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We show that polyoxometalates (POMs) are an excellent redox-
active acceptor on which to base high performance 2™ order non-
linear optical (NLO) chromophores. This is demonstrated through
three new organoimido-Lindqvist derivatives with HRS B,-values
exceeding those of any dipolar organic system with comparable
donor, n-system and absorption profile. Thus, organoimido POMs
may provide a new generation of high performance, high
transparency, and potentially redox-switchable NLO materials.

Non-linear optical (NLO) materials can manipulate laser light
through 2" order phenomena such as second harmonic
generation (SHG) and 3 order effects like multiphoton
absorption.1 As such, they are essential to current and future
technologies including telecommunications, optical
electro-optical computing, optical power limiting and imaging.
The need for materials with fast responses and tunable
properties, driven by advanced applications, led to
development of many organic donor-acceptor compounds
with strong 2" order non-linearities, 8, which are now finding
technological use (e.g. dimethylaminostilbazolium tosylate,
DAST).l‘3 Meanwhile, metallo-organic species, with responses
based on metal-to-ligand or ligand-to-metal charge transfer
(CT) absorptions, have attracted attention as a means to
facilitate construction of 2- and 3-D chromophores with multi-
dimensional responses,4 or introduce additional properties
such as reversible redox chemistry“ that could be exploited in
materials with switchable responses.e'7 An important
challenge for both organic and metallo-organic materials,
however, is overcoming transparency/non-linearity trade-offs
whereby modifications that increase 8
absorption of visible light. This
efficiency, and often reduced photostability.
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So far, this challenge has been tackled either through
octupolar and other multi-dimensional chromophores,‘l’8
which are often synthetically complex, or through dipolar
organic materials with unusual electronic structures. These
unusual electronic structures have originated either from
unconventional twisted (“tictoid”) rt-bridges,9 or unusual
donor sets.”® A complementary strategy is to explore new
acceptors. To this end, we have begun to study
polyoxometalates (POMs), a major class of molecular materials
that are so far little investigated in NLO and photonics. These
anionic molecular metal oxide clusters are based on low-cost
earth-abundant elements (e.g. Mo, W),11 and many are good
electron acceptors featuring fast, stable, often multi-electron
redox chemistry.12 POMs also offer a high density of heavy
atoms that can be beneficial for both 2" and 3™ order NLO,*
and can be derivatized with organic groups,14 making them a
highly attractive platform for redox-active hybrid donor-
acceptor chromophores. However, the molecular 2™ order
NLO properties of POMs have so far only been addressed by
calculation,™ with experimental reports limited to bulk SHG
materials containing underivatized POMs."®
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Scheme 1 Organoimido-Lindqvist anion based chromophores 1 to 3

Herein, we present the first experimental study of POM
derivatives as molecular NLO chromophores, focusing on the
synthesis, structure and 2" order NLO properties of three new
arylimido Lindqvist clusters ([RNMOGO]_S]Z-, Scheme 1) with
organic donor groups. Such Lindqvist arylimido derivatives
show the strong CT transitions that are a pre-requisite for 2"
order NLO properties, and have an increasingly well-developed
synthetic chemistry enabling post-synthetic modification of
the organic group.17 The results show that such materials
attain much better transparency/non-linearity trade-offs than
purely organic dipolar chromophores with comparable donors
and m-systems. Furthermore, the compounds have reversible
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electrochemistry and can incorporate electropolymerizable
pyrroles, which may eventually open a new, convenient route
to microfabrication™® of redox-switchable thin films with
covalently derivatized POMs.

