Analysis of doubly-charged negative molecules by accelerator mass spectrometry
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Abstract 

Free, doubly-charged negative molecules are a challenge for both theory and experiment. Their stability depends on a very delicate balance between interatomic structure, electronic interaction and Coulomb repulsion. Detecting di-anions of mass M with conventional mass spectrometry always bears the risk of erroneously measuring contributions from singly charged negative ions near mass M/2, or from molecular fragments with different energy. Another possible source of errors are mass ambiguities, e.g. M(12C4)  M(16O3). 

In this contribution we show how one can overcome the methodical limits of conventional mass spectrometry by using AMS techniques for the analysis of very rare doubly-charged negative molecules. As an example, a new class of di-anions will be presented, (OCn)2–, n  5, which were discovered recently by secondary ion mass spectrometry, and were analyzed in detail by AMS.
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1. Introduction

The existence of free doubly-charged negative ions has attracted considerable theoretical and experimental attention [
,
,
,
,
]. Small di-anionic species, like 
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, (CO3)2–, and (SO4)2–, are ubiquitous in solutions and in the solid state. Early attempts to verify their existence in the gas phase yielded inconsistent results (see discussions in [1,2]). 

From a theoretical point of view, a stable gas-phase di-anion must possess two basic properties: first, it must be stable with respect to electron autoejection, and second, it must be stable with respect to dissociation into molecular fragments. Both decay channels are strongly enhanced by the electrostatic repulsion of the excess negative charges. Thus, the existence of small di-anions in the gas phase is very unlikely, while it is conceivable that the accommodation of two additional electrons becomes more probable when the molecular size increases. After several theoretical studies [1,2,3,5] a general geometrical principle appears now well established: small doubly-charged negative molecules are particularly stable if they consist of a central atom, that is at least partially positively charged, and several equivalent negatively charged ligands [5,
]. Examples for such systems are the trigonal planar alkalihalides (MX3)2– (M = Li, Na or K; X = F or Cl) [
,
], and the star-like C72( [
] and (SiC6)2( [6].

The first unambiguous experimental evidence of small di-anionic species in the gas phase was reported by Schauer et al. [
]: they generated 
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 (n = 7(28) by sputtering with cesium and detected it by (conventional) mass spectrometry, implying lifetimes of at least 10(5 s. Other groups confirmed [
,
] the existence of 
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 and provided detailed studies [
,
]. Only very few other di-anions produced by sputtering have been reported: (SiCn)2– (n = 6, 8, 10) [
], (BeCn)2– (4 ( n ( 14) [
], (BeF4)2–, (MgF4)2– [
], (OCn)2– (5 ( n ( 19) [
,
] and (HfF6)2( [
]. By employing electrospray ionization, Wang et al. and Weis et al. observed some further di-anions, e.g. (MX4)2–(M = Pd, Pt; X = Cl, Br) [
,
,
], (MX6)2– (M = Re, Os, Ir, Pt; X = Cl, Br) [21], (ZrF6)2( [
] or aliphatic dicarboxylate dianions [
,
,
]. For the sake of completeness, the possible existence of short-lived dianions (with lifetimes of the order of 10-15 s or shorter) should be mentioned. They show up as resonances in electron collisions with negative ions, e.g. with B2–, C2–, and BN– [
].

By mass spectrometry, doubly-charged negative ions are most easily detected when their mass M is odd. They then appear at half-integral mass numbers in the spectrum, as electrical and magnetical elements always specify the mass-over-charge (M/Q) ratio of an ion. However, tails of intense singly-charged ions near mass M/2, or ions of different energy (formed by fragmentation of molecules during the flight through the spectrometer) can contribute significant signal at half-integral mass numbers. Thus, the risk of erroneously measuring these contributions instead of the di-anions is hard to avoid in conventional instruments. With accelerator mass spectrometry (AMS), such uncertainties can be readily identified and, in many cases, eliminated. Two exclusive properties of AMS facilitate an unambiguous identification of doubly-charged negative ions: due to the efficient break-up of molecules in the stripping process one can monitor the simultaneous arrival of atomic fragments in the detector (see below). If necessary, the accelerator furthermore provides sufficient energy to identify atomic ions by their nuclear charge. Middleton and Klein introduced AMS as a new technique to study small di-anionic carbon clusters [13] and they also found other di-anions by AMS, (BeCn)2– (4 ( n ( 14) [16], (BeF4)2– and (MgF4)2– [17].

