, heating 4 with cuprous cyanide
at 80 �C led to the formation of 4-((Z)-2-cyano-2-(4-(2-
ferrocenylethynyl)phenyl)vinyl) benzonitrile 5 in 75% yield
(Scheme 1). Finally, Suzuki coupling65 of 4 with 4-for-
mylphenylboronic acid using Pd(0) in toluene provided (Z)-3-(4-
formylphenyl)phenyl-2-(4-(2-ferrocenylethynyl)phenyl) acryloni-
trile 6 in 70% isolated yield. All compounds were characterized
by the correct spectroscopic and microanalytical data.
Thermogravimetric analysis

For a material to be used in electro-optic devices, it must
possess high thermal stability to endure high processing
temperatures (>200 �C). Thermal stability of all these chromo-
phores was measured by thermogravimetric analysis (TGA) at
a heating rate of 10 �C min�1 under nitrogen. TGA data of 4–8
attested thermal stability upto 300 �C (see ESI Fig. S1†). Thus,
the good thermal stability of these chromophores makes them
suitable candidates for practical device fabrication and heat-
resistant materials.
UV-visible absorption characteristics

Dyads 4–7 and triad 8 show intense high energy (HE) and weak
intensity low energy (LE) bands in the region of 352–364 nm and
460–476 nm, respectively (Fig. 2), which are characteristic of Fc
based chromophores. Due to extensive mixing of the absorption
bands, band tting was applied to resolve the peaks using
OriginPro 8 soware (see ESI Fig. S2–S6†). Thus, the HE bands
are assigned as intraligand p / p* transitions while the LE
bands are metal to ligand charge-transfer (MLCT) bands. The
r precursors.

RSC Adv., 2016, 6, 50688–50696 | 50691
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Fig. 2 Overlay of UV-visible absorption spectra of 4–8 in dichloro-
methane (1 � 10�5 M) at 293 K.
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mixing of the HE and LE bands was also attested by the emis-
sion spectra (see ESI Fig. S7–S11 and Table S1†) of these chro-
mophores as the emissive feature from both of these bands
appear in the uorescence spectra upon excitation at both the
wavelengths corresponding to HE and LE bands. It has been
observed that, sequential excitation of both HE and LE bands of
these chromophores yielded emission covering the region of
both HE and LE bands, however emission peaked at specic
wavelengths (see ESI Fig. S7–S11†) in 4, 6 and 8, while in 5 and
7, excitation at 474 nm and 356 nm, respectively, yielded
a rather broad emission (see ESI Fig. S8a and S10†) suggesting
mixing of HE and LE bands. The concentration dependence of
absorption bands follows the Lambert–Beer law (see ESI
Fig. S12†) as well as conrms their intramolecular nature. The
assignment of p / p* transition to the HE bands is made on
the basis of the observation that upon changing the strength of
the acceptor (compare 4 vs. 5, 4 vs. 6, 7 and 8 etc., Table 1), the
HE absorption band sees only a nominal red shi (Dl ¼ 4–12
nm). The magnitude of this shi is however, smaller compared
to similar Fc chromophores studied earlier.25 On increasing the
acceptor strength in 5, compared to 4, a red shi of 4 nm has
been observed in the HE band. Likewise, a red shi of 10 nm is
observed upon changing 4 to 6 due to the combined effect of
increase in the acceptor strength and the intervening p-conju-
gation (insertion of phenyl ring). Further, upon increasing
Table 1 HE and LE absorption bands, molar extinction coefficient and
optical band gaps of 4–8

lmax
a (nm) [3 (M�1 cm�1)]; electronic transition(s)b

lmax
c

(nm)

HE LE HE LE

4 352 [30 300]; p / p* 476 [2700]; M / L 351 481
5 356 [12 000]; p / p* 474 [1200]; M / L, p–p* 354 488
6 362 [42 600; p / p* 476 [8000]; M / L, d–d, p–p* 360 481
7 356 [28 500]; p / p* 466 [2100]; M / L, d–d 351 477
8 364 [12 800]; p / p* 460 [2400]; M / L, d–d 364 486

a In DCM (10�5 M). b Assigned from TD-DFT deduced electron density
isosurfaces of the maximum contributing HOMO and LUMO levels.
c Band tted data.

