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Bridge Improvement Work: Maximising Non-Linear Optical 

Performance in Polyoxometalate Derivatives 

Claire F. Jonesa, Bethany R. Hood a, Yovan de Coeneb, Ivan Lopez-Poves a, Benoît Champagne*c, 
Koen Clays*b, and John Fielden*a,d

New phenyl and stilbene-bridged polyoxometalate (POM) charge-

transfer chromophores with diphenylamino donor groups produce, 

respectively, the highest intrinsic and absolute quadratic 

hyperpolarisabilities measured for such species. The 0,zzz obtained 

for phenyl bridge – at 180  10-30 esu – is remarkable for a short 

conjugated system while changing to the stilbene (260  10-30 esu) 

produces a substantial increase in non-linearity for a minimal red-

shift in the absorption profile. Together with TD-DFT calculations, 

the results show that maximising conjugation in the -bridge is vital 

to high performance in such “POMophores”. 

Polyoxometalates (POMs) are a diverse class of anionic 

molecular metal oxide clusters, which encompass a diverse 

range of properties.1 This range of properties can be expanded, 

and tuned through formation of hybrid POM-organic materials 

– for example by ion-pairing,2 more specific supramolecular 

interactions,3 and by covalent derivatisation.4 Due to enforced 

spatial proximity and (in some cases) through-bond electronic 

communication, covalent derivatisation gives the greatest 

potential for significantly adjusting the intrinsic properties of 

the POM such as redox potentials,4b and for emergence of 

physical properties not found independently in either subunit,  

for example long-range photo-induced charge separation. 5 

The strongest POM-organic electronic communication is seen 

in arylimido derivatives, where direct conjugation of the POM 

core and aromatic system occurs through the metal-nitrogen 

multiple bond, resulting in new electronic transitions and 

strongly shifted redox potentials.4e,6 We have exploited this 

unmatched electronic communication to construct molecular 

charge-transfer chromophores (POMophores) based on 

arylimido-Lindqvist ([Mo 6O18NAr]2-) acceptor units attached to 

a number of organic donor groups and -bridges.7 These 

materials have shown high 2nd order non-linear optical (NLO) 

coefficients, , particularly considering their relatively high 

visible transparency and small -systems. They can also have 

significant 3rd order properties, 8 and recently demonstrated 

reversible, redox switched NLO responses.9 Thus, such 

POMophores have the potential to yield high-activity,  

switchable NLO materials while avoiding problems for efficiency 

and stability that result from reabsorption of second harmonic 

(SH) light.  

However, there is still much to learn about basic structure-

property relationships in POMophores. To date our work has 

predominantly featured dimethylamino donor groups, with 

phenyl or phenylacetylene bridges, yet a diphenylamino (-NPh2) 

donor gave the highest static hyperpolarizability (0).7c Herein, 

we expand the family of -NPh2 donor POMophores showing a 

consistent performance advantage for -NPh2 over -NMe2, and  

suggested by prior calculations, 10 introduce an alkene bridge for 

the first time obtaining the highest 0 yet for a POMophore. 

 
Fig. 1 POMophores 1 to 3. Mo atoms are dark grey, O red and the imido-N blue.  

Compound 2 was previously published.7c 

Compounds 1 to 3 (Fig. 1, 2 previously published7c) were 

obtained by synthesising the aniline precursor, then reacting 

with [NBu4]2[Mo6O19] using established coupling methods 

(Scheme S1, ESI).4e,6b,7 Synthesis of 3 by Heck coupling on an 

iodo-substituted POM precursor was also investigated, an 

approach with little precedent,11 but isolation of signif icant 
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quantities of the aniline derivative as well as 3 indicated that the 

imido bond poorly tolerates Heck conditions.  

 
Fig. 2 X-ray crystal structure of the molecular anion in compound 1. Disordered parts 

omitted for clarity, thermal ellipsoids are at the 30% probability level, C atoms are grey; 

Mo, green; O, red; N, blue. H atoms are white spheres of arbitrary radii. The crystal 

structure of 2 was previously published (CCDC 1837405).7c 

The three compounds have been characterised by multiple 

techniques, including X-ray crystal structures for 1 (Fig. 2, Fig. S1 

and Tables S1 to S3, ESI) and 2 (previously published).7c UV-vis 

spectra (Table 1; Fig. S2, ESI) reveal a remarkable trend in λmax 

for the low energy intra-hybrid charge transfer (IHCT) bands of 

the three POMophores: a substantial blue shift of 20 nm (0.13 

eV) from phenyl bridged 1 to diphenylacetylene bridged 2.  In 

organic CT chromophores, including the -NO2 acceptor 

analogues of 1 to 3, extending conjugation invariably lowers CT 

transition energies,12 while in -NMe2 donor POMophores CT 

transitions are only very slightly higher in energy for the longer 

diphenylacetylene bridge.7b The strong blue shift for 2 vs 1 thus 

indicates a very strong influence for the donor group and bridge 

on the extent of charge transfer to the POM – whereby in 1 

more involvement of the POM effectively lengthens the 

conjugation pathway and lowers the HOMO-LUMO energy gap. 

