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ABSTRACT
Electrochemical switch-on of second-order non-linear optical (NLO) responses (β) has been demonstrated in a polyoxometalate
(POM) based chromophore (POMophore) for the first time. Reduction of the POM in a POM-imidoaryl-NO2 derivative invokes an
up to 15-fold off/on switchable increase in intensity of scattered frequency-doubled light, and the highest “on” state β yet reported
for a redox-cyclable POMophore. Computational and spectroscopic studies show that in the oxidized state, directionally opposed
charge transfer (CT) transitions to POM and ─NO2 result in a low net β. Upon reduction, the POM becomes a much weaker CT
acceptor, resulting in more dipolar imido-aryl to nitro CT, and thus enhanced NLO response.
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Introduction

olecules and molecule-based materials whose properties switch
n response to an external stimulus are vital to many cur-
ent and future applications: sensors and imaging agents [1–4],
igh-density resistive memory [5, 6], and optical/electro-optical
witches [7] that could underpin new high-efficiency approaches
o computing. For optical computing, the instantaneous nature
f molecular nonlinear optical (NLO) responses [8–11] makes
olecules with switchable second-order NLO attractive for

ast data processing and storage. Such molecular NLO mate-
ials comprise organic or metallo-organic charge transfer (CT)
hromophores, generally with dipolar donor(D)-π-acceptor(A)
ystems where NLO activity arises from electronic displacements
n response to light [8–18]. Molecular assessment of performance
hrough measurement of first hyperpolarizability β (and extrapo-
ation to zero-frequency giving static β0) has revealed molecular
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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design rules to optimize response [19–26], and on/off switching
can be achieved by disrupting the D-π-A system through redox
chemistry, pH changes, or photoisomerisation [27–40]. Of these,
electrochemical redox switching is particularly attractive, due to
its speed and potential for device integration. It has been reported
a handful of times, mostly in metallo-organic complexes with
redox-active precious metal donors (e.g., RuII) [37–40]. However,
we are still some distance from achieving switchable molecular
NLO materials with the required speed, contrast and stability.

Having multiple, accessible redox states and generally fast,
stable redox chemistry [41], POMs are attractive candidates for
molecular redox-switching that have shown promise for use in
electronic memory technologies [42, 43]. Yet, investigation of
POMs as switched optical and nonlinear optical (NLO) materials
has been more limited [44–46]. We have been investigating POM
acceptors—strongly conjugated to aryl groups through an imido
se, which permits use, distribution and reproduction in any medium, provided the
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FIGURE 1 (a) Structures of [1]2− and previously published isopropyl-free analog [1H]2− [48]. (b) ORTEP representation of the crystal structure of
anion [1]2−. C is grey; N, blue; O, red; Mo, green. H atoms are white spheres of arbitrary radii. Thermal ellipsoids drawn at the 30% probability level.
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ond—as an approach to switchable NLO chromophores based
n higher abundance elements, and without the undesirable
ow-energy absorptions introduced by RuII [45–50]. With organic
onors, these can achieve high activities (β0,zzz up to 320×10−30

su) [45], and cyclable electrochemical switch-off has been
chieved by reduction of the POM acceptor [46]. Encouraged
y prior computational work showing reduced POMs acting as
lectron donors toward aryl groups [51], we decided to explore
he properties of POMs derivatised with nitro-aromatic acceptors
n both oxidised ([Mo6O18NAr]2−) and reduced ([Mo6O18NAr]3−)
tates.

erein, we show for the first time a POM chromophore
hose NLO activity switches on upon electrochemical reduc-

ion. One-electron reduction of acceptor(A)-π-A nitro derivative
Mo6O18N(iPr)2PhCCPhNO2]2− ([1]2−) produces a 15-fold increase
n the measured in situ hyper-Rayleigh Scattering (HRS) inten-
ity, indicating a β-response comparable to previous D-π-A
OMophores with strong organic donors, and higher than any
ther POMophore able to redox-switch over multiple cycles
16]. As the gained electron is hosted in a POM-based SOMO
solated from the π-system, the red shift in the dominant charge
ransfer (CT) transition is only 11 nm, and unexpectedly the
witch-on can be considered to result from turn-off of the POM
cceptor enabling CT toward -NO2 from an electron-rich imido-
iphenylacetylene, rather than direct participation of the POM as
n electron donor.

