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ABSTRACT: With the aim of developing photostable near-infra red cell imaging probes, a convenient route to the synthesis of heteroleptic 
OsII complexes containing the Os(TAP)2 fragment is reported. This method was used to synthesize the dinuclear OsII complex, 
[{Os(TAP)2}2tpphz]4+   (where tpphz - tetrapyrido[3,2-a:2′,3′-c:3′′,2′′- h:2′′′,3′′′-j]phenazine and TAP = 1,4,5,8- tetraazaphenanthrene). Using 
a combination of resonance Raman and time-resolved absorption spectroscopy, as well as computational studies, the excited state dynamics of 
the new complex were dissected. These studies revealed that, although the complex has several close lying excited states, its near-infra red, NIR, 

emission ( lmax =780 nm) is due to a low-lying Os®TAP based 3MCLT state. Cell-based studies revealed that unlike its RuII analogue, the new 
complex is neither cytotoxic nor photocytotoxic. However, as it is highly photostable, live-cell permeant, and displays NIR luminescence within 
the biological optical window, its properties make it an ideal probe for optical microscopy, demonstrated by its use as a super-resolution NIR  
STED probe for nuclear DNA.   

Introduction 

Transition metal complexes are finding increasing applications in 
medicine. Studies of such complexes were largely instigated by the 
serendipitous discovery of the therapeutic action of cisplatin.1,2 
However, in the last two decades much interest has focused on ru-
thenium complexes.3 Although therapeutic leads that coordinate to 
biological targets, such as DNA and specific proteins, have been de-
veloped4–8 - and in some cases have entered medical trials9–12 – re-
search into kinetically inert RuII complexes has also rapidly ex-
panded. For example, pioneering reports by Meggers and colleagues 
illustrated how RuII fragments can be used as inert scaffolds to mod-
ulate the properties of biologically and medicinally relevant protein-
binding substrates, such as kinase inhibitors.13–15 

Apart from novel connectivity, RuII complexes often possess phys-
ical properties that can be exploited in a therapeutic context. For in-
stance, redox active complexes can show extremely high cytotoxi-
city.16 But perhaps the most generally exploited aspect of these sys-
tems is their photochemistry which has led to the identification of 
potential singlet oxygen sensitizers for photodynamic therapy.11,17–22 
As cancer tissue is frequently hypoxic, complexes that directly pho-
todamage DNA have also been developed as phototherapeutics. For 
example, coordination of the 1,4,5,8- tetraazaphenanthrene ligand, 

TAP, to RuII centers can produce a highly oxidizing Ru®TAP 

3MCLT photoexcited state that is capable of directly damaging G-
rich DNA through charge transfer processes.23,24 

 

The Thomas group has explored many aspects of such research 
and - although studies on novel mononuclear therapeutics and opti-
cal probes have been reported 25–27 - much of this work involves oli-
gonuclear systems. Inter alia, these studies have identified anticancer 
and antibacterial therapeutic leads with multiple modes of actions,28–

31 and cell probes that can be used as dual function therapeutic/im-
aging theranostics based on the well-known DNA light-switch ef-
fect.32–34  

Of most relevance to this report is our recent work on the dinu-
clear complex [{Ru(TAP)2}2(tpphz)]4+, 14+, Figure 1, (TAP = 
1,4,5,8- tetraazaphenanthrene, tpphz = tetrapyrido[3,2-a:2′,3′-
c:3′′,2′′- h:2′′′,3′′′-j]phenazine), which binds to duplex and quadru-
plex DNA with high affinity33 As the complex is readily taken up by 

live cells and the oxidizing Ru®TAP 3MCLT state can be accessed 
through two-photon absorption, TPA, it displays considerable pho-
totoxicity in hypoxic conditions, even when photoexcited with near 
infrared, NIR, light.34  

Another rapidly bourgeoning area of research is the development 
of new technologies and probes for biological imaging. In this con-
text, the photoexcited states of specific metal complexes have also 
proved fruitful in the design of optical imaging probes. A huge num-
ber of RuII complexes that image a variety of cellular organelles and 
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biomolecules have been reported. Most of these studies exploit the 
ability of polypyridyl ligands to affect both the sub-cellular targeting 
and photophysical properties of the resultant complexes. However, 
the emission wavelengths from this class of complexes are usually re-
stricted to a range between ~600-660 nm25,35–41  whereas, an ideal op-
tical probe for such applications should display emission at lower en-
ergies.42 

The use of near-infra-red luminophores offers several advantages 
in biological imaging. Due to reduced light scattering effects and 
minimization of light absorption by water and biomolecules, cells 
and tissue are most transparent to light wavelengths between 700-
1000 nm. Furthermore, this spectral window is also associated with 
low autofluorescence and minimal phototoxicity.43,44  For this rea-
son, NIR probes for a variety of  fluorescent microscopy techniques 
are much sought after.44–46 Although probes for super-resolution 
methods such as STORM are well established,47,48  reports on NIR 
probes that can be used with stimulated emission depletion micros-
copy (STED) are still rare.  