In compound 3, stronger planar conjugation resulting from the 

alkene rather than alkyne bridge restores the transition to 

slightly lower energy than in 1.  

Table 1     UV-vis absorption data for the low energy IHCT band, and electrochemical data 

for 1 to 3 in acetonitrile 

a Concentrations ca.  10-5 M in MeCN. b TD-DFT computed value (ωB97XD/6-

311G(d)/LanL2TZ). c Solutions ca. 10-3 M in analyte, 0.1 M in [NBu4][BF4] at a glassy 

carbon working electrode, scan rate 100 mV s-1. Ferrocene internal reference, ΔEp 

= 74 mV.  

For all three compounds, TD-DFT calculations (ωB97X-D/6-

311G(d)/LanL2TZ, MeCN solvation by IEFPCM) reproduce 

experimental trends in the transition energies, and computed 

oscillator strengths closely follow the experimental trend in ε  

(Table 1; Fig. S2 and S4). Blue shifts of ca. 0.3 eV vs experiment 

reflect the fact that these vertical excitation energies do not 

account for geometry relaxation of the excited state, or vibronic 

structure.13 The computed NTOs confirm that charge transfer is 

from the organic group to the POM, and qualitatively show 

greater participation of the POM in the acceptor (particle) 

orbitals for 1 than for 2 or 3 (Fig. 3). This is reflected in computed 

ground-to-excited state dipole moment changes (Δμ, Table S4, 

ESI) that are almost identical in 1 to 2 and 3,  and a charge 

transfer distance (dCT, Table S4) only 20% shorter for 1,  despite 

its much shorter conjugated bridge. Natural population analysis 

(NPA) of the ground states (Fig. S5) is also consistent with more 

effective donor-acceptor communication in 1,  through a higher 

calculated NPA negative charge on the {Mo6O18} unit and a less 

negative NPA charge on the -NPh2 donor than in either 2 or 3. 

 
Fig. 3 TD-DFT calculated (ωB97X-D/6-311G(d)/LanL2TZ) NTOs for the dominant 

transitions of the IHCT bands of 1 to 3. MeCN solvation is provided by IEFPCM. 

Electrochemical measurements (Table 1; Fig. S3, ESI) show 

[Mo6O18NR]2-/ 3- reductions for all three compounds that are 

highly reversible on the CV timescale, however, with no steric 

bulk around the imido group the reduced states are not stable 

enough for investigation of switched properties.9,14 The 

reduction potentials E1/2 trend more negative, in line with the 

trend in calculated NPA charges (Fig. S5),  as the strength of 

communication between -NPh2 donor and POM acceptor 

increases across the bridge from diphenylacetylene 2, to 

stilbene 3 and phenyl 1. The negative shift for 1, at ca. 55 mV vs 

2, is rather smaller than reported for the analogous -NMe2 

compound, 7b as the availability of the N lone pair is reduced by 

the phenyl groups. The consequence of this is also seen in the 

X-ray crystal structure of 1,  where contraction of ortho-to-meta-  

C-C bond distances (mean 1.381(7) Å) vs meta-to-para (mean 

1.396(8) Å) is much less significant than for -NMe2 (Table S3, 

ESI), indicating a weaker contribution from quinoidal resonance 

forms. 

Hyper-Rayleigh scattering (HRS) determined and TD-DFT 

computed  values for 1 to 3 are shown in Table 2, and a 

number of relevant comparisons with POM and -NO2 acceptors 

are presented in the ESI (Table S5). For 2 and 3, use of a 1064 

nm fundamental gave good results, but for 1 a high level of two-

photon fluorescence at 1064 nm necessitated use of a 1200 nm 

source. Subsequently 1200 nm was used to obtain data for all 

three compounds under the same conditions, and to extract 

non-resonant, static hyperpolarizabilities 0,zzz.  The results 

show that all three compounds have high optical non-

linearities: 0,zzz values are several times higher than reported 

for the technologically exploited DAS+ cation under non-

resonant conditions and they are the three highest performing  

 λmax / nm  

(ε, 103 M-1 cm-1)a 

Emax / 

eV a 

HWHM 

/ nm  

Emax (calcd) 

/ eV b (f) 

E1/2 vs Fc0/+ 

/ V (ΔE / 

mV) c 

1 434 (34.3) 2.86 33  3.22 (1.18)  -1.003 (76) 

2 414 (45.3) 2.99 46 3.30 (2.43) -0.949 (80) 

3 437 (43.5) 2.84 46  3.17 (2.40) -0.964 (72) 
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Table 2 Experimental and computed values of hyperpolarizability, , for 1 to 3 in MeCN 

a zzz calculated assuming a single dominant tensor component, measured using 

1064 or 1200 nm fundamental laser beams. The quoted units (esu) can be 

converted into SI units (C3 m3 J-2)  by dividing by a factor of  2.693  1020. b Non-

resonant, static  estimated from zzz, 1200 using the two state model.15 c TD-DFT 

computed value (ωB97X-D/6-311G(d)/LanL2TZ) following B-convention for 

comparison with experiment. Values in parentheses account for differences of 

frequency dispersion between experiment and calculations. d N =  Number of 

electrons in -bridge:16 6 for 1 and 14 for 2 and 3.  

