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Molecular emissions in sonoluminescence spectra of water sonicated under Ar-based gas mixtures
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Sonoluminescence (SL) spectroscopy is one of the very few ways to study the plasma formed in solutions submitted to ultrasound. Unfortunately, up to now only very limited emission bands were reported in SL spectra of aqueous solutions, moreover broad and badly resolved. It is shown here that by adding some N 2 and/or CO 2 in Ar, new molecular emissions (CN, N 2 and CO) can be observed and that for some of them rovibronic temperatures can be derived. The paramount importance of Stark broadening in these emissions is underlined, together with the need for data on Stark parameters for molecular emissions.

Introduction

When a liquid is irradiated by ultrasounds (US) emitted at a frequency set in the range 20 kHz-1 MHz, a particular chemical activity is observed, called sonochemistry. Its origin is acoustic cavitation: nucleation, growth and violent collapse of microbubbles containing dissolved gases and vapour of the bulk liquid. The formation of a plasma in cavitation bubbles at collapse is now widely admitted [1] even though the underlying mechanism remains unclear. Moreover characterization of this plasma is not straightforward due to its small size (< 1 µm), its short lifespan (< 1 ns) and the stochastic (non-predictable) nature of its apparition. Two main directions can be followed to study it: monitoring of its chemical activity and emission spectroscopy of its sonoluminescence (SL, the light emitted by the sonochemical plasma). Yet, and despite the obvious qualities of water as a solvent, relatively few atomic and molecular emissions have been reported in SL spectra of aqueous solutions and limited information about the plasma characteristics could be derived from them.

Reported molecular emissions are those from OH [2], C 2 [3] and NH [4] radicals and from non-volatile solutes such as alkali metals [5], lanthanide Ln(III) ions [6] and uranyl UO 2 2+ ions [7]. Different excitation mechanisms do exist: excitation by the photons of sonoluminescence (sonophotoluminescence) of ions in solution (e.g. Ce 3+ [8] or UO 2 2+ [7]), collisional excitation at the bubble interface [7] or formation in the intra-bubble plasma [9]. The latter case being common, these emissions have been used to characterize the formed plasma or more generally the conditions reached at collapse.

For instance, emissions from alkali were the focus of various studies aiming at determining the maximum pressure reached in cavitation bubbles. The made assumption was that pressure (or more exactly the intra-bubble density) was the main parameter affecting the line shift and broadening of the emissions. measured Rb resonance line shifts in sonoluminescence of RbCl aqueous solutions sonicated at 20 kHz under Ar or Kr, compared them with tabulated ones vs. relative density and deduced a relative density of 18 ± 2. Similar results were obtained in silicon oil with the same approach [10]. On the other hand, relative densities derived from line broadening were much higher: 36-50 at 460 kHz under Ar [11], 59.5 at 138 kHz under Ar [12], corresponding to 885 bar if a temperature of 4300 K is considered or 800-1200 bar at 22 and 44 kHz under Ar [13]. The discrepancy in the values obtained with these two approaches was attributed to the nonnegligible contribution of Stark effects in both broadening and shift [4b].

Rovibronic temperatures of excited species, obtained from simulation of the SL spectra, were also used to estimate the peak temperature reached at collapse. In early works, unicity of the temperature was assumed. Didenko et al. [3a] fitted C 2 Swan (d 3 Π ga 3 Π u ) bands in the SL spectra of an aqueous 10 -3 M benzene solution sonicated at 20 kHz under Ar and obtained a temperature of 4300 ± 200 K. More recently, a study [3b] at different ultrasonic frequencies of Swan bands in SL spectra of aqueous tert-butanol solutions under Ar showed the necessity of considering the non-equality of the vibrational T v and rotational T r temperatures (T v > T r ). Temperatures ( ± 1000 K) estimated in the tert-butanol concentration range where the intensity of Swan bands was highest were e.g. T v = 6300 K and T r = 4800 K at 20 kHz and T v = 8000 K and T r = 4000 K at 362 kHz. Similar temperatures and the same trend of an increase in vibrational temperatures at high US frequency were obtained from fits of OH (A 2 Σ + -X 2 Π) and NH (A 3 Π -X 3 Σ -) emissions in SL spectra of 0.1 M ammonia solutions under Ar: for OH T v = 9000 ± 1000 K and T r = 5000 ± 500 K at 20 kHz, and T v = 13000 ± 2000 K and T r = 6000 ± 1000 K at 359 kHz, for NH T v = 7000 ± 1000 K and T r = 4000 ± 500 K at 20 kHz, and T v = 10000 ± 1000 K and T r = 2200 ± 500 K at 359 kHz.

