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Wavelength Selective Separation of Metal Ions Using 

Electroactive Ligands  

Sahan R. Salpage, Ronald C. Lanzetta, Yan Zhou, Jamie C. Wang, Thomas E. Albrecht-Schmitt, and 

Kenneth Hanson*
[a]

The separation of metal ions can be challenging because of 

similarities in charge density, size, and binding affinities. Here, we 

introduce a new photochemical separations strategy that relies on 

intrinsically unique photophysical properties of the metal ion 

complexes and the selective transformation of an electroactive ligand. 

              

 Due to both cost and public safety concerns, there is an 

increase in demand for novel methods for the separation of 

metal ions in applications ranging from water purification
[1] 

to 

nuclear waste management.
[2] 

Separations strategies such as 

transmutation,
[3] 

 ion exchange,
[4]

 
 
 redox chemistries,

[5]
 and 

other approaches can be expensive, have limited selectivity, or 

are ineffective due to the similarity in charge density, size, and 

binding affinity of the metal ions.
[6]   

Photochemical separation 

(i.e. using light to facilitate chemical transformations) is an 

intriguing alternative in that it relies on the  intrinsically unique 

photophysical properties of the metal ions and coordination 

complexes.
[7]

 
 

 The most common type of photochemical separations is by 

way of photo-reduction where upon excitation, the metal ion 

is reduced and then separated via coordination with a suitable 

precipitating agent.
[8]

 Although the approach works well with 

some rare earths and several d-block elements, it requires high 

energy irradiation (150-300 nm), expensive light sources, 

hazardous acids, and can be unreliable with metals that have 

high reduction potentials or for solutions containing more 

easily reduced ions/solvents. 

 

 Here, we introduce an entirely new photochemical 

separation strategy that relies on chemical transformations of 

the coordinating ligand, rather than the metal ion. Briefly, a 

ligand functionalized with an electroactive moiety is bound to 

metal ions in solution. Then, upon wavelength selective 

excitation of one of the coordination complexes, photoinduced 

electron transfer to/from the redox active group causes an 

irreversible reaction that chemically transforms the ligand.
[9]

 

The differences in solubility, size, reactivity, etc. between the 

initial and reacted complexes can then be used for 

separations. 

 

 For our initial efforts, terpyridine functionalized with a 

benzenediazonium group (tpy-Ph-N2
+
) was chosen as the 

electroactive ligand (Fig. 1). Diazonium groups are well known 

for their ability to undergo an irreversible reduction reaction 

and have been applied in synthetic organic chemistry,
[10] 

 as 

well as electro- and photo-grafting.
[11] 

The metal ion of 

interest, ruthenium(II), was selected because of its well 

understood photophysical properties, reversible single 

electron oxidation, and its established coordination chemistry 

with tpy ligands.
[12]
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Fig. 1 Structure and photoreaction of Ru(tpy-Ph-N2
+
)2(PF6)4 (Ru-N2

+
). 

 The Ru(tpy-Ph-N2
+
)2(PF6)4 complex (Ru-N2

+
) was 

synthesized following previous published procedures with 

minor variation (see supporting information). Briefly, the 

amine substituted ligand (tpy-Ph-NH2)
[13]

 was reacted with 

RuCl3 in ethanol to generate Ru(tpy-Ph-NH2)2(PF6)2.
[14]

 The 

complex was then oxidized with NaNO2 and precipitated with 

KPF6 yielding
[15]

 Ru-N2
+
 as indicated by NMR and IR 

spectroscopy (see Fig. S6-S8). The UV-Vis absorption spectrum 

of Ru-N2
+
 (Fig. 2a) has strong π-π* transitions below 350 nm 

and a lower energy metal-to-ligand charge-transfer (MLCT) 

transition from 400-600 nm that are characteristic for 

Ru(tpy)2
2+

 complexes.
[16]
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 Ru-N2
+
 in a deaerated solution of MeCN (8 μM) was then 

irradiated with 455 nm light (100 μW) at 4 ±1°C and the 

spectral changes were monitored using UV-Vis spectroscopy 

(Fig. 2a). Experiments were performed at 4 ±1 
o
C to limit any 

competitive thermal decomposition of the diazonium 

functional group (Figure S11).
[17]

 As can be seen in Fig. 2a, 

upon irradiation of Ru-N2
+
 there are changes throughout the 

entire spectrum with notable shifts in the π-π* and MLCT peak 

maximum from 290 to 285 nm and 520 to 494 nm, 

respectively.  
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Fig. 2 Changes in the absorption spectra for Ru-N2

+
 in MeCN at 4 ±1°C during irradiation 

with 455 nm light (100 μW). (0 hours (black) to 60 minutes (green) every 5 minutes) b) 

Absorption spectra and molar extinction coefficients for species A, B, and C from 

spectral fitting (Inset: Changes in relative concentration of A, B, and C). 