POMophores to date. The 0,zzz of 1, at 180  10-30 esu, is 

remarkably high for such a short -bridge – as underlined by 

normalisation of 0 to N, the effective number of polarisable π-

electrons in the bridge, to yield an extremely high intrinsic  

(0/N3/2), of 12.2. This more than doubles the highest intrinsic  

previously obtained for a POMophore (the -NMe2 analogue of 

1),7c while producing only a 10 nm red-shift in λmax and 

consequently pushing the performance well beyond the 

empirical 0/N3/2 vs λmax limits described by Kuzyk for planar 

organic chromophores. 16 Similar percentage increases in 

smaller  values are seen in purely organic chromophores with 

short (i.e. phenyl) conjugated bridges on changing -NMe2/-NEt2 

for -NPh2/NTol2 donor groups, and have been ascribed to 

extension of donor orbitals onto the aryl groups.12 Extending 

with the alkyne bridge in 2 slightly lowers 0, consistent with the 

blue shifted electronic transitions, while extending with an 

alkene to form 3 produces a ca. 50% increase in 0 (to 260  10-

30 esu) vs either of the other two compounds. This is with only a 

3 nm red shift in λmax vs the phenyl bridge, and while the 

broader IHCT band and higher ε of 3 results in more absorption 

> 450 nm, at the 600 nm SH wavelength it is quite minimal. Thus, 

while 1 has the highest intrinsic  of any POMophore to date, 

compound 3 gives the best absolute performance and retains 

an excellent transparency/non-linearity trade-off.  

 

Fig. 4 Unit sphere representations (USRs) of the  tensor (λ = 1200 nm) of compounds 1 

to 3 calculated at the IEFPCM (solvent = acetonitrile) TDDFT/ωB97X-D/6-

311G(d)/LanL2TZ level of theory. (USR factor of 0.0001).  

TD-DFT computed unit sphere representations (Fig. 4) indicate 

that the  responses are dominated by a single tensor 

component directed along the molecular charge transfer axis,  

justifying the extraction of a single zzz tensor from experiment. 

Dynamic  values, however, are underestimated vs experiment. 

In trend, they reproduce the relationship between phenyl-

bridged 1 and stilbene 3 quite well, but over-estimate the non-

linearity for 2 so that it is higher, rather than similar or lower 

than that of 1. This is likely to reflect the fact that  values are 

computed for an optimised, flat geometry where the dihedral 

angles (φ) between phenyl rings and alkene or alkyne bridge are 

close to 0°, lacking the effects of structural fluctuations.17 Yet,  

while the phenyl rings of 3 have a small rotational energy barrier 

of only ca. 5 kJ mol-1 between 0 and ±30°, and a locally f lat PES 

like that of trans-stilbene,18 there are substantial barriers to 

further rotation. For diphenylacetylenes such as 2 there is free 

rotation at room temperature with an energy barrier of only 2.5 

kJ mol-1 across all values of φ.19 This means that less well 

conjugated rotamers contribute much more to the 

experimental measurements on 2 and lower . Inspection of the 

computed NTOs (Fig. 2) shows that in 1, the donor orbitals 

extend strongly onto the -NPh2 rings: compared to -NMe2, this 

will result in a larger Δμ  explaining the large (100%) increase in 

 (Table S5, ESI).  As the chromophores are extended, NTO holes 

extend less onto the -NPh2 rings and NTO particles extend less 

onto the POMs, so that Δμ  and dCT only increase minimally with 

apparent conjugation length.  A corresponding trend is seen in 

plots of computed ground-to-excited state electron density 

change (Fig. S6, ESI).  This reduces the performance advantage 

for the POM/-NPh2 combination compared to other POM-based 

and organic chromophores. Nonetheless, the 0,zzz for 3 is ca.  

30% higher than its nitro analogue (202  10-30 esu, Table S5) on 

the same set up, showing that the increased conjugation 

provided by the alkene-bridge enables the POM acceptor to 

clearly exceed the perfomance of -NO2 in an extended structure 

for the first time.  

In summary, we have synthesised two new NLO-active 

POMophores with phenyl and stilbene bridges and  

diphenylamino donor groups, producing the highest intrinsic 

and absolute 0 values yet reported for such compounds. 

Together with the previously published diphenylacetylene-

bridge analogue, these results show that a key for maximising 

the performance advantages of the imido-Lindqvist acceptor is 

to maximise the strength of conjugation across the organic 

bridge.  Work to test other, stronger donor groups, and 

extended planar π-bridges, is under way.  
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 zzz, 1064
a zzz, 1200

a 0, zzz
b zzz, 1064 

(calcd)c 

zzz, 1200 

(calcd)c 

0/N3/2 

d 

 / 10-30 esu  
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(267) 
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3 1040 ±20 640±30 260±10 454 
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