The attraction of STED as a super-resolution technique is that it 
not only offers sub-diffraction resolutions but is also compatible with 
optical sectioning  and real-time live-cell imaging.49 However STED 
probes must also be stable under high photon fluxes as the technique 
requires both  laser excitation and  depletion beams.50,51 In recent 
years, NIR fluorescent protein tags for STED have been reported. 
Although these genetically encoded probes can be targeted with 
high specificity they are bigger, generally dimmer and less photosta-
ble than small-molecule luminophores and as a consequence they 
produce lower spatial and temporal resolutions. 52,53 For these rea-
sons, research into small-molecule based NIR-luminescent dyes for 
such purposes is undergoing a renaissance.53,54 Yet, despite the huge 
interest in these systems,  a probe that can image nucleic acids and 
meet all the criteria required for NIR nanoscopy has yet to be re-

ported. Indeed, SiR-Hoechst (lem = 672 nm), which was first re-
ported in 2015,  is currently the only available far-red emitting DNA 
stain compatible with STED.55 However, it displays relatively low 
brightness compared to typical Hoechst dyes56 and even when used 
at low concentrations it is known to induce DNA damage.57  

 

Figure 1. Structure of complexes 14+ - 44+ 

Due to the aforementioned photo-oxidizing power of the 

Ru®TAP 3MCLT excited state, a range of ruthenium complexes 
containing the TAP ligand have reported;58–60 amongst other things, 
they have been used to develop novel biological photo-reagents and 
to explore the charge-transfer properties of DNA.61–65 Yet, TAP com-
plexes of other metal centers are much less common. In terms of d6-
metal ions, Kirsch-De Mesmaeker and colleagues described the syn-
thesis and optical properties of [Rh(PPY)2TAP]+ (PPY = phe-

nylpyridine) and related enantiopure derivatives66 whilst the com-
plexes [ReX(CO)3TAP] (X= Cl or Br) were reported by the Kaim 
group as part of a study investigating the lability of ReI systems67 but, 
surprisingly, only one OsII complex with TAP has been reported.  

Again, [Os(TAP)3]2+ was reported by the Kirsch-De Mesmaeker 
group. Due to thermal inaccessibility of its 3MC state, it was found 
to be more photostable than its RuII analogue but it is a weaker oxi-

dant due to the lower energy of its Os®TAP 3MCLT excited-state.68 
A striking phenomenon was also identified on comparing the emis-
sion properties of [Os(TAP)3]2+ with those of [Ru(TAP)3]2+ and 
[Os(phen)3]2+ (phen = 1,10 phenanthroline). As expected from 
many other studies69–71 the luminescence of [Os(TAP)3]2+ is red-
shifted by ~100 nm compared to its RuII analogue (to 713 nm in wa-
ter), yet the lifetime and quantum yield for this emission is notably 
higher than that for [Os(phen)3]2+. Indeed in MeCN, both these 
terms are considerably larger than those for [Ru(TAP)3]2+ itself. 
This somewhat unexpected effect is due to a combination of the 
higher energy of its 3MC state compared to the RuII complex and a 
lowered contribution from other non-radiative deactivation path-
ways compared to [Os(phen)3]2+. In terms of the development of 
bio-imaging probes, the red-shifted emission on moving from RuII to 
OsII is of great interest.72 

As outlined above, luminophores that emit in the deep-red and 
near-infrared are attractive platforms for biological imaging as cells 
and tissue display their greatest transparency at these wavelengths.73 
In previous work, the Thomas group has shown that the complex 
[{Ru(phen)2}2(tpphz)]4+, 24+ is cell-permeant and can be used as a 
live-cell imaging probe for nuclear DNA. Thanks to its high photo-
stability, long lifetime, and large Stokes shift, it is also an excellent 
STED probe.74 

