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Abstract: Electrochemically switched 2" order non-linear optical
responses have been demonstrated for the first time in
polyoxometalates (POMs), with an arylimido-derivative showing a
leading combination of high on/off contrast (94%), high visible
transparency, and cyclability. Spectro-electrochemical and TD-DFT
studies indicate that the switch-off results from weakened charge
transfer (CT) character of the electronic transitions in the reduced
state. This represents the first study of an imido-POM reduced state,
and demonstrates the potential of POM hybrids as electrochemically
activated molecular switches.

Since their first observation in the 1960s, non-linear optical
(NLO) effects have become essential to current and future
technologies involving generation and manipulation of laser light:
for example telecommunications, optical and electro-optical
computing, optical data storage and biological imaging.”? For
advanced applications in telecommunications and computing, the
fast 2" order NLO responses of molecular charge transfer
chromophores promise advantages over traditional inorganic
salts, and have led to development of many organic and
organometallic NLO chromophores.?4 Molecular 2™ order NLO
performance is assessed by measurement of the first
hyperpolarizability 8, with static (zero-frequency) values f, used
to facilitate comparison. Yet, while materials with extremely high
B, values (>>10%7 esu) have been obtained,®! only

dimethylaminostilbazolium tosylate (DAST), based on the DAS*
cation (8, = 25 x 100 esu),®2l is in current technological use.

Two key challenges for molecular NLO materials are (i)
developing chromophores that combine high activity with
adequate transparency,® and (i) producing materials whose
properties can be switched.® Regarding (i), structural
modifications that increase f usually involve stronger electron
donor/acceptor pairs or extended T-systems that increase
conjugation — these lower HOMO-LUMO gaps and thus tend to
increase absorption of visible and near-infrared light, leading to
lower device efficiency and reduced photostability. For (ii), most
molecular NLO switches have relied on redox reagents or other
chemical stimuli (pH) which are impractical for application in
devices,!" or photoisomerization® which due to structural change
is slower and more vulnerable to side reactions than electron
transfer. Electrochemical oxidation of a donor or reduction of an
acceptor potentially provides a rapid and device compatible
means of switching NLO responses by turning on and off charge
transfer transitions,®® with less risk of degradation. However, the
few existing examples are all based on materials with strong low
energy metal-to-ligand charge transfer transitions (MLCT), whose
activity is turned off by oxidizing the metal center. Reabsorption
of second harmonic light by such MLCT transitions is intrinsically
problematic for eventual construction of stable, efficient molecule-
based NLO switches.

Herein, we describe a new strategy based on
electrochemical switching of higher energy ligand-to-
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polyoxometalate CT (LPCT) transitions. Polyoxometalates
(POMSs) are well known for fast, stable redox chemistry, as they
accept electrons with almost no structural change.*® Moreover,
owing to push-pull CT effects, we previously demonstrated that
NLO chromophores based on arylimido-derivatized Lindqvist
POM acceptors ([MogO1sNAr]*) show high static first
hyperpolarizabilities 3,, combined with high transparency, giving
better transparency/non-linearity trade-offs than typical purely
organic systems.*Y Here, introducing bulky groups (iPr) around
the Mo=N bond has enabled us to stabilize and characterise the
[MogO1gNAr®- state for the first time, revealing the strongest
overall performance of any switchable NLO chromophore to date:
Bo,zzz = 89%10%° esu (by hyper-Rayleigh Scattering, HRS), high
transparency beyond 500 nm, 94% on/off contrast, and the best
cyclability yet demonstrated — 4 complete cycles in
electrochemistry—HRS, 16 by linear spectroelectrochemistry, with
minimal degradation.

1]

e
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Figure 1. Structures of switchable NLO chromophore [1]%, and isopropyl-free
analogue [1H]?. [NBua]2[1H] was previously published.[*°]

[BuyN], Me,N

Donor-acceptor POM derivative [MosO1sNPh(Pr),NMe,]*
([1]%, Figure 1) was accessed as a tetrabutylammonium salt
following established methods,*-*3 and thoroughly characterized
(see Sl, Scheme S1). X-ray quality crystals of [NBug]2[1]-Me,CO
were obtained, enabling acquisition of a high-quality crystal
structure (Figure 2, Table S1).4 The Mo-O bond lengths of the
cluster are comparable to other hexamolybdate derivatives (Table
S2),11%a.15] \while steric repulsion and C-H...O hydrogen bonds
(C(H)...O distances ca. 3.3 to 3.7 A)l1% between the POM core
and the isopropyl groups result in a similar length but more linear
imido bond (1.741(1) A, 175.0(2)°) than observed in other POM-
based chromophores.'Y The slightly less quinoidal structure of
the ligand in [1]* compared to 2,6-H analogue [1H]*> (Table S3)
suggests slightly weakened donor-acceptor communication.

