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Photo-control of bimolecular reactions: reactivity of the long-lived 
Rhodamine 6G triplet excited state with •NO. 

Luke MacAleese,*a Bun Chan,b Mathilde Bouakil,a Philippe Dugourda and Richard A. J. O’Hair*c 

Photo-chemistry provides a non-intuitive but very powerful way to probe kinetically limited, sometimes thermodynamically 

non-favored reactions and, thus, access highly specific products. However, reactivity in the excited state is difficult to 

characterize directly, due to short lifetimes and challenges in controlling the reaction medium. Among photo-activatable 

reagents, rhodamine dyes find widespread uses due to a number of favorable properties including their high absorption 

coefficient. Their readily adaptable synthesis allows development of tailor-made dyes for specific applications. Remarkably, 

few studies have directly probed the chemical reactivity of their triplet excited state. Here we present a new conceptual 

approach to examine the specific chemistry of the triplet excited state. We have developed a pump (488nm) – probe 

(600nm) strategy to examine the gas-phase lifetime and reactivity of the triplet cation of Rhodamine 6G (3Rh6G+) in an ion 

trap mass spectrometer. The confounding effects of solvent, aggregation and formation of other reactive intermediates is 

thus avoided allowing fundamental reactivity to be explored. In the presence, in the ion trap, of helium seeded with 1 % of 

nitric oxide (•NO) (~ 60 ion/•NO collisions per second), the triplet lifetime is shortened from from 1.9 s to 0.7 s. 

Simultaneously, the reaction products [Rh6G -H]•+ and [Rh6G -H +NO]+ are observed. Reaction of 3Rh6G+ with •NO2 yields 

[Rh6G -H]•+, [Rh6G -H +NO2]+ and [Rh6G -2H]+. None of these products are observed for the singlet, 1Rh6G+. DFT calculations 

suggest a stepwise mechanism only allowed from 3Rh6G+, in which H atom abstraction by •NOx (x = 1 or 2) yields [Rh6G -H]•+ 

which, then, reacts with another •NOx molecule. This illustrates the power of light to initiate specific chemical reactions, and 

the relevance of gas-phase ion-molecule reaction approaches to understand stepwise reaction mechanism from specific 

excited states.

Introduction 

Rhodamine dyes find widespread uses as fluorescent probes 

due to a number of favorable properties including their high 

absorption coefficient, broad fluorescence in the visible region 

and high fluorescence quantum yield. Their readily adaptable 

synthesis1 allows development of tailor-made dyes for specific 

applications, which include: environment-sensitive probes to 

study cellular processes;2 reactive probes to act as 

“chemodosimeters” for biologically relevant metal ions, anions 

and thiols;3,4 Förster resonant energy transfer (FRET) based 

probes for bioimaging;5 photoredox catalysts in visible light 

mediated arylation reactions.6 Remarkably, few studies have 

directly probed the chemical reactivity of the triplet excited 

state. Exceptions include the reactions of triplet Rhodamine 6G 

(3Rh6G+) with bases, which established that proton transfer 

could occur (Scheme 1A),7 and with small molecules, which 

highlighted that only certain species such as oxygen, nitroxyl 

radicals and cyclooctatetraene quench the triplet state (Scheme 

1B).8  

As part of an ongoing series of gas-phase photofragmentation 

studies on rhodamine and related dyes aimed at developing 

“action FRET” as a probe for biomolecular structure,9,10 we have 

been examining the fundamental photochemistry of 

Rhodamine based dyes.11–13 We were, thus, intrigued by reports 

on long-lived gas-phase 3Rh6G+ generated via photoexcitation 

of 1Rh6G+ at 488 nm.14,15 Reported lifetimes of seconds in an ion 

trap mass spectrometer are orders of magnitude longer than in 

solution,16 in contrast with fluorescence lifetimes which 

scarcely vary and remain in the ns range.17,18 These extra-

ordinary long lifetimes enable the exploration of the specific 

chemical reactivity of rhodamine triplets via bimolecular ion-

molecule reactions with neutral reagents. It also points out the 

potential of gas-phase approaches to explore photo-chemistry 

in general. 