The comparison of these values shows a large variation. Thus, the need for information on the plasma formed in cavitation bubbles remains essential and it is important to gain a better understanding of mechanisms controlling molecular emissions produced in known conditions and in systems as simple as possible. The present work focuses on high-frequency (362 kHz) SL spectra of water saturated with gas mixtures in Ar. The added gases and their concentrations were beforehand optimised to allow the observation of some new molecular emissions (CN, CO) in SL without decreasing much the SL intensity, and of already reported ones (OH, NH, C 2 ). Rovibronic temperatures and broadening parameter are determined and compared.

Experimental methods

For all experiments, 250 mL of deionized water (Milli-Q 18.2 MΩ cm) were placed in a thermostated glass reactor equipped with a 362-kHz transducer (ELAC Nautik, 25 cm 2 ) at its bottom. The absorbed acoustic power was determined calorimetrically (P ac = 43 W). The solution was submitted to a continuous gas flow (82 mL/min) of Ar or mixtures of N 2 (5%) and/or CO 2 (0.5%) in Ar (all gases with a purity > 99.999%, and provided by Air Liquide), starting half an hour before the experiment and maintained during the ultrasonic treatment.

Emission spectra of sonoluminescence were collected through a flat quartz window mounted on the sonoreactor and recorded in the spectral range 250-650 nm by means of SP 2356i Roper Scientific spectrometer (gratings 150blz500, 600blz300 and 1200blz300; 50 µm slit) coupled with a CCD camera that is equipped with UV coating (SPEC10-100BR Roper Scientific) cooled by liquid nitrogen. Spectral calibration was performed using a Hg(Ar) pen-ray lamp (LSP035, LOT-Oriel). The spectra acquisition was started after reaching a steady-state temperature. For each experiment, at least ten 300-s (150blz500 grating), respectively 600-s (600blz300 and 1200blz300 gratings), spectra were averaged and corrected for the background noise and for the quantum efficiencies of gratings and CCD.

Molecular emissions were fitted using Specair [14] software after removal of a linear baseline. Computation parameters were the vibrational and rotational temperatures (T v and T r ) of the considered species, the gas temperature, taken equal to T r , and the pressure p. Instrumental broadening was taken into account by convoluting calculated spectra with an experimental slit function. Due to the relatively high signal scattering, the low spectral resolution and the strong broadening of the emissions, an automatic fitting was not possible and the computation parameters were fitted manually in a row to reproduce the relative intensities of the different rovibronic transitions (T v , T r ) and the width of the peaks (p).

Gases formed during the sonolysis were measured online by mass spectrometry (Prima BT, Thermo Fischer Scientific). Monitored masses are given in Table 1. The fragment N (m/z = 14) was recorded to discriminate CO from N 2 (m/z = 28). MS analysis was started at the same time as pre-saturation of the solution, i.e. at least half an hour before the beginning of sonication, to record a baseline for each monitored species. In the particular case of CO, this baseline includes the ion intensities of N 2 and of the fragment CO of CO 2 . The increase in ion intensity of m/z = 28 during the sonolysis is due to CO gas and comparison of the ion intensities during sonolysis and of the baseline allows to quantify its amount.