 The spectral changes could be satisfactorily fit with the 

SPECFIT/32 global analysis software package using a model 

with two consecutive first order reactions, A → B → C.
[18]

 The 

absorption spectra and extinction coefficient for all three 

species (Fig. 2b) are consistent with Ru(tpy)2
2+

 complexes
[19]

 

with the spectra for A and C closely matching Ru-N2
+
 and the 

photoproduct depicted in Fig. 1. The two step process as well 

as the gradual blue shift in absorption
[15] 

are consistent with 

the sequential loss of the strongly electron withdrawing 

diazonium moieties in the order Ru(tpy-Ph-N2
+
)2 → Ru(tpy-Ph-

N2
+
)(tpy-Ph-H) → Ru(tpy-Ph-H)2. The rate constants for the first 

step (kA
�

B = 15.37 × 10
-4

 s
-1

) is more than seven times faster 

than the second step (kB
�

C = 2.0 × 10
-4

 s
-1

). While the reaction 

is fundamentally the same, presumably the slowed kinetics for 

the second step are at least in part due to filtering effects by 

the starting material and product which competitively absorb 

photons and slow the reaction kinetics for B → C.  

 In an effort to identify the reaction product, 8 μM solution 

of Ru-N2
+

 was irradiated with 455 nm light while monitoring 

the reaction progress with thin layer chromatography. After 2 

hours, the crude mixture was purified using silica gel column 

chromatography. NMR (Fig. 3) and mass spec analysis of the 

product are all consistent with the formation of the product, 

Ru(tpy-Ph-H)2(PF6)2, where the diazonium is replaced by a 

hydrogen atom as depicted in Fig. 1. 

 

 

Fig. 3 
1
H NMR spectra and peak assignments of Ru-N2

+
 in deuterated acetonitrile before 

(top) and after (bottom) irradiation with 455 nm light. 

 Fig. 3 shows a comparison of 
1
H NMR of Ru-N2

+
 before and 

after irradiation. The 
1
H NMR of the isolated photoproduct 

exhibits significant shifts in the ortho and meta protons of the 

phenyl group as well as an additional peak at 7.69 ppm that 

were not present in the starting material. The spectrum of the 

product is consistent with the formation of Ru(tpy-Ph-H)2(PF6)2 

which is not surprising given that diazonium is known to 

undergo irreversible reduction via single electron transfer,
[10a, 

20]  loss of N2, and concomitant generation of an aryl radical 

which presumably abstract H from the solvent.
[21] 

It is worth 

noting that it has previously been shown that the aryl radical 

can be trapped by a radical scavenger
[22]

 providing an addition 

tool for tuning the solubility difference between reactants and 

products.  

 As a step towards metal ion separations we also generated the 

iron containing complex, Fe(tpy-Ph-N2
+
)2(PF6)4 (Fe-N2

+
), following a 

similar procedure to that described above for ruthenium. Upon 

exposure to 617 nm light (700 mW), Fe-N2
+
 undergoes a similar 

photochemical reaction with the spectral changes provided in 

supporting information. The photoreaction for Fe-N2
+
 is notably 

slower than for Ru-N2
+
, even at higher excitation intensities. Despite 

Ru-N2
+
 being excited with higher energy light (lex = 455 nm) than Fe-

N2
+
 (lex = 700 nm) the decrease in reactivity cannot be attributed to 

the difference in driving force for electron transfer because the 

excited state oxidation potential (E1/2*), calculated using Rehn-

Weller formalism, is more negative for Fe(tpy)2
2+

 (E1/2* = -1.2 V vs 

SCE) than for Ru(tpy)2
2+ 

(E1/2* = -1.1 V vs SCE).
[16, 23]

 Instead the 

decreased reactivity of Fe-N2
+
 is presumably due to the significantly 

shorter excited state lifetime of Fe(tpy)2
2+

 complexes (τ ≈ 145 fs)
[23c]

 

which will result in non-radiative relaxation prior to electron 

transfer. 

 Solutions containing a one-to-one mixture of Ru-N2
+
 and 

Fe-N2
+
 in deaerated MeCN were irradiated with 455 nm and 

700 nm light and the results can be seen in Fig. 4a and 4b, 
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respectively. The starting mixture has low energy absorption 

peaks at 520 nm and 600 nm from the MLCT transitions of Ru-

N2
+
 and Fe-N2

+
, respectively. Under 455 nm irradiation, with 

preferential excitation into the ruthenium complex, there are 

notable spectral shifts to the 520 nm peak but minimal 

changes at 600 nm. The latter changes coincide with the rate 

of thermal decomposition of the Fe-N2
+
 complex (Figure S11). 