There is a rich history of studying the gas-phase ion-molecule 

reactions of atomic and small molecular cations that are 

electronically and/or vibrationally excited and state selected 

(see for lead references19–31). However, here, we take 

advantage of this long gas-phase life-time to provide one of the 

first examples where the chemistry of singlet and triplet forms 
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of a large organic cation are directly compared in the absence 

of confounding effects of solvent, aggregation and formation of 

other reactive intermediates. Reactivity in the excited state, 

typically charge transfers, may be ultrafast. However, triplets 

live longer and are, thus, more prone to react with other 

molecules: triplet mediated delayed reactivity enables reagent 

diffusion and is often thought to be involved in catalytic cycles. 

Reaction means alteration of the original properties of the 

species, which may be something to avoid (e.g. bleaching for 

chromophores) but also production of new species difficult to 

attain by conventional (ground state) chemistry. 

 

Scheme 1. Previous studies on the reactions of triplet Rhodamine 6G: (A) proton transfer 

reactions;7 (B) molecules that can and cannot quench the triplet.8 

The whole fields of photo-chemistry and photo-catalysis are 

paved with photo-induced spin changes and hypotheses of 

specific reactivity of triplet states. Metal-based photo-catalysis 

is often thought to involve low to high spin transitions and 

associated metal-ligand-charge-transfer states weakening 

bonds and enabling chemical reactions between ligands. The 

linkage isomerization of dimethylsulfoxide (DMSO) on a 

Ruthenium center that was described theoretically32 and also 

reported experimentally in our group33,34 is typically such a 

photo-induced mechanism involving multiple absorption events 

from low-spin singlets followed by singlet-to-triplet transitions 

where isomerization reactions can take place. Triplets may be 

considered as the bi-radical counterpart35,36 of photo-induced 

free-radicals which have been proposed (or, more precisely, 

“intuited”, see Thomas Tidwell's historical account37) as early as 

1879 by Downes and Blunt.38 Whereas the chemical integrity 

and atomic connectivity of triplets are maintained compared to 

their ground state singlet counterpart, photo-induced free 

radicals result from the dissociation of the irradiated precursor 

molecule. Both, nevertheless, possess unpaired electrons which 

are the foundation of their specific reactivity. It is, thus, 

expected that triplets chemistry is as rich and important as the 

well described free radical specific reactivity. This paper 

presents our efforts to produce and test the reactivity of 

Rhodamine 6G triplet cations in the gas phase. 

Experimental 

See ESI for full details on materials and experimental methods 

as well as for theoretical approaches. Briefly, experiments were 

performed in a linear quadrupole ion trap mass spectrometer 

(LTQ Velos, Thermo Fisher Scientific, San Jose, CA), previously 

modified to allow interaction with lasers.39 The 1Rh6G+ cation 

was generated by electrospray ionization of a 10-5 M solution of 

Rh6G chloride salt (Lamba Physics GMBH) in methanol. A 488 

nm continuous wave (CW) diode laser (COBOLT MLD 0488-06-

01-200-100), was used to generate 3Rh6G+. A Horizon OPO 

(Continuum, Santa Clara, CA) was used to record visible photo-

dissociation spectra, and in particular was set at 600 nm to 

probe the triplet population by LID. For ion-molecule reactions, 

helium seeded with 1 % •NO (Air Liquide, Bagneux, France) was 

injected in the ion trap. Standard computational chemistry 

calculations were carried out with Gaussian 16.40 

Results and Discussion 

 

Figure 1. Photodissociation action spectrum of the Rhodamine 6G cations on the 550-

650 nm range after 500 ms irradiation at 488 nm (red line) or 500 ms without irradiation 

(blue line). Raw data (dotted lines) were smoothed (solid lines). Ordinates are not 

normalized. Acquisitions were performed successively, one immediately after the other, 

under identical conditions and during the same experimental session. The difference 

thus reflects the differential absorption due to the triplet population. 

Triplet formation, spectroscopy and fragmentation 

The very high fluorescence quantum yield (0.95) reported for 

Rh6G in solution41 (likely to be increased in the desolvated 

ions42) implies that the inter-system crossing to the triplet state 

has only a very minor chance to occur per absorption event. 

However, once populated, triplets may live longer than excited 

singlets and up to seconds in the gas phase. Therefore the 

strategy used by Schooss et al. was employed here. It consists 

of cycling over the S1  S0 transition during seconds with a 

continuous wave (CW) laser in order to slowly build up the 
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triplet population at the expense of the ground state singlet. 