In the present paper we use the AMS system VERA, the Vienna Environmental Research Accelerator [
], to analyze di-anions from the new class of mixed oxygen-carbon clusters OCn)2– (n = 5 – 19), discovered by secondary ion mass spectrometry (SIMS). The motivation for an additional study by AMS was twofold: (i) it was hoped that the high Cs+ current of the VERA ion source (500 A) would enhance the intensity of the (OC5)2– di-anion that is only weakly visible in the SIMS spectrum, and that of (OC6)2–, not visible at all. (ii) The masses of 16O = 15.9949 and 12C = 12.0000 yield an ambiguity 4(12C = 48.0000  47.9847 = 3(16O at conventional mass spectrometers that can be easily resolved by AMS. 

2. Results from conventional mass spectrometry 

Recently, Gnaser [18] and Gnaser et al. [19] published the discovery of a new class of long-lived free di-anions: mixed oxygen-carbon clusters (OCn)2– (n = 5 – 19). The experiments were done by a (conventional) secondary ion mass spectrometer (Cameca IMS4f [
]). Highly oriented pyrolitic graphite was sputtered by 50 nA of 14.5 keV Cs+ (corresponding to a flux of about 2(1015 Cs+-ions  cm–2 s–1 ). The oxygen partial pressure in the vicinity of the sample was raised from below 1(10–9 mbar up to 1(10–5 mbar (corresponding to a flux of up to 2.7(1015 O2-molecules cm–2 s–1). Negative secondary ions were energy and mass analyzed in a double-focusing spectrometer and were detected by an electron multiplier. The mass resolution M/M0.1 (full width at 10% of the maximum) was about 500. 

As mentioned above, doubly-charged anions are most easily detected at half-integral mass numbers; this provides the possibility to work at low mass resolution and, hence, at a high instrument transmission. It requires the total mass of the di-anionic molecule to be odd. Fig. 1 shows the measured mass spectrum in the range between M/Q = 67.6 and M/Q = 69.4 , (16O12C913C)2– appears at M/Q = 137 / 2 = 68.5. The observation of mixed carbon-oxygen di-anions is in agreement with theoretical computations [5,19] that predict their stability and, in addition, indicate the existence of long-lived di-anions containing tetrahedrally coordinated oxygen atoms, namely O(C2)42( and O(BN)42( [
].

3. Experimental layout for AMS

A detailed description of VERA, including a sketch of the layout can be found in [
] and also in these Proceedings [
]. The main components are a Multi-Cathode Source for Negative Ions by Cesium Sputtering (MC-SNICS) manufactured by National Electrostatics Corporation (NEC), USA, a 45° spherical electrostatic analyzer, and a 90° double-focusing injection magnet. Negative ions are then accelerated in a 3 MV Pelletron tandem accelerator (Model 9SDH-2), and stripped to positive ions at the terminal stripper operated with Ar or O2. At the high-energy side, VERA is equipped with a 90° double-focusing analyzing magnet, and a 90° spherical electrostatic analyzer (ESA) with 2.0 m bending radius, manufactured by Danfysik, Denmark. For AMS of 14C and of 26Al a moveable silicon detector can be inserted at the image position of the ESA. This detector is also used for our measurements with di-anions. The rest of the system, switching-magnet, time-of-flight beamline, etc. is mainly for AMS of 10Be, 129I, 182Hf, 236U, and 244Pu [32, 33]. 