Although the lmax of this complex is at centered at -670-680 nm, 
further red-shifting of its luminescence would be advantageous as 
this would shift its emission further into the biological optical win-
dow (650-900 nm). One strategy that has been investigated to ac-
complish this aim is to substitute RuII with OsII centers7576 and, on 
first consideration, the use of an OsII-analogue of 24+, may be thought 
to produce this change. Unfortunately, previous studies have re-
vealed that - thanks to energy gap effects that lead to increased non-
radiative deactivation – 34+ is non-emissive at room temperature.77 
However, the observation that [Os(TAP)3]2+ is more emissive than 
[Os(phen)3]2+ prompted us to investigate the synthesis of 
[{Os(TAP)2}2(tpphz)]4+, 44+ and compare its photophysical and bi-
ological properties with those of 14+ - 34+. Herein, we report that this 
complex displays radically different photophysical properties to 
both 14+ and 34+ making it an excellent STED-compatible live-cell 
probe for visualizing nuclear DNA within the true NIR optical win-
dow. 

Results and Discussion 

Synthesis 

Potentially, 44+ could be obtained using the hitherto unreported 
neutral intermediate [Os(TAP)2Cl2. This complex would be a suita-
ble starting material for a range of heteroleptic complexes, but as its 
synthesis is hitherto unreported, we first sought a suitable method 
for its preparation.  

Initially, we attempted to synthesize [Os(TAP)2Cl2]. through a 
conventional method commonly used to obtain [Os(bpy)2Cl2] first 
reported by the Meyer group.78 However - presumably due to the 

14+ M = Ru X = N;

24+ M = Ru X = CH;

34+ M = Os X = CH;

44+ M = Os X = N
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combination of the kinetically inert nature of the Os center and the 
electron deficient TAP ligand - this method was unsuccessful. 

It is known that microwave mediated heating in closed vessels can 
decrease reaction times often by multiple orders of magnitude, yield-
ing products that are not accessible by conventional methods. As we 
found this method to be productive for the synthesis of 14+,33 we ex-
plored the use of microwave mediated heating to obtain 
[Os(TAP)2Cl2]. We initially used DMF as a solvent as this is typi-
cally used in syntheses of [M(phen)2Cl2] (M = Ru and Os). How-
ever, we found that under microwave heating appreciable decompo-
sition of DMF to dimethylamine occurs. As the carbon monoxide re-
leased in this process binds strongly to OsII, the crude product was a 
mixture of [Os(TAP)2Cl2] and cationic [Os(TAP)2(CO)Cl]+. Sub-
sequently, it was found that a 1:1 solvent mixture of EtOH and H2O 
containing a mixture of OsCl3.3H2O, TAP, and LiCl led to the pre-
cipitation of the required product from the reaction mixture over a 
period of three hours of microwave heating. After washing with co-
pious amounts of water and diethyl ether [Os(TAP)2Cl2] was ob-
tained in high yields (>90%) and purity. 

Crude 44+ could then be obtained from the reaction of 
[Os(TAP)2Cl2] and tpphz in similar microwave conditions but over 
a 9 hour period. Purification of the complex involved a two-step pro-
cedure. The first step involved aqueous-organic extraction employ-
ing the organic soluble tetrakis(2,5-bis(trifluoromethyl)phenyl bo-
rate (tfpb—) anion as a phase-transfer agent. Then ion exchange 
chromatography was used to produce an analytically pure sample, 
finally isolated as [4]Cl4. 

To aid identification of spectral features (vide infra), the previ-
ously reported [Os(TAP)3]2+ was also resynthesized through the mi-
crowave-assisted reaction of [(NH4)2OsCl6] and TAP. Again, the 
complex was purified by solvent extraction of its tfpb— salt into di-
chloromethane.  

X-ray quality crystals of both [Os(TAP)3]2+ and [Os(TAP)2Cl2] 
were obtained and structural details are presented in the SI.  

 

Steady state photophysical characterization 

The UV-Vis absorption spectrum of [4]Cl4. in Tris buffer solution 
can be found in the SI. The compound exhibits a very broad absorp-
tion spectrum covering the entire visible range from 350 nm to ap-
proximately 750 nm as well as strong absorption in the UV. The UV 
sections of the spectra are dominated by intense bands assigned to 

ligand-based pp* transitions. A distinct absorption feature centered 
at 360 nm is assigned to tpphz--centered transitions of n−π∗ charac-
ter, in accordance to literature reports on closely related RuII and OsII 
complexes.77,79,80 The visible region of the absorption spectrum fea-
tures a double humped band between 400 - 500 nm that extends out 
to 750nm. The distinctive spectral shape in the high energy visible 
regime is very similar to the spectra of 14+ and 24+, however the RuII 
complexes lack the low-energy shoulder.  