Unlike the experiments of Schooss et al., where evidence for 
3Rh6G+ is established by detection of the successive loss and 

recovery of the singlet fluorescence emission,14,15 the first 

major challenge was to develop an “action spectroscopy” 

method to specifically identify and differentiate the (isobaric) 
1Rh6G+ and 3Rh6G+ formed upon photoexcitation. The optical 

photofragmentation spectra of 1Rh6G+ (488 nm laser OFF) and 
3Rh6G+ (488 nm laser ON) are compared in Figure 1 and show 

that, at around 600 nm, only 3Rh6G+ absorbs. This photo-

fragmentation spectrum is similar to the transient absorption 

spectra observed in solution, where a maximum is also found 

around 600 nm.43,44 

 

Figure 2. Comparison between LID spectra at 600 nm (1 single pulse, 8 mJ) of Rh6G+ 

cation after 500 ms without (top: singlet only) and with (bottom: triplet is formed) 

irradiation at 488 nm (10 mW, 500 ms). Intensities are relative to the precursor 

(indicated with a “*”). 

Importantly, the specific laser induced dissociation (LID) of 
3Rh6G+ at 600 nm provides diagnostic photo-fragment ions at 

m/z 415.1, 341.1, 327.1, and 428.1, 414.1 which are not formed 

for 1Rh6G+ (Figure 2). While the C2H4 loss (Δm/z = 28) yielding 

the ion at m/z 415.1 represents the exclusive fragmentation 

path observed by collision-induced dissociation (CID) in our 

experimental conditions (see Figure S2), Ferreira et al. reported 

fragment ions at m/z 341.1 and 327.1 were derived from 

subsequent fragmentation of the initially formed ion at m/z 

415.1 via radical-driven mechanisms.45 Finally, the last two 

fragments, at m/z 428.1 and 414.1, are respectively assigned to 

losses of Me• and Et• originating from radical-driven cleavages 

(Scheme S1). 

The presence of the latter direct radical-driven fragments which 

are not observed by CID (and have been discounted for the CID 

of singlet Rhodamine B46), as well as the predominance (on the 

contrary to CID spectra45) of secondary radical-driven 

fragments, thus, attest to the radical nature of the triplet 

electronic state from which rhodamine dissociates at 600 nm. 

Our DFT calculations suggest that the losses of both Me• and Et• 

are likely to occur from an N-ethyl group, with the former 

process yielding an –N+HCH2 moiety that is presumably 

stabilized through conjugation with the aromatic system 

(Scheme S1). The reaction energies for the production of Me• 

and Et• are respectively 148 and 164 kJ.mol-1 for 3Rh6G+, but 

they are much higher for 1Rh6G+ (> 300 kJ.mol-1). 

The specific photo-fragmentation of 3Rh6G+ is thus 

demonstrated. It incidentally confirms the actual formation of a 

significant triplet population after irradiation at 488 nm. 

However, since CID is widely used to characterize the 

unimolecular chemistry of ionic species, we nevertheless 

compared the CID spectra of 1Rh6G+ and 3Rh6G+ with Helium. 

Their CID characteristics, both in terms of fragmentation 

pattern and fragmentation threshold, are essentially the same 

(Figures S1 and S2): the unique fragment ion, in both case at m/z 

415.1, arises, as mentioned earlier, from the loss of C2H4 and 

appears around 25 % normalized collision energy (NCE).§,47 This 

suggests that collisional activation leads to quenching of the 

triplets (which were formed, as ascertained by the 600 nm 

probe) before ion fragmentation. 

The effect of collisional heating on the triplet quenching was 

further investigated with the following pump-probe approach: 

monitoring the LID as a function of the NCE value. The decay 

curve observed in Figure S3 (right panel) can be fitted with a 

mono-exponential model that indicates that the NCE value 

associated with triplet quenching is very low: approximately 0.5 

% NCE, i.e. much smaller than the fragmentation threshold. 

Moreover, the isolation window width is also shown to have a 

very strong effect on the LID yield (Figure S3, left panel). This is 

consistent with prior reports showing that collisional excitation 

with narrow isolation may fragment weakly bound non covalent 

complexes48 and induce low-energy structural rearrangement 

reactions.49 Both the CID behavior of 3Rh6G+ and its quenching 

at narrow isolation windows confirm the extreme sensitivity of 

the triplet lifetime to collisional heating. 