Results & discussion

Formed gaseous products

Table 2 summarizes the chemical yields of the observed gaseous products of the sonolysis for the various gas mixtures. Hydrogen arises from the dissociation of water molecules in cavitation bubbles at collapse and subsequent recombination of radicals (where))) stands for a reaction induced by ultrasound):

H 2 O → ))) → H + %OH (1) 
H + H → H 2 (2)

%OH + %OH → H 2 O 2 (3) H + %OH → H 2 O (4)
As soon as some amount of molecular gas is added in Ar, the H 2 yield decreases. This effect can be partly attributed to the less efficient energy concentration at collapse [START_REF] Young | Sonoluminescence[END_REF] and the additional losses in energy due to higher thermal conductivity of molecules, vibrational and rotational excitations and chemical reactions, translating into a less energetic plasma, but also to additional reactions consuming H radicals and/or H 2 molecules. It is known [4a,16] that the following reactions involving nitrogen and hydrogen take place in cavitation bubbles during the high-frequency sonolysis of water saturated with Ar-N 2 , leading to a decrease in H 2 formation yield:

N 2 → ))) → 2 N (5) N + H → NH (6) N + H 2 → NH + H (7)
The reduction in H 2 yield in the presence of CO 2 may be attributed to the reactions of CO 2 with H atoms [17]:

CO 2 + H → ))) → CO + %OH (8) CO 2 + H → ))) → %COOH (9)
The subsequent reaction of this latter radical with H atoms leads to the formation of formic acid, as previously reported by Henglein [17b] who showed that the main product of the 300-kHz sonolysis of water presaturated with Ar-CO 2 mixtures was carbon monoxide, with some amount of formic acid. Reaction (8) would also explain the observed formation of CO in the sonolysis of water saturated with Ar-0.5%CO 2 and the concomitant similar decrease in CO 2 ion intensity (of 1.4 ± 0.6 µmol/kJ). A second reaction can also lead to CO formation [17b]:

CO 2 → ))) → CO + O (10) 
Adding conjointly 0.5% CO 2 and 5% N 2 in Ar leads to the disappearance of CO in the outlet gas, which can be traced back to the reaction [17a] of CO with N 2 :

N 2 + CO → ))) → CN + NO (11) 
Reaction (11) would also account for the lesser decrease in H 2 yield with this ternary gas mixture compared to the binary ones Ar-5%N 2 and Ar-0.5%CO 2 , less CO 2 and N 2 molecules being available for quenching H atoms.

Observed molecular emissions in sonoluminescence emission spectra

Fig. 1 presents the UV parts of SL spectra of water sonicated at 362 kHz under Ar-5%N 2 , Ar-0.5%CO 2 and Ar-0.5%CO 2 -5%N 2 gas flows, and Fig. 2 their visible parts.

Like the usually reported SL spectra of water under Ar, they show an intense continuum spanning from the UV to the near IR and the emission from excited OH radicals (OH (A-X)). The latter arise from the dissociation of water molecules in cavitation bubbles at collapse (reaction ( 1)). When the saturating gas is Ar-5%N 2 , a molecular emission is present around 337 nm that is assigned to NH (A-X) [4a]. A probable mechanism of formation of this excited species is given by reactions ( 5)-( 7).

The sonolysis of water in the presence of Ar-0.5%CO 2 gas mixture leads to a complex SL spectrum. A tiny peak appears near 386 nm and is attributed to CN violet [START_REF] Pearse | The Identification of Molecular Spectra[END_REF]; indeed, CN can be formed in the presence of air traces by reaction (11) [17a].