Divalent anions 1 to 3 (Scheme 1) were obtained as [NBu,]"
salts using adapted procedures for the synthesis and post-
functionalization of organoimido hexamolybdates,”’19 and
have been unambiguously characterized (see ESI). By
comparison with the parent anilines, the "H-NMR spectra of 1
to 3 clearly demonstrate their donor-acceptor nature: the
protons ortho- to the aniline group shift downfield ca. 1 ppm
upon formation of the Mo-imido bond, due to the electron
withdrawing {Mog} cluster. The pyrrole protons of 1 and 2,
however, show relatively little change in § upon attachment of
the POM, implying a certain degree of electronic isolation
between donor and acceptor. Crystal structures (Fig. 1) show
characteristic bond lengths and angles for {Mog}-organoimido
species (Table S2, SI),m’ZO including ca. 180° Mo-N-C bond
angles indicative of Mo-N triple bond character and a formal
positive charge on N. The relative electronic isolation of the
donors suggested by "H-NMR is supported by observation of
non-zero twist angles between the pyrrole and phenyl rings, of
ca. 19.3° (in 1) and 13° (in 2).
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Fig. 1 ORTEP representations of anions 1 to 3. Thermal ellipsoids are at the 30%
probability level. Color scheme: Mo is green; O, red; C, gray; N, blue; H atoms
are represented by green circles of arbitrary radii.

The electronic spectra (Table 1, Fig. 2a) also show classic
donor-acceptor behaviour. High energy spectral features can
be ascribed to O—>Mo charge transfer (CT) in the
hexamolybdate acceptor and intra-ligand (m—m*)
processes in the appended organic. At lower energy, however,
an intense band is observed, absent from the spectra of both
[M06019]2- and the parent anilines. Tentative assignment of
these bands to ligand-to-polyoxometalate charge transfer
(LPCT)20b is supported by the red shift (371 to 386 nm) and
increase (ca. 50%) in & observed upon extending the
conjugated system from 1 to 2. Replacing pyrrole with more
strongly donating —NH, produces a further red shift, to 406
nm, albeit with a decrease in €. Such behaviour is typical of
charge transfer dyes.l'7 Cyclic voltammetry (CV) confirms
donation of electron density from the organic groups to the
POM (Fig. 2b), through a ca. 180 mV negative shift in £;/, from
[MOsolg]z- to the derivatives. Furthermore, as expected for
POM species,12 near-ideal reversibility is seen on the CV
timescale. However, consistent with the NMR and X-ray data,
a degree of electronic isolation between N-donor and POM

unit

2| J. Name., 2012, 00, 1-3

Page 2 of 5

acceptor is implied by the minimal difference in reduction
potential (7 mV) between the derivatives. Therefore, while
we use LPCT as shorthand, we cannot exclude that the
observed electronic transitions may in fact be between the
donor and electron deficient imido-N, rather than the POM.

Table 1. UV-vis Absorption and Electrochemical Data for 1 to 3 and

[NBu4]2[M0gO10] in Acetonitrile.

Compound Amax/nm° Ermax Eij2, Vs
(g, 10° M™ (eV) assignment Ag/AgCl
cm™) (AE,, mV)°
[NBusl, 223 (24.9) 5.56 O0—>Mo -0.315 (69)
[M0gO19] 261 (13.4) 4.75 O—>Mo O—>Mo
323(7.1) 3.84
[NBusl, 223 (39.6) 5.56 O—>Mo/n—m* -0.500 (63)
[1] 281 (28.2) 4.41 O—>Mo/n—m*
371(32.3) 3.34 LPCT
[NBusl, 290 (40.1) 4.28 O—>Mo/n—m* -0.496 (61)
[2] 386 (45.1) 3.21 LPCT
[NBua], 282(38.8) | 4.40 | O—Mo/n—>n* | -0.493 (67)
[3] 406 (37.3) 3.05 LPCT

@ Concentrations ca. 10° M in MeCN. ® Solutions ca. 10 M in analyte and
0.1 M in [NBu4][BF4] at a glassy carbon working electrode with a scan rate
of 100 mV s™. Ferrocene internal reference Ei/»=0.46V, AE, = 80 mV.