In summary, while CID activation proved to deactivate the 

triplets, irradiation around 600 nm was shown to induce their 

specific photo-fragmentation. This specificity was confirmed by 

the nature of the photo-fragments observed. Thus, the optical 

pump-probe strategy described above was adopted in order to 

monitor the evolution of the triplet state population, whereby 

irradiation of trapped, ground state 1Rh6G+ with a CW laser at 

488 nm was followed, after varying delays, by irradiation using 

a tunable laser (optical parametric oscillator, OPO) set at 600 

nm.  

Evolution of the triplet population: lifetime and quenching 

under various gas conditions 

The evolution of the triplet population was first evaluated under 

standard trapping gas conditions (Helium), following the optical 

pump-probe strategy described above: monitoring the photo-

fragmentation ratio at 600 nm as a function of the relaxation 

time after 488 nm irradiation (Figure 3, Helium series). Multiple 

repeats were recorded, and the resulting fragmentation ratios 

systematically display mono-exponential decays. Least-square 

fitting is performed with the decay constant as common 

variable to all datasets acquired under standard ion trap 

conditions (pure helium buffer gas and room temperature). This 

yields an effective triplet lifetime in helium of 1878 ± 23 ms (2σ), 

which is in good agreement with the literature (2060 ms).15 

Given the very inefficient quenching of the triplet by collisions 
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with rare gas atoms,14 the measured lifetime is probably 

radiation limited and the helium pressure difference (< 0.4 10-3 

mbar here vs. 0.2 mbar reported in ref 15) should not come into 

play. The small lifetime difference may essentially arise from 

potential traces of the efficient triplet quencher O2 in the 

trapping gas or from the different temperatures of the ion traps 

(≥ 298 K here vs. 286 K in ref15) acting on radiative and non-

radiative processes. 

Secondly, the triplet lifetime was checked in the presence of •NO 

(seeded at 1 % in the helium buffer gas) in the trap (Figure 3, 
•NO series). The capture rate constant between the ion and 

polar •NO, calculated via the Colrate program50 using the 

Average Dipole Orientation (ADO) theory which is well adapted 

to describe ion-polar molecule collisions,51 was found to be 5.8 

10-10 cm3.s-1. The number density of neutral •NO was calculated 

on the basis of the specified pressure (3.5 10-4 Torr 52) in the low 

pressure ion trap (LPT) where ion-molecule reactions are 

performed: ~ 1011cm-3. However, the ion trap was modified and, 

in particular, the diameter of the aperture in the electrode 

separating the LPT from the vacuum manifold was significantly 

enlarged (up to 5 mm, i.e. factor 3-5 with respect to the original 

dimension). Thus, the leak rate must be significantly higher and 

the actual ion trap pressure lower than specified. In the worst 

case, the pressure in the trap is identical to that in the vacuum 

manifold, measured around 10-5 Torr, i.e. 1 order of magnitude 

smaller than specifications. Under the latter boundary 

conditions, the number density of •NO is, thus, similarly, ~ 1 

order of magnitude smaller (~ 1010 molec.cm-3). As a result, the 

actual collision rate between 3Rh6G+ and •NO, calculated by 

multiplying the capture rate constant by the number density, is 

bound between ~ 6 and ~ 60 ion/•NO collisions per second. 

 

Figure 3. Evolution of the log of the fragmentation ratio of Rh6G+ at 600 nm as a function 

of the delay between the end of the 500 ms irradiation at 488 nm and the 600 nm probe. 

Multiple experimental datasets are represented with different markers, in Helium (blue, 

4 sets) and Helium:NO (1%) (red, 3 sets).  All datasets were fitted simultaneously for each 

buffer gas conditions with a simple mono-exponential decay function and the decay 

constants as common parameters (𝑘𝑞
𝐻𝑒and 𝑘𝑞 = 𝑘𝑞

𝐻𝑒 + 𝑘𝑞
𝑁𝑂). Then they were plotted 

together after substraction of their individual offset values and division by their 

individual pre-exponential factor. Time constants are indicated with 2𝜎 uncertainty 

windows.  

Interestingly, despite this very low collision rate, the triplet 

lifetime falls to 697 ± 20 ms in the presence of •NO. While it 

remains very long compared to solution phase values, this 

corresponds to a nearly 3-fold decrease of the triplet lifetime 

with regards to pure helium conditions. Collisions with the 

molecular oxygen triplet is known to quench triplets very 

efficiently: in particular it was reported by Schooss et al. that, 

with only 1% O2 in the ion trap (amounting in their pressure 

conditions to ~2 104 ion/O2 collisions per second), the 3Rh6G+ 

lifetime was too short to be measured.14,15 Collisions with 

radical •NO is similarly expected to quench the rhodamine 

triplet.  