From a consideration of previous studies, the low-energy bands of 
44+ are attributed to MLCT transitions. The higher energy double 
humped band, which is very similar in 14+ - 34+, is due to spin-allowed 
1MLCT transitions, hence the higher extinction coefficients. whilst 
the much less intense, red-shifted, section of the spectrum is as-
signed to direct excitation into formally forbidden 3MLCT states, 
which - thanks to the large spin-orbit coupling in Os complexes - is 
commonly observed for this class of complexes.81,82 For deeper in-
sights into the MLCT characteristics of the low energy absorption 

flank, resonance-enhanced Raman (RR) spectroscopy was em-
ployed. RR spectra recorded upon excitation across the MLCT por-
tion of the UV-Vis absorption spectrum of [4]Cl4, is shown in Figure 
2. To aid this analysis, similar experiments were also carried out on 
[Os(TAP)3]2+.  

The homoleptic [Os(TAP)3]2+ was investigated at excitation 
wavelengths of 405 nm, 458 nm and 473 nm – Figure 2. Besides no-
ticeable changes in band intensities at 1410 cm−1, 1593 cm−1 and 
1627 cm−1, as well as a number of minor changes caused by exciting 
into different MLCT transitions, the vibrational signature of this 
complex is marginally altered upon changing the excitation wave-
length. This behavior is consistent with the steady state UV-Vis ab-
sorption spectra, as well as previous reports on the homoleptic par-
ent complex. 

 

Figure 2. Resonance Raman spectra after background correction at dif-
ferent excitation wavelengths for [4]Cl4 (top), and [Os(TAP)3]Cl2 
(bottom) in Tris buffer. Spectra are normalized to the TAP-centered vi-
brational band at 1275 cm–1 (*). Distinct vibrational features of the het-
eroleptic complex are highlighted in blue. 

Experiments on 44+ were conducted at 405, 458, 473, 476, 496, 
and 514 nm excitation wavelengths. On changing the excitation 
wavelength, a number of specific bands display dispersive behavior. 
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The most pronounced differences are found in the spectrum rec-
orded on excitation at 405nm. This resulted in the increase of bands 
at 1410 cm−1, 1578 cm−1 and 1615 cm−1, which are hardly observed 
upon excitation at wavelengths > 405 nm. Furthermore, although 
bands at 1236 cm−1, 1317 cm−1 and 1465 cm−1 are still present in the 
spectra excited at wavelengths other than 405 nm they all increase 
on excitation at this wavelength with respect to the normalization 
feature at 1275 cm-1.  

Comparisons with the spectrum of [Os(TAP)3]2+ revealed that 
whilst non-dispersive bands are common to both complexes, all the 
mutable bands involve transitions only observed for 44. This obser-
vation indicates that the underlying vibrational modes have contri-
butions from, or are localized on, the coordinated tpphz ligand. Alt-
hough a band at 1465 cm–1 is present in both [Os(TAP)3]2+ and 44+, 
this feature is significantly more asymmetric and broadened in 44+, 
indicating that it is a composite of multiple transitions, some of 
which are localized on the TAP ligand. The decreases in this compo-
site band’s intensity at longer wavelengths is hence interpreted as a 
decrease in contribution from tpphz-based transitions. Besides the 
intensity changes observed in the high-energy regime, the intensities 
of other bands, e.g., at 1317 cm−1 and 1615 cm−1, regain intensity 
upon excitation at lower energy wavelengths (≥ 496 nm). This 
finding indicates that the vibrational structure of the transitions in 
the low energy MLCT region is similar to those transitions located 
at around 405 nm.  

Taking the above observations into account two  conclusions can 
be drawn. First, the low energy flank of the visible absorption band 
is dominated by direct singlet-to-triplet MLCT transitions and 
secondly, the energetic ordering of the participating ligand orbitals 
is similar in both the singlet and triplet states. This indicates a similar 
localisation of MLCT transitions in the high and low energy visible 
absorption bands. We conclude the transitions in the bathochromic 
section of the spin-allowed absorption appear to be TAP-based 
1MLCT in character whereas 1MLCT transitions with large tpphz 
character are located at the high energy flank of the visible spectrum. 