200 300 400 500 600
A/nm

Fig. 2 (a) Electronic spectra of 4-(1H-pyrrol-1-yl)aniline (brown) and [NBu,]" salts of
[MogO1s] (black), 1 (purple), 2 (green) and 3 (red) at 298 K. (b) Inset - cyclic
voltammograms of 10° ™M [NBu4]2[M0ogO1] (black) and [NBuyl,[1] (purple) in 0.1 M
[NBu4][BF,4] in MeCN, showing the cathodic shift in the [XMoGOw]H} potential upon
derivatization. Scan rate 100 mV s™, Fc/Fc” internal reference Ei, =0.46 V vs Ag/AgCl.

Hyper-Rayleigh scattering (HRS) measurements> (Table 2)
suggest great potential for these organoimido-Lindqvist based
materials in NLO. This is because although headline 8 values
are around an order of magnitude lower than HRS-determined
records, comparison of static first hyperpolarizabilities 8,
(corrected for any one or two photon resonance
enhancement) indicates that these compounds outperform
many dipolar organic systems with similar donors and m-
systems. Moreover, to our knowledge no dipolar organic
compounds having both similar transparency to 1 and 3 and
comparable donors/bridges exceed their non-resonant 6,
(determined at 1064 nm). Our results, and comparisons are
detailed below.

Firstly, large (up to 716 x 10 esu) dynamic 2" order non-
linearities (8,,, assuming a single dominant tensor component

This journal is © The Royal Society of Chemistry 20xx
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for linear systems) were obtained at 800 nm. Substantial
increases in activity from 1 to 2 (90%), and 2 to 3 (30%) show
that modifications used to enhance B8 in purely organic
chromophores (increased conjugation and donor strength)
also apply to organoimido-POMs. At 1064 nm 8,,, are lower,
most likely because resonance enhancement is effectively
eliminated, and the activity gain from 1 to 2 is much smaller,
while that from 2 to 3 is larger. This may indicate wavelength
dependence in the effects of extended conjugation and
increased donor strength, with the caveat that analysis of 2
was complicated by the need to subtract signal from two-
photon fluorescence, at both measured wavelengths.

Table 2 HRS data at 800 and 1064 nm for 1 to 3.

Compound Bu22, 800" Bo,00” Bu22, 1064” 80,1064
(10°° esu)

[NBu,]»[1] 292+ 34 (32 £ 4)° 123+ 10 56+5

[NBual[2] 557 + 56 (29+3)° | 143+10 | 59%5

[NBu,]»[3] 716 £ 63 (16 £ 1)° 372+22 133+8

9 8,;; calculated assuming a single dominant tensor component, measured
using 800 nm and 1064 nm fundamental laser beams. The quoted units
(esu) can be converted into SI units (C* m® J?) by dividing by a factor of
2.693 x 10%. ° Non-resonant, static 8 estimated from 8,,, using the two
state model.?” € Underestimated due to proximity of LPCT maximum to the
SH wavelength at 400 nm.

While the dynamic 8,,, values compare well to many purely
organic systems measured under the same conditions,zd"sa’b to
fairly assess the efficacy of the POM acceptor versus other
materials we must use the resonance-corrected static first
hyperpolarizability, 8y, and limit the comparison to dipolar
systems with similar donors and m-bridges. This is possible at
1064 nm, because A, for 1 to 3 are distant from (= 116 nm
shorter than) the 532 nm second harmonic, and have only
minimal residual absorption at this wavelength. Considering
the weak to moderate donor strength, modest m-systems and
high transition energies, the 8, values obtained (from 56 x 10
% esu for 1 to 133 x 10™° esu for 3) are unusually high. They
comfortably exceed that of the technologically valuable DAS*
cation (Fig. 3, 4) under non-resonant conditions,2b while the 8,
for 3 also compares well to those of many other, more active
stilbazolium chromophores with stronger donors and much
lower energy transitions (i.e. poorer transparency).Zb'C
Restricting comparison to reasonable structural and spectral
analogues of 1 to 3 (Fig. 3) indicates a consistent and
significant advantage for the POM compounds, which in all
cases have higher 8, values.” Only p-nitroaniline shows better
transparency, for a large sacrifice in 8. While far higher 8-
values have been obtained with other organic acceptors (e.g.
TCF), these materials are a poor comparison due to much
lower transparency — the closest TCF analogue to 3 has a
solvent-dependent A, of between 540 and 590 nm.”® Indeed,
taking transparency into account such materials do not seem
to perform better than other organic acceptors.SCI Comparison
with a range of metal and main-group based acceptors4f also
reveals an advantage for the POMs.