Figure 2. ORTEP representation of the crystal structure of the complex anion
[1]%. C, is grey; N, purple; O, red; and Mo, green, H atoms are white circles with
arbitrary radii. Thermal ellipsoids are at the 30% probability level.

Characterization of [NBug]z[1] by cyclic voltammetry (CV,
Figure S2) finds a [1]** reduction peak with near ideal
reversibility (Table 1), negatively shifted by ca. 60 mV from that
previously reported for [LH]?/>.11*% This indicates a more electron
rich POM cluster, resulting from inductive donation from the 'Pr
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groups ortho to the imido group. A second, irreversible reduction
is observed at -1.92 V vs Fc/Fc*, while quasi-reversible oxidation
of the amine was seen at 0.30 V vs Fc/Fc*. UV-vis spectroscopy
reveals a ligand-to-POM (LPCT) charge transfer peak at 431 nm
(Figure 3, Table 1), slightly redshifted from [1H]* (424 nm). This
is ascribed to inductive donation from the Pr groups raising the
level of the HOMO, which DFT calculations (wB97X-D/6-
311G(d)/LanL2TZ, MeCN solvation by IEFPCM) indicate is
spread across the entire arylimido moiety (Figure 4a), more than
the POM based LUMO. TD-DFT calculations reproduce the LPCT
peak well, although the (vertical excitation) energy is over-
estimated slightly (0.3 eV) vs experiment (Figure S4). The LPCT
character of the lowest-energy band is stronger for the oxidised
than the reduced form, as shown by the excitation-induced
electron density differences (Figure S5). Subsequently, the
change of dipole moment upon excitation is slightly smaller for the
reduced form than the oxidised one (8.0 versus 9.6 D).

Table 1. UV-vis Absorption and Electrochemical Data for [1]? and [1]* in MeCN.

Anion | Amax/ nm@ (g, | Emax E / V vs Fc/Fc* (AEp / mV)P)
103Mtem?) | /eV | Epc[lPF* | Ews [12% | Eue[1]+%
1> | 206 (44.3) 6.02
258 (28.1) 481
431 (30.7) 2.88 -1.10
-1.92 0.30 (73)
1P | 200 (53.4) 6.20 (73)
256 (29.4) 484
398 (25.6) 3.12

[a] Data for [1]* obtained at ca. 10°° M in MeCN. Data for [1]* obtained at ca.
102M in 0.3 M [NBu4][BF4] using a thin layer spectroelectrochemistry cell, with
initial [1]* absorbances as a reference. [b] Solutions ca. 10° M in analyte, 0.1
M in [NBus][BF4] at a glassy carbon working electrode, scan rate 100 mV s,
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Figure 3 UV-vis spectra of [1]* (blue) and [1]* (red) obtained by

spectroelectrochemistry (electrolyte 0.3 M NBusBF4 in MeCN). 98% recovery of

the original spectum was seen upon re-oxidation.

To probe the stability of the [1]* reduced state, and its suitability
for redox-switched HRS, we investigated the first reduction of [1]>
by bulk electrolysis. Investigation of unprotected derivatives such
as [1H]* in similar conditions has indicated solvolysis of the
reduced state leads to loss of ligand and conversion of 280% of
the derivative into [MosO19)?"*.['1 However, for sterically
protected [NBusl2[1], CV peak currents measured after 20
minutes reduction at —1.2 V vs Fc/Fc* indicate minimal loss of the
imido compound (Figure S3). Subsequent spectroelectrochemical
investigation showed that upon reduction the low energy Amax blue

This article is protected by copyright. All rights reserved.
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shifts 33 nm (0.24 eV), to 398 nm, and loses intensity (Figure 3)
as the POM acceptor weakens — DFT calculated LUMOs are ca.
0.8 eV higher in energy for the reduced state, consistent with the
electrochemically observed spacing of ca. 0.8 V between first and
second reductions. TD-DFT calculations fit these observations,
showing a blue shift (24 nm, 0.20 eV), and reduction of the
intensity, accompanying a lessened LPCT character of the
transition (Figures S4/S5). Re-oxidation of the POM core resulted
in a 98% recovery of the original sample based on the intensity of
the LPCT peak, confirming the stability of the reduced state and
the prospects for reversible switching. To further characterize the
[1]* state we performed X-band EPR. At 67 K, this reveals a very
similar signal to that of [MogOig*, where an absence of
measurable hyperfine coupling indicates delocalization of the
electron across the POM cluster. At lower temperatures (10 K),
clear evidence of coupling to a single Mo centre, but no large N
hyperfine couplings, could be observed (Figure S7). This is
consistent with DFT calculations showing a SOMO (slightly
stabilized over the o and 3 HOMOSs) based predominantly on the
Mo opposite the imido group (Figure 4b), and is logical in showing
the electron localizing away from the imido-donor.