Consistent with the original report,68 [Os(TAP)3]Cl2 showed a 
broad emission between 700–1100 nm and – gratifyingly, and in 
contrast to 34+ - complex 44+ displayed similar emission behavior. A 
broad, unstructured emission between 680−1100 nm -with a maxi-
mum at around 780 nm (quantum yield; Φ = 1.03 x 10-3) - resulted 
upon excitation into the 1MLCT absorption of 44+ (see SI for the 
steady-state spectrum). Furthermore, apart from a spectral shift of 
around 70 nm (150 meV), the shapes of the emission spectrum of 
the heteroleptic complex is very similar to that of its homoleptic par-
ent complex. This indicates a similar emission character for both 
complexes involving a TAP-centered excited state. Additional evi-
dence toward this conclusion is provided by previous studies on re-
lated Ru systems. Ortmans, et al found that - while the paradigm 
light-switch complex, [Ru(phen)2(dppz)]2+, does not show any 
emission from aqueous solution - the isostructural 
[Ru(TAP)2(dppz)]2+ does show strong luminescence in aqueous 
solution, which was attributed to a TAP centered state as the emis-
sive state.23 Likewise, whilst 24+ shows no emission in water, as it is 

excited into a Ru®tpphz 3MCLT state, 14+ and 44+ are luminescent 

in this solvent as their excited state is MII
®TAP 3MCLT in nature. 

time resolved spectroscopy 

After investigating the steady state spectroscopic properties and 
the Franck-Condon regime through RR spectroscopy, the question 
of how the excited state of 44+ is deactivated was addressed, allowing 

the energy and electron transfer pathways within the new complex 
to be delineated. Figure 3 show nanosecond and femtosecond re-
solved transient spectra of [4]Cl4 in Tris buffer solution. The fs tran-
sient absorption spectrum is dominated by a negative signal between 
400−700 nm, accompanied by positive differential signals around 
350–400 nm and at wavelengths higher than 650 nm. Within a 
1600 ps temporal window, these spectral shapes remain nearly con-
stant with a slight intensity decrease in the blue flank of the negative 
signal around 420 nm for long delay times (>1000 ps). By compari-
son to the absorption spectrum (blue overlay in figure), the intense 
negative signal in the visible range is assigned to the ground state 
bleach (GSB) of 44+. 

 

Figure 3. A. Femtosecond time-resolved transient absorption spectra 
recorded for complexes [4]Cl4 in aqueous Tris-HCl buffer solution 
upon excitation at around 400 nm (Top). Associated kinetic traces (bot-
tom left) and resulting decay associated spectra (bottom right). B Na-
nosecond time resolved transient absorption spectra (Left) Associated 
selected kinetic traces (right). Experimental data (dots) was fit globally 
to a single exponential model (solid lines). The blue overlay represents 
relevant bands in the steady-state absorption spectrum of [4]Cl4. 
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Scheme 1. Model of the excited state dynamics for [4]Cl4 

The positive signal in the near UV range, at around 370 nm, is 
assigned to an excited state absorption (ESA) signal arising from 
the (partially) negatively charged polypyridyl ligands formed in 
the MLCT transition. This assignment is in accordance to litera-
ture reports on [Os(bpy)3]2+that show a positive transient signal 
between 340–400 nm, which has been attributed to the ligand an-
ion.83,84 The weakly positive signal above 650nm is attributed to an 
ESA signal, localized on the TAP ligand. To quantitatively account 
for this data, a fit to a single exponential model with a characteristic 
time component of 360 ps including an infinite lifetime compo-
nent was required.  

The data fit to a monoexponential decay model with a time con-
stant of 37 ns, indicating that the excited state of the complex re-
laxes through a single decay pathway. The resulting excited-state 
lifetime is comparable to lifetimes found for structurally similar 
OsII complexes, such as [Os(phen)2(dppz)]Cl2, which has a re-
ported emission lifetime of 50 ns.85 The homoleptic Os(TAP)3]2+  
shows similar excited state dynamics and decays to the electronic 
ground state through a monoexponential decay with an excited 
state lifetime of 119 ns. These time-resolved experiments offer fur-

ther evidence that the lowest excited state of [4]Cl4 is an Os®TAP 
based 3MCLT state, which becomes occupied on irradiation 
through the mechanism depicted in Scheme 1. 

The relatively simple excited state dynamics of the complex 
might act as a decisive advantage in characterization of its dynam-
ics with more complex biological systems, as potential photochem-
ical conversion processes generated through biomolecular binding 
will be easily distinguished from the photophysics of the complex 
itself. 

Biophysical studies 

Given the DNA binding properties of 14+ and 24+, the interaction 
of [4]Cl4 with duplex DNA in cell-free conditions was investi-
gated. Steady state UV-Vis titrations revealed characteristic 
changes in the absorption of the complex on addition of CT-DNA. 
Initially, the absorption maximum at around 425 nm loses inten-
sity; hypochromism like this is characteristic of a strong interaction 
between a metal complex and DNA86 – Figure 4A. 