Besides, the maxima of C 2 Swan bands are recognizable but superimpose with a broad not-well-defined emission, or a sum of emissions, likely from CO (possibly CO (X-X) [START_REF] Pearse | The Identification of Molecular Spectra[END_REF] (Fig. 1SI), CO (C-A) and CO (da) [START_REF] Pearse | The Identification of Molecular Spectra[END_REF]). This hypothesis on the nature of this emission is supported by the presence of CO in the outlet gas (Table 2). The ultrasonically driven formation of C 2 excited species in the presence of CO gas was recently [START_REF] Navarro | [END_REF] reported and explained by CO disproportionation followed by the recombination of carbon atoms and/or formation and subsequent dis-

sociation of C 2 O molecules [20]: CO → ))) → CO 2 + C (12) C + C + M → ))) → C 2 + M (13) C + CO + M → ))) → C 2 O + M (14) C 2 O + C → ))) → C 2 + CO (15)
Adding conjointly 0.5% CO 2 and 5% N 2 in Ar leads to the observation of OH (A-X), NH (A-X), CN violet (confirming the nature of the emission at 386 nm) and C 2 Swan bands. In this gas mixture, CN formation can also be attributed to following reaction [21]:

C 2 + N 2 → 2 CN ( 16 
)
The absence of CO emission in the SL spectra of water saturated with Ar-0.5%CO 2 -5%N 2 correlates with the absence of CO in the outlet gas (Table 2).

Derived rovibronic temperatures

Fig. 3 compares the OH (A-X) emissions observed with the different gas mixtures in Ar (after subtraction of a baseline due to the SL continuum). They are very similar, except for two zones (indicated by arrows) where the intensity is higher when N 2 is present in the gas: Fig. 1. UV part of SL spectra of water under Ar-5%N 2 , Ar-0.5%CO 2 and Ar-0.5%CO 2 -5%N 2 (362 kHz, 43 W, 14 °C, 600blz300 grating). Fig. 2. Visible part of SL spectra of water under Ar-5%N 2 , Ar-0.5%CO 2 and Ar-0.5%CO 2 -5%N 2 (362 kHz, 43 W, 14 °C, 150blz500 grating). around 308 nm and around 315 nm. The former may be due to NH (c-a) and/or to N 2 (C-B) and the latter to N 2 (C-B) emissions (Fig. 2SI in Supporting Information), superimposed on that of OH. Thus simulation was performed (using Specair software [14]) on OH (A-X) emission under Ar (Fig. 3SI in Supporting Information). It can be reasonably fitted with T v = 9000 K ( ± 1000 K), T r = 6500 K ( ± 1000 K) and an effective pressure of 1000 bar ( ± 300 bar).

The simulation of NH (A-X) in the presence of Ar-5%N 2 (Fig. 4SI in Supporting Information) leads to T v = 10000 K ( ± 1000 K), T r = 10000 K ( ± 1000 K) and an effective pressure of 4000 bar ( ± 500 bar). The bulge around 340-345 nm is of unknown origin. Interestingly, when N 2 content in Ar is increased, NH (A-X) emission cannot be fitted anymore, which is attributed to the presence of a nonnegligible N 2 (C-B) emission (Fig. 2SI in Supporting Information).

Due to the presence of a strong CO emission in the SL spectra of water saturated with Ar-0.5%CO 2 , the simulation of C 2 Swan bands could be performed only for the gas mixture Ar-5%N 2 -0.5%CO 2 for which no CO emission was noted. It was done focusing on the Δν = 0 and Δν = 1 bands (Fig. 5SI in Supporting Information). Derived rovibronic temperatures are T v = 22000 K ( ± 1000 K), T r = 5000 K ( ± 1000 K) and an effective pressure of 6000 bar ( ± 1000 bar).

In the presence of the gas mixture Ar-5%N 2 -0.5%CO 2 an intense CN (B-X) molecular emission is also observed that can be simulated with T v = 12500 K ( ± 2500 K), T r = 10000 K ( ± 1000 K) and an effective pressure of the order of 10000 bar (Fig. 6SI in Supporting Information).

Table 3 summarizes all derived rovibronic temperatures and effective pressures in the form vibrational temperature T v /rotational temperature T r /effective pressure.

The very large effective pressure values obtained, in particular from CN emission, and the fact that they considerably differ depending on which emitting species is considered, undoubtedly confirm that pressure cannot be considered as the main broadening parameter, as previously discussed [4b] and that Stark broadening should be taken into account. Unfortunately however, data on Stark broadening of molecular emissions are particularly scarce, which considerably limits the information that can be derived from the measured broadenings.