In any case, the additional triplet decay mechanisms associated 

with •NO are independent from the radiative decay measured in 

helium. Thus, the new rate constant determined in the presence 

of •NO (~1.4 s-1) corresponds to the sum of the radiative decay 

constant determined in pure He (~0.5 s-1) and of the •NO-

associated triplet decay rate. As a consequence, one can 

estimate the latter between 0.8 - 0.9 s-1. Given the estimated 

collision rate range, the triplet decay probability per collision 

can then be estimated between 1 and ~ 13-15 %. While these 

probabilities are high, they are considerably lower than 

reported quenching by O2. As a reminder, the triplet 

deactivation probability was estimated above 50 % in the case 

of O2.14  

Triplet reactivity: case of •NO (and •NO2) 

Preferential quenching with •NO vs. helium is most likely due to 

the enhanced electronic interaction between triplet 3Rh6G+ and 

doublet •NO. Additionally, when electronic interaction is 

optimal, the chemical reactivity may modify the systems and 

yield reaction products, which may also contribute to the 

significant shortening of the lifetime of 3Rh6G+. The reactivity of 

the triplet with •NO was examined as illustrated in Figure 4. 

 

Figure 4. Mass spectra measured after 500 ms irradiation at 488 nm (MS2) followed by 

an MS3 step of  either 500 ms in presence of •NO (___), or 5000 ms with •NO (••••), or 500 

ms without •NO (---). Left and right inserts focus on the [Rh6G –H]•+ and [Rh6G -H +NO]+ 

product ion peaks, respectively. Intensities expressed relative to the precursor ion (“*”). 

While the effect of •NO was very noticeable on the triplet 

lifetime, it is necessary to expand the y-axis to observe any 

change on the mass spectrum (Figure 4). Nevertheless, several 

peaks appear in the presence of •NO and upon irradiation at 488 
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nm. Figure 4 compares mass spectra after 500 ms irradiation at 

488 nm for several reaction times with •NO (and a control 

without •NO). It shows that 3Rh6G+ reacts with •NO to give peaks 

at m/z 442.2 and m/z 472.2, corresponding respectively to 

[Rh6G -H]•+ and [Rh6G -H +NO]+. The trends in intensity 

variations suggest that these product ions may be formed in the 

following sequence:  

 

Importantly, no change is observed on the mass spectrum 

without 488 nm irradiation. These peaks must, therefore, be 

associated with the specific reactivity of the rhodamine triplet. 

Remarkably, these specific reaction products are formed 

continuously during the triplet lifetime (Figures S5, S6 and S7). 

It is more than 8 orders of magnitude longer than the singlet 

fluorescence lifetime,17,18 which rules out any sort of reactivity 

from the excited singlet state. It is also ~3 orders of magnitude 

longer than the collisional cooling time determined in the same 

setup after visible photo-excitation of the chromophore QSY7.13 

Thus, the formation of these reaction products is not likely to 

be associated with vibrationally hot singlets produced by the 

CW laser: these hot singlets are indubitably formed, as attested 

by the appearance of fragments after irradiation at 488 nm, but 

they are thermalized within milliseconds in the ion trap once the 

CW laser is stopped. Additionally, the amount of reaction 

products scales up with the CW laser power (Figure S4), which 

is thought to increase the relative population of triplets among 

Rh6G ions. Hence, the reactivity towards •NO seems truly 

associated with the presence of rhodamine in its triplet 

electronic state. One possible origin for this specific reactivity 

may be linked to the “radical character” of the triplet electronic 

state.  

 

Scheme 2. DFT calculated thermochemistry associated with reaction of triplet with •NO. 

Singlet/Triplet values refer to reaction enthalpies expressed in kJ.mol-1. 

Several plausible reaction paths were investigated with DFT 

computations to determine their respective thermochemistry 

(see Scheme 2 and the Computations section in ESI for 

calculation details). The direct mechanism corresponding to the 

simultaneous H atom loss and addition of •NO is very 

endothermic, with a reaction enthalpy of 260 kJ.mol-1 for the 

singlet. Even if much less endothermic for the triplet, the 

reaction enthalpy still amounts to a considerable 64 kJ.mol-1 

(Scheme 2, eq.1). Alternatively, a two-step mechanism is 

possible, which firstly involves hydrogen atom abstraction from 

rhodamine to form [Rh6G -H]•+ and release nitroxyl (HNO) 

(Scheme 2, eq.2), followed by the addition of a second •NO 

yielding nitroso-rhodamine, [Rh6G -H +NO]+ (Scheme 2, eq.3). 