Upon adding more CT-DNA, the absorption band intensity 
slowly increases homogenously across the visible spectrum. It is 
known that both 14+ and 24+ bind to duplex with high affinities and 
the observations for 44+ are consistent with a tight initial bind fol-
lowed by non-specific binding and/or aggregation. Indeed, these 
observations are consistent with studies on 24+ which also displays 
multiple binding modes.33 Emission spectra recorded over the 
course of the titration of 44+ with CT-DNA are also consistent with 
this model – Figure 4B. 

 

Figure 4.  A. Selected spectral changes in the UV-Vis absorption spec-
trum of [4]Cl4 on addition of CT-DNA. B. Equivalent emission 
changes on addition of CT-DNA. Concentration of complex = 
2.11μM 

Comparing these changes in emission with those observed in 
absorption spectra, reveals that the initial decline in absorbance in 
the 425 nm band correlates with increases in emission. The subse-
quent hyperchromic shifts in absorption do not correlate with any 
change in emission, confirming the second phase observed in the 
absorption titration is due to non-specific interactions. Fits of the 
absorption changes provide an estimated duplex DNA binding af-
finity that is identical to that obtained for 14+ (2 x 106 M-1). This is 
unsurprising as 14+ and 44+ should be virtually structurally identi-
cal. 

The interaction with CT-DNA also causes a noticeable change 
in the RR spectral signature of 44+ when excited at 405 nm  – Figure 
5. The most obvious intensity changes are in energies above 
1450 cm−1 with distinctive hypochromism found for the bands at 
1466 cm−1 and 1613 cm−1; although the intensity of the band at 
1313 cm−1 significantly decreases and slight spectral shifts in bands 
at 1198 cm−1, 1274 cm−1, 1516 cm−1, 1574 cm−1 and 1610 cm−1 are 
also observed. Comparing the relevant features to [Os(TAP)3]2+, 
a large proportion of the shifted or decreased bands (1198 cm−1, 
1274 cm−1, 1313 cm−1 and 1574 cm−1) are associated with the 
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tpphz bridging ligand. As discussed above, comparisons with the 
homoleptic complex suggests that the bands in the RR spectrum of 
44+ at 1465 cm−1 and 1610 cm−1 are a composite of overlapping 
tpphz- and TAP-centered vibrational transitions. Their drastically 
decrease in intensity on addition of DNA indicates that tpphz cen-
tered contributions to both of these bands is significantly reduced. 
In contrast, when the complex is excited at 473 nm, minimal spec-
tral changes occur on addition of CT-DNA. This indicates that the 
tpphz moiety of 44+ is most affected by the interaction of the com-
plex with DNA. 

 

Figure 5. Normalized resonance enhanced Raman spectra (top) and 
corresponding differential spectra (𝑰𝑫𝑵𝑨 − 𝑰𝒊𝒔𝒐, bottom) of 
[4]Cl4,(A) and [Os(TAP)3]Cl2. (B). Numbers besides the sample de-
scriptor indicate the excitation wavelength. 

Computational studies 

To study complex 44+ in more detail, we performed density 
functional theory (DFT) calculations as outlined in the experi-
mental section. In these studies, we modeled solvent effects 
through a continuum solvent model augmented with a small num-
ber of explicit water molecules – Figure 6.  

As might be expected, the resultant structure, shown in Figure 
6a, displays interacting water molecules hydrogen-bonding to the 
basic nitrogen atoms on the TAP moieties. Interestingly, as ob-
served in related calculations33 on 14+ it is energetically more ad-
vantageous for water molecules to interact with the tpphz moiety 
as hydrogen bond acceptors, suggesting that the CH groups pro-
jecting over the nitrogen atoms on tpphz are basic.  

The structure for the triplet state is shown in Figure 6b. Super-
imposed on this structure is the spin density for the triplet state. As 
is clear from the image, this density is localized on one of the TAP 
moieties. This suggests that there may be a number of close-lying 
triplet states with similar characteristics that are experimentally ac-
cessible. Emission from the triplet state is calculated to occur at 
713 nm (if a 0–0 transition is assumed; 684 nm, if the emission 
wavelength is calculated as a difference between the electronic en-
ergies for the singlet and triplet states), which is in good agreement 
with the experimentally observed emission maximum. 

 

Figure 6: DFT-generated structures for the singlet [panel (a)] and tri-
plet [panel (b) states] of 44+. Panel (b) also includes the spin density 
associated with the wave function. 