Conversely, under 700 nm light, with selective excitation of the 

Fe complexes MLCT band, the spectral changes are primarily 

due to a photoreaction of the Fe-N2
+
 complex at 600 nm with 

the 520 nm peak for the Ru-N2
+
 complex largely unaffected 

(Fig. 4b).  
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Fig. 4 Changes in the absorption spectra for one-to-one mixture of Ru-N2

+
 and Fe-N2

+
 in 

MeCN during irradiation with a) 455 nm light (100 μW) 4 ±1°C for 30 minutes and b) 

700 nm light (0.5 mJ per pulse at 10 Hz) at 0°C for 4 hours. 

 As can be seen in Fig. 5, the photoproducts can readily be 

separated from the starting material using chromatography 

eluting with a mixture of CH3CN, water, and sat. KNO3(aq).
[24]

 

The Fe-N2
+
, Ru-N2

+
, and mixed solution prior to irradiation 

(spots A, B, and C, respectively) had limited mobility on silica 

gel presumably due to their +4 charge. After irradiation of Fe-

N2
+
 (spot D) and Ru-N2

+
 (spot G) with 617 or 455 nm, 

respectively, the less charged photoproducts exhibit much 

higher mobility and readily eluted on silica gel with an Rf value 

of 0.6. The similar mobility of the iron and ruthenium 

photoproducts indicates that the solubility and the separation 

of these species is primarily dictated by the ligands and not the 

metal ions.  

 

 For the mixed solutions, excitation at 700 nm (spot E) and 

455 nm (spot F) results in two distinct colored spots, one 

remaining on the baseline and one with the same mobility as 

the photoproduct. UV-Vis spectra of the mobile fraction (Fig. 

5b) are in agreement with the photoreacted products of Fe-N2
+
 

and Ru-N2
+
. It is worth noting that a subtle spot at Rf ≈ 0.3 can 

be observed in several of the samples. Given the reduced 

mobility relative to the product, this spot is presumably the 

partially reacted intermediate (B in Fig. 2b) with only one of 

the two diazonium moieties cleaved.  

 

 
Fig. 5 a) Thin layer chromatography of Fe-N2

+
 (A), Ru-N2

+
 (B), and a 50:50 mixed 

solution (C) prior to irradiation and Fe-N2
+
 after 617 nm (D), Ru-N2

+
 after 455 nm (G), 

and a 50:50 mixed solution after 700 nm (E) and 455 nm (F) irradiation. b) UV-Vis 

absorption spectra of spot C (black) and the mobile fraction (Rf = 0.6) from spots E (red) 

and F (blue).  

 This wavelength selective reactivity indicates that this is 

not a bimolecular process (i.e. there is no intermolecular 

electron transfer) but instead, excitation, electron transfer, 

and the chemical reaction all occur on a single complex and 

are rate limited by photon flux. This observation is critical for 

separations in that any intermolecular electron transfer would 

negate the selectivity of this method. Reactions of 

benzenediazonium via intermolecular electron transfer are 

known
[20]

 but as far as we know this is the first example of 

intramolecular photoinduced reaction of a diazonium group. 

Conclusions 

 In conclusion, we have introduced electroactive ligands as 

a means of photochemically separating metal ions. In this 

example, a diazonium functionalized terpyridine ligand was 

coordinated to both Ru
2+

 and Fe
2+

 ions. Upon excitation, the 

diazonium ligand is irreversibly reduced via single electron 

transfer resulting in the loss of N2, and concomitant generation 

of an aryl radical which then abstracts H from the solvent. For 

a mixture of metal ions, excitation at 455 nm and 700 nm, 

results in a wavelength selective photoreaction of the 

ruthenium and iron complexes, respectively, while the other 

species remains largely unperturbed. Due to the large 

difference in charge, the product (2+) can readily be separated 

from starting material (4+) using thin layer chromatography. As 

far as we know this is the first example of separating metal 

ions by way of a wavelength selective photochemical 

transformation of a ligand. This result opens the door to an 

entirely new separations strategy that does not rely on the 

solubility or binding affinity of the metal ion but instead on the 

intrinsically unique absorption spectrum of the metal 

complexes and the properties of the reacted ligand. While the 

separation of Ru
2+

 and Fe
2+

 can be achieved by other means, 

expanding this strategy to other ions, particularly lanthanides 

and actinides, could provide a unique method to separate 

species with nearly identical binding affinities. In fact, given 

the broad MLCT absorption features of the Ru
2+

 and Fe
2+

 

complexes reported here, selective excitation and quantitative 

separations is in all likelihood not possible. However, the 

narrow and unique absorption features of lanthanide and 
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actinide complexes makes them ideal candidates for this 

wavelength selective separations strategy. 
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