This journal is © The Royal Society of Chemistry 20xx
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Performance is further put in context by considering
electron number adjusted 8 (60/N3/Z N = no. bridge m-
conjugated electrons) and A, an analysis that suggests an
apparent limit for most dipolar organic materials of ca. 60/N3/2
= 1.5 when A, = 370 nm (for 1) or 2 when A, = 406 nm (for
3).” Compound 1 (60/N3/2 =3.81) and compound 3 (60/N3/2 =
2.54) both breach this limit (Fig. S4, ESI). Certain dipolar
organic materials (e.g. TICT chromophores9 and a pyridinium
tetrazolatelo) appear to breach these performance limits more
spectacularly than our POMs, which has been ascribed to their
unusual electronic structures. Thus future work must address
how the electronic structure of organoimido-POMs enables
them to act as unusually efficient acceptors, and whether
combining POMs with more state-of-the-art organic
components could lead to record performance.

Amax = 470 NM; By prs = 25 Amax = 426 NM; o Hrs = 46

ZNONOQ MegNNOZ Me,N O
(e

6: Amax = 347 nm 7: hmax =415 nm 8: Amax = 437 nm
Porrs =17 PoEFisHc = 46 Porrs = 53

Organic chromophores with comparable donors, m-systems and

Fig. 3
absorption profiles to 1 to 3, and non-resonant 8, values.?>**%1%¢

In summary, we have shown that organo-imido POM
derivatives are an excellent new class of NLO materials, with
transparency/non-linearity than
comparable organic systems and reversible electrochemistry.
Tailoring the organic component of these materials, through
donor, bridge, or octupoles, could therefore lead to extremely
high performance, switchable NLO chromophores. Such
studies are already underway, as are preliminary investigations
of electropolymer films, and efforts to deepen understanding
of the LPCT transitions and electronic structure.

We thank the UK EPSRC National Crystallography Service in
Southampton for X-ray data for [NBu4],[2] and [NBu,],[3], and
the UK EPSRC National Mass Spectrometry Facility (Swansea)
for MS. This work was supported by: the Iragi Government
(HCED scholarship to AAY), Royal Society of Chemistry, EPSRC
(EP/MO00452X/1), EU FP7 (Marie Curie I0F POMHYDCAT
contract 254339 to JF) and Fonds voor Wetenschappelijk
Onderzoek-Vlaanderen (FWO-V, PhD fellowship for NVS).
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*While comparison of 8 from different techniques/wavelengths
must be made cautiously, by definition 8, from non-resonant
measurements should be frequency independent. Moreover,
there is generally good agreement between non-resonant, non-
fluorescent/fluorescence corrected 6,,, from HRS, and from
EFISHG. See for example ref. 21e.
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Donor-Acceptor Organo-Imido Polyoxometalates: High Transparency, High
Activity Redox-Active NLO Chromophores

Ahmed Al-Yasari, Nick Van Steerteghem, Hani El Moll, Koen Clays and John Fielden.

Organoimido polyoxometalates are a powerful new class of acceptor for non-linear optics.
As a basis for donor-acceptor systems, they offer an excellent transparency/non-linearity
trade-off and break through empirical performance limits for comparable organic materials.
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