The UV-VIS spectra, generated from the calculations using the 
procedure in the experimental details are shown in Figure 7. It 
shows an excellent agreement with the experimental data. , when a 
red-shift of 1000 cm–1 is applied to the computational data to ac-
count for effects, that are not well accounted for in non-relativistic 
DFT.  Going from [1]4+ to [4]4+ there is a clear red-shift of the 
spectrum.  

 

Figure 7: Simulated UV-VIS spectra for 44+ in the singlet ground state 
and 44+ in the singlet and triplet states. Also shown is the simulated TA 
spectrum. The calculated spectrum has been red-shifted by 1000 cm–1 
to align it with the experimental spectrum.  

Our calculations do not include spin-orbit coupling and so the 
direct excitation of the triplet states is not captured. However, our 
calculations indicate that there is only a single bleach observed in 



 7 

the TA spectra because the triplet state overlaps with that of the 
singlet ground state. To investigate the nature of these states in 
more detail, a wave function analysis was performed on the singlet 
ground state (see SI for the twelve most intense transitions.) This 
analysis reveals that all the lowest spin-allowed transitions are ex-
citations onto TAP. Closer analysis of the double-humped feature 
seen in the absorption spectrum of 44+ shows that it is a mixture of 

both 1MLCT transitions onto TAP and tpphz as well as p-p* tran-
sitions located on the tpphz ligand itself. Finally, the non-resonant 
Raman spectra for 44+ in both the singlet and triplet state were con-
sidered. Comparing the Raman spectra for both states allows an 
indication of which modes are enhanced in the excited state. Our 
calculations show that, for example, the signals at 1465 cm–1 and 
1613 cm–1 are associated with vibrational modes on TAP. Given 
the direction of electron transfer in the triplet state, an enhance-
ment of the intensity for this mode can be expected in the RR spec-
trum. Therefore, our analysis confirms that the modes at 
1198 cm−1, 1274 cm−1, 1313 cm−1 and 1574 cm−1 are indeed associ-
ated with vibrational modes on the tpphz ligand. 

Cell studies 

Cytotoxicity 

The facts that the emission of complex 44+ is considerably red-
shifted compared to that of 14+ and is not quenched by DNA indi-
cate that, as expected, the excited state of the OsII complex is much 
less oxidizing than the 3MLCT of the Ru complex. This was con-
firmed through a comparison of the cytotoxicity and phototoxicity 
of complexes 14+, 24+, and 44+. As previously reported, although 
complex 14+ shows low cytotoxicity it is highly phototoxic toward 
2-D and 3-D cell cultures in both one-photon and two-photon ex-
citation regimes. Contrastingly, despite containing coordinated 
TAP ligands, complex 44+ displays low cytotoxicity and phototoxi-
city – Figure 8. 

Cytotoxicity and phototoxicity was assessed using the human 
ovarian cancer line, A2780. Cells were treated with 44+ at various 
concentrations ranging from 1 μM to 100 μM for 48 hours and the 
cell viabilities were determined by an MTT (3-(4,5-dimethylthia-
zolyl-2)-2,5-diphenyltetrazolium bromide)) assay using cisplatin 
as a positive control. As can be seen from Fig 10A, under these con-
ditions, the OsII complex displays negligible cytotoxicity, with its 
IC50 >100 μM being over two orders of magnitude higher than cis-
platin (IC50 = 1.17 μM). However, unlike 14+, A2780 cells exposed 
to the complex prior to light irradiation also showed no detectable 
change in viability – Figure 10B. The data reveals that even at high 
light irradiation the cytotoxicity of 44+ remains low.  

Therefore, in terms of photostability, cytotoxicity, and imaging 
capabilities, the properties of 44+are much closer to those of 24+ 
than 14+ and 34+, suggesting that it should be an excellent multi-
functional cell probe for a variety of optical techniques, including 
super-resolution STED. However, an advantage of 44+ for such ap-
plication is that its emission is considerably red shifted compared 
to 24+ and, as discussed above, probes that display far-red/NIR are 
much sought as biological imaging agents.55,73,87 Consequently, us-
ing optical microscopy, we investigated the uptake and lumines-
cence of the complex in live cells. 

 

Figure 8. A. Cell viability graph for A2780 cells after treatment with 
varying concentrations of [4]Cl4 for 48 Hours. Analyzed by an MTT 
assay with cisplatin employed as a positive control. Experiments per-
formed in triplicate and results given as an average of 2 independent 
repeats. B. Cell viability graph for A2780 cells after treatment with a 
concentration gradient of [4]Cl4 and varying light fluences. Experi-
ment performed in triplicate. 