50692 | RSC Adv., 2016, 6, 50688–50696
length of the p-conjugated bridge (compare 4 and 7), the HE
band shows red shi of 4 nm. However, the triad 8 with longest
p-conjugated bridge shows largest red shi of 12 nm (4/ 8) for
the HE band. Thus, it could be corroborated that HE transition
is strongly dependent on the length of the conjugated chain, as
changing 4 / 6 or 8 saw a red shi of 10 nm and 12 nm,
respectively, conrming the p/ p* nature of these transitions.
However, changing the acceptor strength showed only insig-
nicant shi in the HE absorption band (4 vs. 5, Dl ¼ 4 nm).
Visualization of the electron density maps at isovalue 0.0004
(see ESI Fig. S13†) with the structural models superimposed,
generated in Gauss view 5.09 revealed higher electron density
on the a-CN function more than the formyl or the terminal
cyano groups in 6 and 5, respectively. The electron density on
the bromo groups in 4 and 7 was minimal in accord with the
observed trend in wavelengths of maximum absorption (HE
bands) of these chromophores. The MLCT nature of the LE
bands is ascertained from the fact that its position does not
change (Table 1) signicantly, upon changing the length as well
as nature of the p-conjugated linker. This is corroborated by the
positions of the bands deduced from the band tted data (Table
1, see ESI Fig. S2–S6†) as owing to the extensive mixing of
transitions in 4–8, the experimental UV-visible absorption data
is not in accordance with the established model for simpler Fc
derived chromophores with only a single acceptor.66 Further,
during spectro-electrochemistry measurements on 4–8, while
the oscillator strength of the HE bands did not change signi-
cantly, the oscillator strength of the LE bands decreased almost
completely upon electrochemical oxidation (see ESI Fig. S14–
S17†) of Fc to ferrocenium, which served as additional proof of
the LE band to be a MLCT band. The TD-DFT calculations on 4–
8 further demonstrated contribution of appropriate HOMOs/
LUMOs (see ESI Table S2†) to appropriate MLCT and/or d–
d transitions. Further, the theoretically calculated wavelengths
of absorptions of the HE bands as well as oscillator strengths of
both LE and HE transitions corroborated the trend observed in
the experimentally recorded UV-visible absorption spectra (see
ESI Table S2†).

The absorption bands of chromophores 4–8 did not show
solvent dependence or solvatochromism i.e. no signicant red
shi in the absorption bands was observed with increasing
solvent polarity (see ESI Table S3†). However, as a consequence
of photoexcitation, a-CNS are known67,68 to exhibit twisted
intramolecular charge transfer (TICT) effect owing to intra-
molecular rotation around the central bond. Since the TICT
state produces a high dipole moment, these chromophores
were expected to exhibit substantial second-order nonlinear
optical properties. Chromophores 4–8 showed weak but broad
uorescence emission, covering almost the whole visible
region, which might also have originated from the combined
emission of the locally excited (HE) as well as TICT states.69
Electrochemistry