Results and Discussion

NBu4]2[1] (Figure 1) was obtained from [NBu4]2[Mo6O19] fol-
owing similar methods to those previously used for isopropyl-
ree analog [NBu4][1H] (Scheme S1, SI) [48], and thoroughly
haracterized (see SI for details), including a high-quality X-
ay crystal structure (Figures 1b and S1; Tables S1 and S2).

o─O bond lengths were comparable to those seen in [1H]2−
of 7
and other [Mo6O18NAr]2− clusters [45–50], while Mo─N (ca. 1.74
Å) and N─C (ca. 1.38 Å) distances were within experimental
errors of those reported for iPr-free systems, though considerably
more linear (176.0(2)◦ and 173.9(4)◦) due to the bulky isopropyl
groups. Despite low energy barriers to rotation in unhindered
phenylacetylenes [52–54], previous work with arylimido-POMs
[45–50] has shown increasing coplanarity of the phenyl rings
with weaker donor groups, and with the presence of 2,6-isopropyl
groups on the imido-ring. Anion [1]2− fits this pattern, with the
lowest torsion angle across the alkyne (10.44◦) of any derivative
we have studied so far, consistent with lower charge asymmetry
between the two phenyl groups strengthening conjugation. No
quinoidal character is seen in [1]2−, as expected for essentially
asymmetric A-π-A rather than D-π-A systems.

The UV–vis spectrum of [1]2− (Figure 2, Table 1) shows several
absorptions in the 200–300 nm region, and a lower energy peak
at 399 nm. TD-DFT calculations indicate π→NO2 transitions and
ligand-to-POM CT (LPCT) both contribute to the lower energy
peak; the red shift of 10 nm (0.07 eV) versus [1H]2‒ (Figure S5 and
Table S4) is thus consistent with the inductive iPr donors raising
the energy of the imido-aryl donor ring. Competition between
the two acceptors is roughly even (Figure 3), but a small positive
ground-to-excited state dipole moment change ΔμGE (+2.31 D,
Table S6) indicates a net shift of electron density toward the POM.
Raman measurements at 785 and 532 nm show enhancement of
POM and ─NO2 bands at the lower wavelength, consistent with
the computational picture. TD-DFT analysis of the higher energy
bands (λ < 340 nm), mostly characterized by O→Mo LMCT and
π→π* processes, indicates the presence of a weaker transition
with LPCT and π→NO2 character at 4.05 eV (306 nm), in this case
with a larger, negative ΔμGE indicating CT toward ─NO2.

Cyclic voltammetry (Tables 1 and S3; Figure S3) finds two
processes assigned to the POM by comparison with known
[ArNMo6O18]2− species: [45–50] a reversible [1]2-/3− reduction at
−1.00 V versus Fc/Fc+, and an irreversible process at −1.9 V
Angewandte Chemie International Edition, 2026
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FIGURE 2 Experimental (dashed lines) and computed (solid lines) UV-vis spectra of [1]2− (blue) and [1]3− (red). Vertical bars represent computed
vertical transitions. The spectrum of [1]3− was obtained by spectroelectrochemistry (electrolyte 0.3 M NBu4BF4 in MeCN), original spectrum was 98%
recovered upon reoxidation. Calculations performed at the IEFPCM (MeCN) TD-DFT/ωB97X-D/6-311G(d)/LanL2TZ level of theory.

TABLE 1 UV–vis absorption and electrochemical data for [1]2-/3− in MeCN.