Here again, the first step is highly endothermic for the singlet 

(207 kJ.mol-1), which explains that neither the direct nor the 

two-step mechanism takes place without irradiation at 488 nm. 

In contrast, the dehydrogenation step is only mildly 

endothermic (12 kJ.mol-1) for the triplet, and should be viable 

under the experimental conditions of the ion trap. The 

subsequent •NO addition is highly exothermic (-149 kJ.mol-1). 

Overall, this sequential mechanism seems more likely and 

would explain the triplet specificity. It is also consistent with the 

transient observation of the dehydrogenated intermediate at 

m/z 442.2 (Figure 4). A second hydrogen abstraction reaction 

from [Rh6G -H]•+ to form [Rh6G -2H]+ was also envisaged and 

calculated to be exothermic (-51 kJ.mol-1, Scheme 2, eq. 4). 

However it is 3 times less favored than the •NO addition and it 

is not observed experimentally.  

 

Scheme 3. DFT calculated thermochemistry associated with reaction of triplet with •NO2. 

Singlet/Triplet values refer to reaction enthalpies expressed in kJ.mol-1. 

The reactivity of rhodamine triplet towards •NO2 was also 

examined: during the first hours after the installation of the 

Helium: •NO line, reaction between •NO and adventitious O2 

produces •NO2.53,54 Even though the presence of radical •NO2 is 

fortuitous in our experiment, similar reaction mechanisms can 

be envisaged (Scheme 3). The endothermicity again discounts 

any possibility of the singlet reacting with •NO2 (direct 

mechanism: 246 kJ.mol-1 and 76 kJ.mol-1 via first 

dehydrogenation). However, the hydrogen abstraction from the 

triplet is highly exothermic (-119 kJ.mol-1). Also, in contrast to 

the reaction with •NO, a second hydrogen abstraction reaction 

to form [Rh6G - 2H]+ (-182 kJ.mol-1) now competes favorably 

with the formation of the nitro-rhodamine [Rh6G -H +NO2]+ (-

163 kJ.mol-1). Although this result has to be taken with caution 
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since it relies on a purely opportunistic measurement, it is 

consistent with the observation, under these experimental 

conditions, of a double-dehydrogenation peak at Δm/z = -2 (m/z 

441.2) together with the nitro-rhodamine peak at m/z 488.2 in 

the mass spectrum (Figure 5). Altogether, it also strengthens 

the interpretation of the results on •NO and the hypothesis that 
3Rh6G+ cations present a specific reactive character as 

compared to its ground state singlet counterpart.  

 

Figure 5. Mass spectrum measured after 500 ms irradiation at 488 nm (MS2) followed by 

an MS3 step of 500 ms in presence of •NO and •NO2 (___) in the ion trap. The mass 

spectrum recorded in helium only is presented for comparison (---). Left, center and right 

inserts focus on the [Rh6G - H]•+, [Rh6G - 2H]+, [Rh6G -H +NO]+ and [Rh6G -H +NO2]+ 

product ion peaks. In the presence of •NO and •NO2, both singly and doubly 

dehydrogenated rhodamine peaks are observed at m/z 442.2 and m/z 441.2 

respectively. Both nitroso- and nitro-rhodamine are also observed at m/z 472.2 and m/z 

488.2. Intensities are relative to the precursor ion (“*”). 

Competition between reaction and quenching 

The effect of collisions between 3Rh6G+ and •NO was measured 

in terms of triplet lifetime shortening. Mass spectrometry 

observations reveal the existence of a specific chemical 

reactivity path of deactivation of the triplet. However, the low 

amount of reaction products detected suggests that non-

reactive collisional quenching back to the singlet manifold plays 

an important role. The competition between the two processes 

has yet to be characterized. In other words, it would be 

important from a physical-chemistry point of view to determine 

how much reactive collisions contribute to the lifetime 

shortening of the triplet.  