The chromophores 4–8 were studied by cyclic voltammetry to
get a deeper insight into the ground state properties as well as
mutual D–A electronic inuence (see ESI Fig. S18–S22†).
This journal is © The Royal Society of Chemistry 2016
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Especially, it was interesting to know the variation of E1/2 as well
as highest occupied molecular orbital (HOMO), lowest unoc-
cupied molecular orbital (LUMO) energies as a function of
change in the molecular structures of 4–8, which exhibited
electrochemically reversible oxidation wave attributed to the
Fe(III)/Fe(II) redox couple (Table 2). Upon changing Br in 4 with
CN group in 5, however did not show the expected anodic shi
in the E1/2 as well as stabilization of HOMO, which was expected
owing to the inuence of the stronger electron withdrawing CN
group. Both E1/2 as well as Epa values were rather marginally
lowered with this structural change. A comparison of the posi-
tions of the HE bands of the pairs of chromophores: 4/6 and 5/6
suggested a minor red shi of 10 and 6 nm, respectively. This
was also reected in nominal but favourable trend in E1/2 (DE1/2:
0.0315 and 0.0045 V, respectively) as well as Epa values (DEpa:
0.049 and 0.011 V, respectively) recorded by the comparable
pairs of 4/6 and 5/6, respectively. Thus, the cathodic shi in the
E1/2 reected increased electron density at the Fc donor, which
resulted in both, the rise in HOMO energies (Table 3) as well as
facile oxidation of Fc to ferrocenium species as compared to 4.
This marginal anodic shi of 8 (E1/2 ¼ 0.7865 V) as compared to
4 (E1/2 ¼ 0.7715 V) indicated marginally enhanced electronic
communication in the D–A–D 8 compared to D–A 4. This could
be attributed to marginally stabilised HOMO in 8 (Table 3) as
compared to 4. On comparing 4 and 7, as the p-conjugation
increases, energy of HOMO (Table 3) of 7 increases along with
the corresponding decrease in E1/2 value (DE1/2: 0.0575 V) as well
as Epa value (DEpa: 0.064 V).
Theoretical modelling

The series of chromophores 4–8 were studied theoretically to
visualize the effect of donor and acceptor strength as well as the
length and nature of the p-bridge, on the linear optical, elec-
trochemical properties and the dipole moment. In order to
rationalize the experimental absorption spectral data, TD-DFT
calculations in both solvent and gas phase were carried out
(see ESI Tables S4 and S5†). The calculated energies showed
good correlation with the corresponding values deduced from
CV and UV-visible absorption data (Table 3). Energies of the sets
of HOMO and LUMO levels of 4–8 are listed in Table S4† (DCM
phase) and Table S5† (gas phase). The plot of the frontier
molecular orbital (FMO) energies of the chromophores (Fig. 3
Table 2 Electrochemical data of 4–8 in DCM

Epa (V) Epc (V) E1/2
a (V) ipa � 10�6b (A) ipc � 10�6b (A)

4 0.828 0.715 0.7715 �1.532 1.215
5 0.790 0.699 0.7445 �0.5723 0.3909
6 0.779 0.701 0.7400 �0.3617 0.2846
7 0.764 0.664 0.7140 �0.8934 0.7498
8 0.837 0.736 0.7865 �0.9542 0.6023

a Half-wave potential, E1/2 ¼ (Epc + Epa)/2, where Epc and Epa correspond
to the cathodic and anodic peak potentials, respectively; DEp ¼ 80–120
mV [ipc/ipa � 1] and a scan rate of 100 mV s�1. b Amplitudes of the
anodic and cathodic peaks.

This journal is © The Royal Society of Chemistry 2016
and see ESI Fig. S23†) shows interesting correlations of the
electronic absorption properties of the chromophores. Replac-
ing Br in 4 with CN in 5, the stabilization of the LUMO energy
levels is in accord with the experimentally observed red shi in
the absorption band, indicating increased strength of the
acceptor in the latter. Similarly, with increasing the p-bridge
conjugation length (compare 4 vs. 6; 5 vs. 6; 4 vs. 7 and 4 vs. 8),
while the energies of HOMO in all except 8 increased, the LUMO
energies showed a decrease, which is also in agreement with the
experimental optical data (Table 3), and corresponded to the
observed decrease in optical band gap for these comparable set
of chromophores. Thus, the effect of change in p-bridge
conjugation length (4 vs. 8, for instance) on the HOMO–LUMO
energy gap is more pronounced than the change in acceptor
strength (4 vs. 5). Further, the electron density contours of
principal orbitals involved in the main transitions plotted in
(see ESI Fig. S24 and S25†), allowed accurate assignment of the
experimentally observed bands. The HOMO is mainly located
(see ESI Fig. S24 and S25†) on the Fc unit with signicant
contribution from the acetylene link and the adjoining phenyl
ring, which constitute parts of the central p-bridge, while the
LUMO is largely located on the acceptor, with additional
contribution from the p-bridge. In agreement with this obser-
vation, the HE and LE bands in 4–8 were assigned appropriate
transitions (Table 1). The p / p* HE band with highest
oscillator strength for 4–7 corresponds to H-2/ LUMO and for
8 it is HOMO / LUMO (see ESI Table S2†). Further, in these
chromophores, while the HE transition has main contribution
from HOMO / LUMO or H-2 / LUMO, the LE bands have
identical contribution from two or three transitions (see ESI
Table S2†). Further, the b values are also in good agreement
with change in the dipole moments (m) of these chromophores
(Table 3) as calculated from the theoretical calculations.
Quadratic hyperpolarizabilities