Comparison of the present OH rovibronic temperatures with previously [2d] reported ones for the sonication of water at 362 kHz under Ar shows a good agreement for both T v (9000 vs. 8000 K) and T r (6500 vs. 5250 K), whereby the difference may be due to the uncertainty in the baseline definition. Similarly, a difference in the continuum shape in the wavelength range of OH emission may also account for the higher T v reported for OH in a 0.1 M ammonia solution [4b] (13000 K).

In the presence of Ar -5% N 2 two molecular emissions are observed, the vibrational temperatures of which are fairly close, while NH rotational temperature is higher than that of OH. Interestingly, it is also much higher than the rotational temperature derived from NH emission in the sonolysis of an ammonia solution [4b] (2200 K). Considering the different reaction pathways leading to NH formation in both cases (sonolysis of NH 3 molecule vs. reactions ( 1) & ( 5)-( 7)) it is conceivable that the formation of NH from H and N radicals necessitates several steps compared to the direct sonolysis of NH 3 or H 2 O molecules. Then, the chemical pathway leading to emission likely affects the rotational distribution of the emitting states, leading to the observed discrepancy between measurements.

A similar disagreement is observed between the derived rovibronic temperatures for the gas mixture Ar -0.5% CO 2 -5% N 2 . The several steps leading to CN formation may also lead to specific rotational populations and rotational temperature that do not match with the gas temperature, due to the extremely short lifetime of the formed plasma.

For the same reason, vibrational temperatures might be different as well.

Conclusion

Although it was long considered that SL spectra of aqueous solutions were relatively featureless compared to those of exotic liquids (e.g. concentrated sulfuric acid), thus strongly limiting the possibility to study the formed plasma, this study shows that besides usual OH and C 2 emissions and the recently reported NH one, at least three more molecular emissions can be observed in high-frequency SL spectra of aqueous solutions, namely CN, N 2 and CO. This finding enriches the "toolbox" available to characterize the sonochemical plasma, the conditions reached at collapse of cavitation bubbles and the chemical reactions taking place in bubble cores.

Unfortunately, not all these emissions can be fitted yet: CO blends into the continuum and N 2 superimposes over the strong OH emission. Moreover, their presence perturbs the fitting of the other better-defined emissions, like C 2 or OH.

To go further in the exploitation of these emissions, there is a strong need for tabulated data on Stark parameters for molecular emissions. Once available, the present data might allow estimation of the reached pressure and of plasma characteristics such as electron density and temperature. The optimised three-component gas mixture is in this purpose of particular interest since the corresponding SL spectra present three different usable molecular emissions. 
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 3 Fig. 3. Comparison of OH emission in SL spectra of water sparged with gas mixtures in Ar.

Table 1

 1 Masses (amu) of the gases monitored by mass spectrometry.

	m/z, amu	Species
	40	Ar
	2	H 2
	28	N 2 and/or CO
	32	O 2
	44	CO 2
	14	N

Table 2

 2 Chemical yields of the formed gaseous products, H 2 and CO.

	Saturating gas	H 2 yield, µmol/kJ ( ± 0.02)	CO yield, µmol/kJ ( ± 0.6)
	Ar	0.36	-
	Ar-5%N 2	0.27	-
	Ar-0.5%CO 2	0.09	1.7
	Ar-0.5%CO 2 -5%N 2	0.12	-

Table 3

 3 Estimated rovibronic temperatures ( ± 1000 K unless otherwise specified) and effective pressures ( ± 300 bar) by simulations with Specair software.

	Gas	OH	NH	C 2	CN
	Ar	9000 K/6500 K/1000 bar			
	Ar -5% N 2		10000 K/10000 K/4000 bar		
	Ar -0.5% CO 2				
	Ar -0.5% CO 2 -5% N 2			22000 K/5000 K/6000 bar	10000-15000 K/10000 K/10000 bar
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