λmax/nm (ε, 103 M−1 cm−1) Emax/eV E/V vs. Fc/Fc+ (ΔEp/mV)d

Anion Expt Calcc Expt Calc E1/2 [1]2-/3−

[1]2− 246 (37.3)a

276 (30.4)a

399 (53.7)a

252 (20.8)
296 (27.3)
371 (83.4)

5.04
4.49
3.11

4.92
4.19
3.34

−1.00 (73)

[1]3− 244 (35.4)b

284 (35.8)b

410 (47.8)b

228 (47.5)
255 (41.3)
381 (103)

5.08
4.37
3.02

5.44
4.86
3.25

aObtained at ca. 10−5 M in MeCN.
bObtained from ca. 10−2 M solution in 0.3 M [NBu4][BF4] in a thin layer spectroelectrochemistry cell, with initial [1]2− absorbances as a reference.
cIEFPCM (MeCN) TD-DFT/ωB97X-D/6-311G(d)/LanL2TZ.
dca. 10−3 M in analyte, 0.1 M [NBu4][BF4] in MeCN at a glassy carbon working electrode, scan rate 100 mV s−1.

FIGURE 3 Changes of electron density, ∆𝜌 = 𝜌𝑒 − 𝜌𝑔 between the ground (GS) and dominant charge-transfer excited (ES) states of [1]2− and [1]3−.
Isovalues 0.0004 a.u., color map: cyan represents negative ∆𝜌, blue positive ∆𝜌.
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TABLE 2 Experimental and computed 1064 nm and static β-
responses for [1]2− and [1]3−.

Anion
βzzz,1064

a

(expt)
βzzz,0

b

(expt)
βzzz,1064

c

(calc)
βzzz,0

d

(calc)

[1]2− 170 63 6.9 4.4
[1]3− 670 230 104 40

All values in B convention, units 10–30 esu. Calculations performed at the
IEFPCM (MeCN) TD-DFT/ωB97X-D/6-311G(d)/LanL2TZ level of theory.
aDynamic βzzz derived from total molecular 1064 nm HRS response assuming
a single dominant tensor component.
bNon-resonant, static βzzz estimated from βzzz,1064 using the two-state model
[59, 60].
cDynamic HRS β response calculated at 1064 nm.
dStatic response extracted from calculations at λ = 1500 nm, to avoid resonance
effects.
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nvolving destructive reduction. In between is a quasi-reversible
ne-electron [1]3-/4− process at -1.41 V—this is not observed
n other [ArNMo6O18]2− compounds, and is assigned to −NO2
eduction due to its similarity to 4-nitro-diphenylacetylene [55],
nd computed spin density and redox potentials of both triplet
nd singlet diradical [1]4− anions (Figure S7 and Table S3).
omparison with [1H]2− (Figure S5 and Table S4) again shows

he electron-donating effect of the iPr groups, through a 50 mV
egative shift in the POM redox potential.

he reversibility of the [1]2-/3− couple encouraged study of [1]3−.
round 76% of [1]2-/3− was found to persist in solution after 23 min

eductive bulk electrolysis (Figure S4)—a huge improvement on
Pr-free systems that are ca. 80% converted to [Mo6O19]2-/3− [46],
nd adequate for further study of reduced state properties. Low
emperature (10 K) EPR measurements (Figure S10) carried out
n [1]3− find a signal at ca. g = 1.92 showing hyperfine coupling
o a single Mo centre, but no significant N hyperfine couplings—
s for donor-functionalized arylimido-POMs [17], the spectrum is
ittle different to that of [Mo6O19]3−, indicating little interaction
f the unpaired electron with the ligand. Correspondingly, DFT
alculations locate all of the spin density on the POM, and find a
OM-based SOMO (spin-α HOMO) ca. 0.6 eV above the closely
paced, ligand-based spin-α HOMO-1/spin-β HOMO (Figure S7).
his shows the effect of the ─NO2 group in lowering the energy
f the π-orbitals: in donor functionalised systems the POM-based
OMO is lower in energy than the ligand-based HOMOs.