4. Results and discussion of AMS results

It turned out that the VERA sputter ion source is not well suited for the production of oxygen-carbon clusters. The partial pressure of O2 could not be increased without putting the hot ionizer at risk. Therefore we did not consider it useful to re-measure all the various (OCn)2– di-anions. However, the residual O2, coming either from the sample (spectroscopy-grade graphite) or from the residual-gas, was sufficient to study the most prominent among the (OCn)2– di-anions at M/Q = 68.5 in detail. In particular, we addressed the question whether it is (16O12C913C)2– or (16O412C513C)2– or even (16O712C13C)2– .

Fig. 2 shows the energy spectrum in the surface barrier detector when negative ions with M/Q = 68.5 are injected at the low-energy side and the high-energy side is set to detect 12C+. Assuming the negative ions are in fact di-anions of mass 137, e.g. (16O12C913C)2–, the spectrum can be interpreted as follows: when a particular (16O12C913C)2– breaks up in the stripper, each of the atomic constituents 16O, 12C, 13C starts a history of its own. So, after some interactions with the stripper gas, a 12C will exit in charge state 1+ with a certain probability. Since the high-energy magnet and the high-energy ESA are set to 12C+, it will eventually be registered in the surface barrier detector. The total energy measured in the detector depends on the fate of the other 12C from this very di-anion. If only one out of the nine 12C leaves the stripper in charge state 1+ and comes into the detector, the multi-channel-analyzer counts it in the peak corresponding to the particle energy E1, i.e. near channel 100. If two out of the nine 12C go into 1+, they may hit the detector simultaneously, yielding 2(E1 and thus contributing an event to the peak near channel 200. Eventually even three, or four, ..., or all nine will coincide. If we consider the 12C+ from one di-anion statistically independent, the probability of getting m 12C+ out of totally n 12C is given by a Binomial distribution 
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Pm(1-P)n–m . Here, P denotes the probability for a 12C to leave the stripper in charge state 1+ and to hit the detector (in Fig. 2, P is of the order of 0.1). It is important to note that the shape of the spectrum is independent of count-rate, i.e. the peak-to-peak ratios do not change with source output. This is a clear distinction to pile-up events, where the height of the first pile-up peak would depend quadratically on count-rate. 

Indeed, fig. 2 shows coincidences up to nine-fold. We may therefore conclude that the signal at M/Q = 68.5 comes from a molecule with at least nine 12C atoms (this already indicates it must be a di-anion) and we may furthermore conclude it has not more than one 16O. Whether it contains 16O at all can not be inferred from this spectrum. And it could also not be inferred unambiguously from tuning the high energy side to 16O+. We would certainly get counts for 16O+ but we could not be sure that these ions come from (16O12C913C)2– and not from something else. However, tuning the high-energy side to 16O+ should reveal the multiplicity of 16O in the di-anion, expressing itself as coincidences m(16O+ in the spectrum. The measurement (not shown) yields a significant count-rate only at 1(16O+. (A few counts at 2(16O+ are most likely interference from an intense anion in the neighborhood, e.g. (16O212C3)– at M/Q = 68.0.) So, we may again exclude that di-anions at 68.5 contain more than one 16O, thus excluding (16O412C513C)2– and (16O712C13C)2–.

The very same mass-over-charge ambiguity that limits conventional mass spectrometry may help to study mixed oxygen-carbon clusters by AMS somewhat further: M/Q(16O4+) = 15.9949/4   12.0000/3 = M/Q(12C3+). Injecting gain (68.5)– with the high-energy side now set to 12C in charge state 3+ yields the spectrum displayed in fig. 3. We see peaks corresponding to the impact of 1(12C3+, 2(12C3+, and 3(12C3+. The multiplicity of coincidences is significantly lower than in fig. 2 because the yield for 12C3+ is only a few percent [
], and so P(3+)<<P(1+). Also seen in fig. 3 are peaks corresponding to the impact of single 16O4+, and to the simultaneous impact of 12C3+ + 16O4+, and of 2(12C3+ + 16O4+. This is what we expect from (16O12C913C)2–. 