(a) Oxidised: [1]*

&

LUMO: -1.50eV

(b) Reduced: [1]*-

% @%}{

a:-0.67eV

B:-0.72eV

a:-6.79eV HOMO

HOMO: -7.04 eV 1 :"
$+

) »
HOMO-1 (a, SOMO): -6.89 eV

Figure 4. DFT computed frontier orbitals for [1]> and reduced state [1]* , at
the wB97X-D/6-311G(d)/LanL2TZ level of theory.

B:-6.79eV

Table 2. Comparison of experimental and computational values of
hyperpolarizability for [1]? and its reduced state [1]*

Brosaprs @ Brosa,zzz @ Pozzz @ Computed
B1064 Hrs )
[11* 127.9 309.0 88.8 149.0
[11* 8.3 20.0 6.7 57.9

[a] Experimental values, x10% esu, B, calculated from the dynamic
hyperpolarizability and the experimental Amax using the two-state model. [b]
computational values, x10-% esu, after correcting for pre-resonance effects and
finite bandwith of the UV/visible absorption band (see SI).

Hyper-Rayleigh scattering (HRS) performed at 1064 nm
revealed a static first hyperpolarizability B, ,,,= 89%10%° esu for
[NBua]2[1] — almost identical to that previously obtained for
[NBua]z[1H] (Table 2).* Thus [1]%, like previous “POMophores”,
shows a better combination of transparency and activity than
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typical purely organic systems — and much better than existing
redox switched NLO chromophores, whose activity is based on
low energy (Amax > 500 nm) MLCT transitions.

A specially designed electrochemical cell (Figure S8, SI)
enabled coupled electrochemistry/HRS measurements, which
showed a near 94% decrease in second harmonic signal upon
reduction of [1]*, and a By, Of only 7 x 10 esu for the [1]*
reduced state — a very high contrast switching effect (Figures 5,
S9). Reoxidation recovered 90% of the initial signal, which was
retained over a further three off/on cycles. The smaller switch-off
in later cycles is likely a result of potential drift, as
chronoamperometry data reveal less charge was passed and so
less complete (ca. 92%) reduction was achieved. The dispersion
corrected TD-DFT computed dynamic ;64 5rs Value, of 149 x 10
30 esu for [1]%, is a good match for experiment, the calculated
reduced state B is a large overestimate, but does reveal an
attenuation consistent with the experimental trend. Stability over
more cycles has been demonstrated by spectroelectrochemistry,
(Figure S10) which shows 95% retention of the absorbance at Amax
after 16 cycles. Almost all of the decline occurs in the first 8 cycles,
with the absorbance remaining almost constant afterwards. The
improved stability in later scans may result from consumption of
adventitious water in the first cycles, presence of decomposition
products shifting equilibria in favour of [1]?/*, and also reflects
establishment of equilibria between [1]% and [1]* after the initial
cycles, which may not be completely overcome electrochemically.
In any case, the results show that [1]> is an electrochemically
addressable, molecular 2" order NLO switch with very high
contrast and leading multi-cycle stability. 2!

350
300 o
250
200
150

100

Apparent Bos4(10°° esu)

50

0 T T
0 1 2 3 4

Figure 5. Electrochemically switched HRS signal in [1]> (on) and [1]* (off).
The smaller “switch off* in runs 3 and 4 is a result of incomplete reduction.

In conclusion, we have shown for the first time that
arylimido-Lindqvist reduced states can be effectively stabilized by
placing sterically bulky groups around the Mo=N bond. Although
the reduced state SOMO is located away from the imido group,
reduction dramatically weakens CT to the POM, producing a
reversible 94% switch-off in 2" order NLO activity. Combined with
leading cyclability and transparency, this gives [1]> the best
overall performance of any molecular NLO switch to date. Future
work will focus on translating these results into thin films,®" to

produce bulk materials capable of electrochemical-NLO switching.

More broadly, the work highlights the strong potential of imido-
POM hybrids as molecular switches, which we are continuing to
explore in new structures.

This article is protected by copyright. All rights reserved.
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Charge transfer transitions in a new arylimido-polyoxometalate (POM) are turned off by reduction, enabling a high contrast (94%)
electrochemically switched 2" order non-linear optical (NLO) response. The overall combination of on/off contrast, high visible

transparency and multicycle stability is leading in switchable 2" order NLO chromophores, and shows for the first time the strong
potential of POM hybrids as redox-driven optical switches.
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