 

Scheme 4. Schematic representation of the experiment with •NO: 3Rh6G+ can react with 
•NO or be quenched back to the singlet state – by collisions with •NO or simply radiatively 

(such as in He). Each color represents ions with different m/z. Reaction products appear 

as distinct features on the mass spectrum. However, triplets and singlets are not 

distinguishable since they are isobaric (same m/z). The specific photo-dissociation 

products from triplets at 600 nm provides a proxy for the population of triplets. 

In order to analyze this competition, a simple kinetic model was 

built, as illustrated in Scheme 4. This model extracts, from 

experimental data, numerical information regarding the 

competition between mere quenching vs. chemical reaction 

upon collision between 3Rh6G+ and •NO. The kinetic model is 

based on simple considerations on the origin and evolution of 

the different species detected by mass spectrometry: triplets 

can be quenched back to singlets by emission of photons (as 

occurs in pure helium conditions, kq
He) or collisions (as occurs in 

He: •NO conditions, kq
•NO), both phenomena grouped under the 

kquenching (or kq) rate constant. Triplets can also react with •NO, 

as was demonstrated above. Although the reaction with •NO 

was shown to occur via a two-step mechanism, extracting the 

intensity of the intermediate [Rh6G -H]•+ ion proved difficult due 

to the proximity of the Rh6G+ ion peak with intensity ~ 4 orders 

of magnitude higher. Also, DFT calculations indicate that the 

second step leading to the [Rh6G -H +NO] product is highly 

exothermic while the first step is endothermic. Thus, a simple 

reactive model was adopted where only the first, rate-limiting 

step is considered in the generation of the nitroso-product, with 

the kreaction (or kr
•NO) rate constant. From this simple model, 

population equations can be written and, in the steady state 

approximation for •NO, the system can be integrated and the 

relative populations of triplets (T) and reaction products (P) can 

be expressed as a function of time (see Eqs. 1). 

Importantly, singlet and triplet rhodamine have the same 
m/z and cannot be distinguished by mass spectrometry alone. 
In contrast, the chemical reaction products have different m/z 
values and can thus be directly detected by mass spectrometry. 
Thus, it is important to include in the model the photo-
fragments (F) which are exclusively produced by irradiation of 

the triplet at 600 nm. In Equation 1c, the term (1 − 𝑒−𝜎Φ) is a 
function of the triplet photo-fragmentation cross section σ and 
of the probe laser fluence (Φ), the latter being constant for 
given experimental conditions. Thus, fitting the experimental 
data with such mono-exponential functions enables the 

estimation of the triplet lifetimes 1 (kr
•NO + kq) ⁄ in He:NO (and 

1 kq
He  ⁄ in helium) (see Supporting Information for details). 

The determination of branching ratios between relaxation 
paths represents an important objective in order to finely 
understand the physical-chemistry of molecular systems. Here, 
the branching ratio between •NO reaction and •NO quenching of 

the triplet: 𝐵𝑅 = kr
•NO (kr

•NO + kq
•NO),⁄  can be extracted from 

the experimental datasets. In our simple model, this ratio 
appears hidden in the prefactor of the products population P 
while using the rate difference in helium and He:NO to estimate 

kr
NO + kq

NO (see Eq.1b and Eqs.S1). The prefactor on the photo-

fragments (F) provides a lowerbound value for the initial triplet 
population T0 (see Eqs. 1c and S2) from which it is possible to 
calculate an upper-bound estimate for the reactive branching 
ratio (see Supporting Information for full details). 

{
 
 
 

 
 
 

 

𝑇(𝑡) = 𝑇0. 𝑒
−(𝑘𝑟

•NO+𝑘𝑞).𝑡 (1a) 

𝑃(𝑡) =
𝑘𝑟
•NO. 𝑇0

𝑘𝑟
•NO + 𝑘𝑞

 . (1 − 𝑒−(𝑘𝑟
•NO+𝑘𝑞).𝑡) (1b) 

𝐹(𝑡) = 𝑇0. (1 − 𝑒
−𝜎.𝛷). 𝑒−(𝑘𝑟

•NO+𝑘𝑞).𝑡 (1c) 
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Optimized variables are listed in Table 1 together with the upper 

bound estimation of the reaction/quenching branching ratio. 

The resulting upper-boundary for the branching ratio is typically 

lower than 2 %. It means that less than 2 % of collisions with •NO 

that interact destructively with 3Rh6G+ are reactive, the others 

simply quench it back to the singlet manifold. As expected from 

the low intensity of product ions on the mass spectra, the 

majority of collisions between 3Rh6G+ and •NO do not lead to 

chemical modifications. 