A noticeable feature in fig. 2 – the continuous background between the peaks –deserves some explanation. Please note, the logarithmic scale visually overemphasizes the small background-to-peak ratio. The shape looks somewhat similar to pile-up at high count-rates. High count-rates are, however, not the reason in our case: First, the shape of the spectrum does not change when the source output is attenuated to give 102 cts/s instead of 103 cts/s as in fig. 3. Pile-up would depend quadratically on the source output, but here the dependence of both peak- and background- count-rate is linear, so peak-to-peak ratios and background-to-peak ratios stay constant. Second, the background is absent at count rates 103 cts/s for a different di-anion, (12C913C)2–, that also contains nine 12C atoms (cf. fig. 3 in Ref. [29]). Third, using a different sample material, C graphitized on Fe (instead of spectroscopic grade carbon), enhances the background significantly. So, most likely interference from the intense molecular anion 56Fe12C–, or less likely from (16O212C3)– at M/Q = 68.0, randomly contributes a 12C to the break-up products of (16O12C913C)2–. 

How can we verify that we are really measuring the weakly formed dianion at M/Q = 68.5 and not interferences from intense anions at integer masses nearby? For the prolific pure carbon clusters, e.g. (12C913C)2–, it was quite easy to see a clear peak of the order of 1 pA at M/Q = 60.5 after the low-energy magnet, when the injection system was scanned between M/Q  60.0 and M/Q  61.0. To measure the break-up spectrum of (12C913C)2– the ion-current was attenuated by closing the source slits (thus attenuating all neighboring masses, too) and it was again easy to see a peak at M/Q = 60.5 in the total 12C+ count-rate. For the mixed oxygen carbon di-anions (16O12C913C)2– the situation is different. We see no current in the 0.1 pA-range between M/Q  68.0 and M/Q  69.0, so the break-up spectrum is measured without attenuation. A peak in the total 12C+ count rate appears at 68.5, but sits on a tail that increases exponentially towards 68.0. In principle this clear peak at half-integer mass would be nevertheless sufficient evidence for di-anions. So far, these checks are not specific to AMS and could also be done with conventional mass spectrometry. With AMS we can utilize the possibility to discriminate between the arrival of single ions and the simultaneous arrival of several break-up ions from a single molecule, i.e. between 1(12C+ and, m(12C+, m. When we measure the count-rates in 1(12C+, 2(12C+,  3(12C+, etc., separately, only 1(12C+ shows a peak sitting on a tail, all other count-rates peak at 68.5 and no tail is visible. Again we may conclude that the main signal at 68.5 are di-anions and some interference comes from a strong signal at 68.0. 

5. Conclusion

AMS makes it possible to literally analyze di-anions. Two exclusive properties facilitate an unambiguous confirmation: the break-up of molecular species in the stripping process allows to monitor the simultaneous arrival of several atomic constituents in the detector, and the accelerator provides sufficient energy to eventually identify these atomic ions by their nuclear charge. The real strength of AMS is in proving the existence of reasonably long-lived doubly negative ions, whereas screening for possible candidates is apparently easier by conventional mass spectrometry. Especially when one can look for a pattern of di-anions, like 
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 (5 ( n ( 19), where peaks at half-integer masses appear every sixth mass-unit, conventional mass spectrometry is conclusive and AMS will mainly provide some additional insight. However, verifying theoretical predictions for (BeF4)2–, (MgF4)2– [17] and (CaF4)2– [
] was only possible due the analytic power of AMS.
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Figure captions 

Fig. 1: SIMS spectrum in the range of the doubly-charged negative ion (16O12C913C)2– obtained by 14.5-keV Cs+ ion bombardment of a graphite specimen at an elevated oxygen partial pressure. The ratio of the O2 arrival rate to the Cs+ flux density amounted to 1.8.

Fig. 2: Energy spectrum measured by AMS when negative ions with M/Q = 68.5 are injected at the low-energy side and the high-energy side is set to detect 12C+.

Fig. 3: Energy spectrum measured by AMS when negative ions with M/Q = 68.5 are injected at the low-energy side and the high-energy side is set to detect 12C3+ and 16O4+ simultaneously.
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