V–vis spectroelectrochemistry (Table 1 and Figures 2 and S11)
eveals an 11 nm (0.09 eV) red shift, and slight loss of intensity for
he low-energy transition of [1]3− versus [1]2−, with reversibility
emonstrated by 98% recovery of the original spectrum upon
eoxidation. The red shift contrasts with blue shifts reported
pon reduction for donor functionalized POMophores [45, 46].
D-DFT calculations reproduce the red shift (10 nm, 0.09 eV),
ut find an increased intensity for the transition. Importantly, a
egative rather than positive ΔμGE (Table S6) shows that the net
T direction changes in favour of ─NO2 as the POM electron
cceptor is weakened by reduction, although the minimal differ-
nces in electron density difference plots (Figure 3) and modest
mplitudes of ΔμGE (ca. ± 2 D) indicate that CT is not strongly
ipolar in either case. Experimentally, upon reduction, a red shift

s also observed in a higher-energy transition (276 to 284 nm), and
D-DFT finds the 4.05 eV LPCT/π→NO2 transition of [1]2− shifts

o 4.0 eV in [1]3− and loses LPCT character (Figure 3) with ΔμGE =
7.06 D indicating CT away from the POM. The small separation
bserved electrochemically (400 mV, i.e., 0.4 eV) between the
OM and ─NO2 acceptors prompted investigation of long-range,

ow-energy POM→NO2 CT transitions by NIR measurements (to
300 nm). No such transitions were found, nor does TD-DFT
redict them, consistent with the lack of interaction between
OM-based SOMO and ligand shown by EPR. NIR measurements
Figure S11b) did reveal a broad peak centred at around 950 nm,
ndicating a reduced {Mo6} moiety: similar broad, low-energy
VCT features have been reported in the spectra of [Mo6O19]3− [56,
7]. The overall picture that emerges is that reduction results in
tronger net CT toward ─NO2 from the ligand, but the reduced
OM does not become a CT donor.

RS measurements (1064 nm) found a modest first hyperpo-
arizability for [1]2− (βzzz,0 = 63 × 10−30 esu) (Table 2). Upon
of 7
electrochemical reduction of [1]2− to [1]3− (-0.8 V vs. Ag/Ag+,
avoiding reduction of the ─NO2 group), HRS signal intensity
augmented (Figure 4a), reaching a >10-fold increase upon the
plateau at 1500 s (0.11 C passed, 60% of [1]2− reduced). Three
on/off cycles were completed over ca. 3 h, with a slight decrease
in the maximum on and larger increase in the maximum off
signals. This increase in off signal can be explained by incomplete
reoxidation—the 0.068 C passed in the first reoxidation is only
sufficient to reduce the signal to around 4× the starting value.
The observed post-cycle 1 off signal of 2.7× thus suggests some
decomposition of [1]3− to NLO inactive /less active by-products;
the 10× signal is regained due to a reservoir of [1]2− (40%
unreacted in the first cycle). This is supported by cycled SE
showing a ca. 20% loss in the low-energy peak absorbance over
50 min of repeated redox cycling (Figure S10c).

For maximum switch-on (Figure 4b), a more negative potential
was applied (−1.1 V vs. Ag/Ag+) to a larger sample, and the HRS
signal reached a plateau after 400 s (0.25 C, 97% of [1]2− reduced)
at >15× its initial value. HRS signal has a linear dependence
on the concentration of the active species, and the increased
enhancement versus the first cycle in Figure 4a is consistent
with the increased percentage of [1]3− generated. This implies
an estimated βzzz,1064 of ∼670 × 10−30 esu, and βzzz,0 of ca. 230
× 10−30 esu, giving [1]3− a similar activity to high-performing
D-π-A POMophores, but better visible transparency (λmax =
410 nm), and nearly 3× higher activity than the on-state of
the only other POMophore to demonstrate multi-cycle redox
switching [46].