High-resolution optical microscope studies  

We initially employed the enhanced resolution laser scanner 
confocal microscope, LSCF, technique AiryScan, which improves 
lateral resolution so that it is comparable to super-resolution SIM 
(<140 nm).88 These studies showed that, like 14+ and 24+, at con-

centrations above 100 µM, pronounced nuclear staining becomes 
apparent– Figure 9, although in the case of 44+ emission is now red 
shifted to >750 nm. 

 

Figure 9. Live cell imaging of MCF7 cells treated with [4]Cl4. A. 
MCF7 cells treated with 150 μM OsOsTAP for 24 hours. B. Single 
MCF7 cell and C. Distance vs emission profile of the single cell in B 
showing nuclear staining.   
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Figure 10: A MCF7 cells treated with 150 μM  of[4]Cl4.. (A) Comparison of CLSM (top left) and STED(top right) data. Bottom left: comparison of 
CLSM and STED intensity profiles across line (i) drawn on CLSM image. (B) Comparison of selected dCLSM (top) and d STED (bottom) image 
showing a single cell entering mitosis.  

 

As expected, this pattern is similar to that seen in cells treated 
with its Ru-analogues 14+ and 24+and is attributed to DNA staining. 
The fact that complexes 14+, 24+, and 44+ display similar localization 
properties is entirely unsurprising as the structures and charge-
density of the complexes are virtually identical. Indeed, several 
studies have shown that the biological properties of kinetically in-
ert OsII complexes are identical to their RuII homologues when the 
metal ions perform a structural function.70,89–91 

STED Imaging studies  

As the photostability and imaging capabilities of 44+ are similar 
to 24+and the latter complex functions as an excellent optical probe 
for super-resolution STED,74 we went on to further investigate the 
imaging properties of 44+ using this technique and compare it to 
14+ and 24+. 

As expected, we found that although 14+ can yield STED images, 
its application is highly restricted due to it potent phototoxicity. 
Nevertheless, super-resolution images of nuclei in fix cells stained 
by the complex could be obtained – see SI.  

More strikingly, excitation of 44+ leads to images in cells compa-
rable in detail to those obtained with 24+. For example, a compari-
son with AiryScan CLSM reveals enhanced resolutions with nu-
clear features being apparent; the increased resolution is further il-
lustrated by the striking differences in intensity plots of nuclear lu-
minescence. – Figure 10A. Images of cells undergoing mitosis are 

particularly revealing.  Planes taken though these cells show chro-
matin structure in striking detail – Figure 10B. These observations 
confirm that 44+ functions as a nanoscopy probe for cellular DNA, 
but with the combined advantages of low phototoxicity and true 
NIR emission characteristics.  

Conclusions 

 In a previous report, we demonstrated how selective substitu-
tion of ancillary ligands within an established DNA binding archi-
tecture, led to the identification of a promising phototoxic thera-
peutic lead, 14+. In this study, through a careful consideration of 
both ligands and metal ion, we exploit the “modular” composition 
of this class of heteroleptic transition metal complexes to develop 
a novel NIR optical probe. This versatility of this approach is illus-
trated by the fact that while complexes 14+ - 44+ are structurally al-
most identical, and thus show analogous DNA binding character-
istics, their photophysical properties are all radically different; so 
that, unlike its OsII-based analogue 34+ which possesses a non-emis-

sive Os®tpphz excited state, complex 44+ displays a Os®TAP 
3MCLT excited state that is responsible for its NIR emission. 

In our previous report, we demonstrated that one of the most 
notable features of 24+ as a STED probe is its extreme stability un-
der prolonged laser illumination and complex 44+ is at least as sta-
ble; we detected no change in its optical properties during the in-
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tense irradiation used in resonance Raman studies and no photo-
bleaching  in any of the cellular imaging studies. Indeed as 
polypyridyl OsII complexes are pronouncedly more kinetically in-
ert than their RuII analogues, we expect that 44+ may actually more 
photostable than 24+. 

Summing up, the low phototoxicity, high photostability, and 
long wavelength emission of 44+ means that is ideally suited to be a 
probe in nanoscopy.  In the context of STED, as it exploits a hith-
erto unused section of the optical spectrum - and it possesses a 
large Stokes shift, 44+ also offers great potential for multicolor na-
noscopy.  Studies exploring this possibility -and other multimodal 
imaging technologies suited to this unique probe - will form the 
basis of future reports.   
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