The rst hyperpolarizability, b, of the chromophores 4–8 was
measured in DCM, using femtosecond hyper-Rayleigh scat-
tering (HRS) method at 840 nm (Table 4). Crystal violet solution
in methanol was used as reference. All compounds are stable
under laser light as checked by recording UV-visible absorption
spectra of the solutions before and aer the HRS measure-
ments. First hyperpolarizability, b ¼ 434 � 10�30 esu was
recorded at 840 nm for the octopolar bxxx hyperpolarizability
tensor component of the reference. Further, the LE MLCT
bands are found to be in close proximity with the second
harmonic generation wavelength (420 nm, Table 1), resulting in
the resonance enhancement of the b values. Thus, the b values
have been corrected for the resonance enhancement, bHRS,0,
using two-level model and are shown in Table 4. It is important
to note that the two-level model provides an approximate
measure of resonance enhancement as it is not fully applicable
to the systems with multiple electronic transitions contributing
to the absorption bands.

Among the series of the chromophores studied, 4, with
shortest p-conjugation bridge as well as weak acceptor showed
the smaller bHRS,0 (21� 10�30 esu) as compared to 5 (bHRS,0¼ 27
RSC Adv., 2016, 6, 50688–50696 | 50693
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Table 3 Comparison of experimental (CV/UV-vis) and the calculated (TD-DFT) HOMO–LUMO energy data and dipole moments of 4–8

Compound

Experimental data Calculated (TD-DFT) data (gas phase/DCM)d

EHOMO
a (eV) Eopticalg

b (eV) ELUMO
c (eV) EHOMO (eV) ELUMO (eV) DE (eV) m (D)

4 �5.085 3.076 �2.009 �5.48146/�5.46758 �2.40031/�2.43786 3.08115/3.02972 5.2214/6.4070
5 �5.070 3.032 �2.038 �5.57724/�5.49370 �2.67324/�2.62100 2.90400/2.87270 8.0289/9.3951
6 �5.060 2.968 �2.092 �5.48717/�5.46268 �2.49338/�2.50753 2.99379/2.95515 7.2898/8.8644
7 �5.045 2.989 �2.056 �5.37289/�5.36765 �2.46399/�2.50181 2.9089/2.86584 5.4702/6.6195
8 �5.115 2.907 �2.208 �5.29642/�5.37180 �2.31160/�2.44031 2.98482/2.93149 4.0212/5.2736

a Calculated as EHOMO ¼ �e[Eonsetox + 4.4]. b Calculated as Eopticalg ¼ 1240/lonset.
c Calculated as ELUMO ¼ Eopticalg + EHOMO.

d B3LYP/6-31G level.

Fig. 3 Comparison of energies and energy gap (DE) of the FMOs
(HOMO and LUMO) of 4–8 (TD-DFT at B3LYP/6-31G basis set in DCM
phase).

Table 4 Quadratic nonlinear optical parameters of 4–8

Compound bHRS
a (10�30 esu) bHRS,0

b (10�30 esu)