Table 1. Results of the fits for the fragmentation ratio together with the products ratio, 

with the total rate constant (𝒌𝒓
𝐍𝐎 + 𝒌𝒒) as shared parameter between all datasets. 

  Exponential fit on Fragments (F) and Products (P) 

  𝑘𝑟
•NO. 𝑇

0

𝑘𝑟
•NO + 𝑘𝑞

⏞    
𝑓𝑖𝑡 𝑜𝑛 𝑃𝑎

 𝑇0. (1 − 𝑒−𝜎.𝛷)⏞        
𝑓𝑖𝑡 𝑜𝑛 𝐹𝑎

 

upper boundb for 

𝑘𝑟
•NO

𝑘𝑟
•NO +  𝑘𝑞

•NO⁄  

H
e:

N
O

 5 1.7 10-4 8.0 10-2 0.3 % 

6 2.0 10-4 2.1 10-2 1.5 % 

7 2.0 10-4 1.9 10-2 1.7 % 

a Prefactors are unit-less. Ion intensities are normalized by the total ion current 

(TIC) per mass spectrum, so that T0 represents the initial relative population of 

triplets. The latter may vary considerably depending on day-to-day experimental 

conditions (laser alignment, ion signal, etc.). As a result, large variations may be 

observed on absolute intensities. Thus, prefactors are optimized separately per 

dataset. b Rate constants kq
He and (kr

•NO+kq), which are required to calculate the 

upper bound (see Eq. S2), were taken from global fits on F: respectively 0.53 s-1 and 

1.43 s-1. 

Conclusions and Perspectives 

In conclusion, we have developed a pump-probe approach to 

study the gas-phase optical spectrum, lifetime and bimolecular 

reactivity of long-lived 3Rh6G+. In pure helium at room 

temperature (≥ 298 K), the lifetime of 3Rh6G+ is close to 1.9 s, 

which is presumably close to the radiative lifetime. In the 

presence of •NO, it was shown that the triplet lifetime dropped 

due both to collisional quenching and reactivity. Globally, it 

could be estimated that 1 to 15 % of collisions with •NO 

efficiently deplete the triplets (i.e. the majority of collisions with 
•NO are neither reactive nor inducing triplet quenching).  

Among the “efficient” collisions with •NO, less than 2 % are 

reactive and yield, in a two-step mechanism, the nitroso-

rhodamine product. Thus ≥ 98 % of these “efficient” collisions 

merely quench the triplet back to a singlet state. Interestingly, 

although the reactive cross section of triplets with •NO is very 

low compared to triplet deactivation, this type of reaction with 

free radicals may correspond to a major photo-degradation 

pathway, particularly in biological media. Cycling through the S1 

 S0 transition for long periods of time, e.g. in imaging 

applications, may amplify the effective yield of this bleaching 

mechanism. The free radical scavenging character of rhodamine 

triplets may also induce unwanted alteration of the biological 

medium during in-vivo imaging. It is, thus, important to take it 

into account and understand it in order to find ways to minimize 

or circumvent it. Also, this reactivity occurs during the whole 

lifetime of rhodamine triplets. The delayed reactivity of photo-

excited triplets enables the diffusion of reagents and may result 

in bimolecular processes difficult to achieve from the excited 

singlet manifold due much shorter lifetimes.  

The optical pump-probe gas-phase approach proposed herein 

should be generally applicable to other long-lived triplet ions 

provided that an excitation wavelength unique to the triplet can 

be found to allow monitoring of the triplet population. Other 

charged dyes such as Rh575+, RhB+ and Rh101+ that are readily 

transferred to the gas phase via electrospray ionization (ESI) are 

obvious candidates to extend this study.15 Using the same 

setup, it would be possible to explore the reactivity of the 

rhodamine triplet with various other reagents such as CO or 

triethylamine (TEA). More generally, it would be interesting to 

assess the Lewis acidity/basicity of rhodamine triplets by such 

ion-molecule reactions. The ability to mass select ions derived 

from dyes should also allow the role of clustering (dimerization, 

etc.) on the triplet lifetime and chemistry to be assessed.  

Finally, our approach, which groups under one unique 

experimental setup the photo-preparation of intermediates, 

their optical characterization and the ability to monitor reaction 

products under controlled conditions, paves the way to photo-

catalysis studies. 
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