Full reoxidation again proved challenging, and imperfect
stability and switching raise questions about contributions from
by-products. However, observation of >75% [1]2-/3− persisting post
bulk electrolysis (Figure S4), and the lower β-values expected for
potential by-products ([Mo6O18N(iPr)2PhCCPhNH2]2−, [1R]2−,
and 4-[2-(4-nitrophenyl)ethynyl]-2,6-diisopropylbenzenamine,
1L, Figure S13), means that these cannot account for more
than a 2× signal switch on versus [1]2− (HRS signal ∝ β2 and
concentration of the active species). Such D-π-A structures also
have opposite redox-cycled HRS switching (reduced off/oxidized
on) to that observed15 – confirmed computationally with β1064,zzz
= 301 × 10−30 esu for [1R]2−, and only 16 × 10−30 esu for [1R]3−.
Thus, while contributions to the signal from NLO active side
Angewandte Chemie International Edition, 2026
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FIGURE 4 Normalised changes in HRS intensity in: (a) Cycled, electrochemically-switched HRS experiment using −0.8 V reductive potential. (b)
Electrochemically-switched HRS experiment with −1.1 V reductive potential.
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roducts cannot be excluded, they cannot explain the magnitude
r direction of the observed switching, and as β for [1]3− has
een based on 100% conversion, the generation of these lower

side products would result in underestimated rather than
verestimated activity for [1]3−. Electrochemical (Figure S4) and
pectroelectrochemical (Figure S11d) evidence, and literature
recedent [45], are most consistent with the side products being
L and small, NLO and electrochemically inactive molybdates
uch as [Mo2O7]2−.

D-DFT (IEFPCM/ωB97X-D/6-311G(d)/LanL2TZ) calculation of
-values broadly reproduces the experimental trend for [1]2−

nd [1]3− (Table 2), with unit sphere representations of the β-
ensor (Figure S9) illustrating the dramatic change in magnitude
etween [1]2− and [1]3−, and its opposite direction to that
een in donor-functionalized imido-POMs. Activities for both
tates are underestimated versus experiment, and it should be
oted that the method, while generally accurate [58], has also
nderestimated β in donor-diphenylacetylene imido-POMs with
elocalized or very strong donors [45, 50]. Qualitatively, the

ncrease in β from [1]2− to [1]3− can be understood by considering
he computed CT transitions: in [1]2− different signs for ΔμGE
ndicate that net directions along the molecular axis are opposed,
o βzzz contributions for each one cancel each other out, but in
1]3− the directions are the same, so they reinforce each other.

oreover, using the computed ΔμGE, oscillator strength (fGE),
nd transition energy and the two-state approximation (TSA)
xpression, the contribution of selected transitions to βzzz can be
stimated (Table S4) and summed. Considering two dominant
xcited states, this better reproduces the experimental result for
1]2− (βzzz,0 = 32×10−30 esu) but underestimates the reduced state
witch-on. This is because the ΣTSA model does not include any
igher excited states, and lacks terms coupling different excited
tates [61].

Conclusion

n conclusion, we have provided the first experimental demon-
tration that acceptor functionalised arylimido-POMs—non-
ymmetrical acceptor-π-acceptor systems—can have significant
ptical non-linearities and act as redox-mediated NLO switches.
ngewandte Chemie International Edition, 2026
Upon reduction of the POM, weakened acceptor properties
enable the imido-aryl group to become an effective donor, giving
near 4× enhanced second-order NLO activity β (15× enhanced sig-
nal) without strong, low-energy absorptions. This gives exciting
perspectives for use of reduced POM-arylimido units as electron
donors in NLO materials, and more generally for using imido-
polyoxometalate redox chemistry to modulate the properties of
attached organic π-systems.
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