4 110 � 10 21
5 146 � 6 27
6 183 � 8 35
7 182 � 8 29
8 124 � 7 17

a Second-order nonlinear polarizability, bHRS recorded at 840 nm in
DCM. b Second-order nonlinear polarizability, bHRS,0 corrected for
resonance enhancement.
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� 10�30 esu). This could be attributed to the replacement of Br
with CN, reecting marginally greater acceptor strength of the
latter. This increase in bHRS,0 value (4/ 5) is further supported
by the two-level model,70,71 as both dipole moment (Table 3) and
oscillator strength (f, see ESI Table S2†) increases on increasing
the acceptor strength in latter as well as the decrease in the
optical band gap is observed in the latter (Table 3). Chromo-
phores 6 and 7 recorded higher bHRS,0 values (35 � 10�30 esu
and 29 � 10�30 esu, respectively) as compared to 4 (Table 4).
This increase in bHRS,0 value for 6 and 7, compared to 4, could
50694 | RSC Adv., 2016, 6, 50688–50696
be attributed to the combined effect of the increase in the
length of the p-conjugation bridge as well as acceptor strength
in the former and the inuence of the p-conjugation bridge in
the latter. Additionally, the chromophores 6 and 7 exhibited
larger dipole moments (Table 3) and oscillator strength (f, see
ESI Table S2†) as well as small band gaps (Table 3), as compared
to 4. Also, the chromophore 6 shows slightly large bHRS,0 value
as compared to 7, owing to the combined effect of the larger
dipole moment and small band gap (Table 3) in the former,
however, the latter has greater oscillator strength (f, Table S2,
ESI†) as well as larger band gap compared to 6. Further, chro-
mophore 6 also showed larger bHRS,0 value compared to 5,
although the acceptor strength of latter is more as inferred from
the dipole moments (5 > 6, Table 3). This could be attributed to
the increased p-conjugation in 6 as well as the more availability
of p-orbitals to participate in the charge transfer in formyl group
than in nitrile group, resulting in increased b value of 6. Also,
chromophore 6 showed higher oscillator strength (f, see ESI
Table S2†) and lower band gap (Table 3), resulting in the
increased charge transfer and hence, increased bHRS,0 value as
compared to 5. This was already inferred from the observed red
shi of the HE bands (Table 1) in the optical data as well as the
observed trend is in good agreement with the theoretical data.
Consistent with the increase in the p-bridge length, a higher
b values for the disubstituted chromophore 8 would be ex-
pected. However, it recorded smallest bHRS,0 value of 17 � 10�30

esu, which implied a partial cancellation of charge transfer
owing to the fact that the central acceptor unit is anked by two
Fc donors. As compared to 4, chromophore 8 shows smaller
bHRS,0 value, due to lesser larger dipole moment (Table 3) and
oscillator strength (f, see ESI Table S2†).

When comparing these hyperpolarizability values with the
values for related chromophores, it is important to appreciate the
combination of the ferrocene-derived properties with the a-CNS
derived properties. a-CNS have not been thoroughly investigated
for their second-order nonlinear optical properties. There is one
report72 with emphasis on the macroscopic nonlinearity of crys-
tals, still reporting molecular hyperpolarizability values up to 74
� 10�30 esu at 1064 nm for the strong dimethylamino donor
group. Our values with the redox-switchable Fc donor compare
very favourably with these values. However, when comparing rst
hyperpolarizability values of Fc-donor based chromophores, with
longer conjugation paths and much stronger acceptor moieties,
based on tricyano-acceptors, larger hyperpolarizabilities have
This journal is © The Royal Society of Chemistry 2016
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been reported,73 but with the concomitant compromise in
transparency (absorption up to the NIR) and inefficiency
(reduced nonlinearity per number of polarizable electrons). It has
been shown that the Fc derivatives with the shorter conjugation
path and the CHO and CN (monocyano) acceptor outperform the
longer chromophores with tricyano-acceptors in terms of their
intrinsic hyperpolarizability.25
Conclusions

Thus, the new Fc based chromophores show signicant
intrinsic hyperpolarizability. Correlating the UV-visible
absorption, electrochemical, theoretical calculations and
hyper-Rayleigh scattering experiments carried out for the
chromophores, it was established that varying the conjugation
path and/or acceptor strength would tune the non-linear optical
properties. On increasing thep-bridge length, a greater red shi
of the absorption bands and smaller HOMO–LUMO gaps are
observed as compared to the ones observed in the case of
changing the acceptor strength. Thus, these chromophores
could be considered as promising candidates for electro-optic
devices on the basis of the observed rst hyperpolarizability
as well as high thermal stability (upto 300 �C). It could also be
expected that these chromophores could exhibit even better
second-order nonlinearities by appending even stronger
acceptors such as nitro, dicyanovinyl groups etc.
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